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Preface

After a three years’ effort by many top-tier scientists, the book series Advances in Op-
tical Physics (English version) is completed.

Optical physics is one of themost active fields inmodern physics. Ever since lasers
were invented, optics has permeated into many research fields. Profound changes
have taken place in optical physics, which have expanded tremendously from the tra-
ditional optics and spectroscopy to many new branches and interdisciplinary fields
overlapping with various classical disciplines. They have further given rise to many
new cutting-edge technologies:
– For example, nonlinear optics itself is an interdisciplinary field, which has been

developing since the advent of lasers and it is significantly influenced by vari-
ous technological advances, including laser technology, spectroscopic technol-
ogy, material fabrication and structural analysis.

– With the rapid development of ultra-short intense lasers in the past 20 years, high
field laser physics has rapidly developed into a new frontier in optical physics. It
contains not only rich nonlinear physics under extreme conditions, but also has
the potential for many advanced applications.

– Nanophotonics, which combines photonics and contemporary nanotechnology,
studies the mechanisms of light interactions with matter at the nanoscale. It en-
joys important applications such as in information transmission and processing,
solar energy, and biomedical sciences.

– Condensed matter optics is another new interdisciplinary field, which is formed
due to the intersection of condensed matter physics and optics. Here, lasers are
used as probes to study the structures anddynamics of condensedmatter. In addi-
tion, discoveries from condensedmatter optics research canbe applied to produce
new light sources, detectors, and a variety of other useful devices.

In the last 20 years, with the increasing investment in research and development in
China, the scientific achievements by Chinese scientists also became increasingly im-
portant. These are reflected by the greatly increased number of research papers pub-
lished by Chinese scientists in prestigious scientific journals. However, there are rel-
atively few books for a broad audience – such as graduate students and scholars –
devoted to this progress at the frontiers of optical physics.

In order to change this situation, three years ago, Shanghai Jiao Tong University
Press discussed with me and initiated the idea to invite top-tier scientists to write the
series of Advances in Optical Physics. Our initial plan was to write a series of intro-
ductory books on recent progress in optical physics for graduate students and schol-
ars. It was later expanded into its current form. The first batch of the series includes
eight volumes:

https://doi.org/10.1515/9783110304558-201
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VIII | Preface

– Advances in High Field Laser Physics
– Advances in Precision Laser Spectroscopy
– Advances in Nonlinear Optics
– Advances in Nanophotonics
– Advances in Quantum Optics
– Advances in Ultrafast Optics
– Advances in Condensed Matter Optics
– Advances in Molecular Biophotonics

Each volume covers a number of topics in the respective field. As the editor-in-chief of
the series, I sincerely hope that this series is a forum for Chinese scientists to introduce
their research advances and achievements. Meanwhile, I wish these books are useful
for students and scholarswho are interested in optical physics in general, one of these
particular fields, or a research area related to them. To ensure these books could reflect
the rapid advances of optical physics research in China, we have invitedmany leading
researchers from different fields of optical physics to join the editorial board. It is my
great pleasure that many top tier researchers at forefronts of optical physics accepted
my invitation and made their contributions in the last three years.

Almost at the same time, De Gruyter learned about our initiative and expressed
their interest in introducing these books written by Chinese scientists to the rest of
world. After discussion, De Gruyter and Shanghai Jiao Tong University Press reached
an agreement to co-publishing the English version of the series. At this moment, on
behalf of all authors of these books, I would like to express our appreciation to these
two publishing houses for their professional services and support to sciences and sci-
entists. In particular, I would like to thankMr. JianminHanandhis team for their great
contribution to the publication of this book series.

At the end of this preface, I must admit that optical physics itself is a rapidly ex-
panding forefront of science. Due to thenature of the subject area, this series cannever
cover all aspects of optical physics. However, what we can do – together with all au-
thors of these books – is to try to pick up the most beautiful ‘waves’ from the vast
science ocean to form this series. By publishing this series, it is my cherished hope to
attract minds of a younger generation into the great hall of optical physics research.

Professor Jie Zhang
Editor-in-chief
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Zhiyi Wei, Shaobo Fang
1 Ultrafast ultrahigh-intensity laser pulses

Generation of high intensity laser pulses has been regarded as one of the most impor-
tant research topics since the invention of lasers. High intensity lasers are normally
constructed using themaster oscillator power amplifier (MOPA) configuration to boost
the energy of short laser pulses. This configuration has been used in various locations
such as the Shenguang facilities in China and the National Ignition Facility (NIF)
at the Lawrence Livermore National Laboratory (LLNL) in the USA; the latter is cur-
rently the largest laser facility in the world. This type of giant laser facility is usually
employed for high-cost and large-scale scientific projects involving complex technol-
ogy and only a few countries can perform this type of laser research. Because of the
low repetition rate and long pulse duration of the achieved laser pulses, these laser
facilities are not suitable for large-scale applied research. Furthermore, the output
laser intensity is limited. For example NIF, constructed in 2009, includes 192 ultra-
violet (UV) beams with the total energy up to 1.8 megajoules (MJ, 106 J). However,
the peak power is only approximately 500 terawatts (TW; 1012 W) [1] because the
pulse duration is at the nanosecond (ns; 10−9 s) level; the separation time between
two pulses is as long as a few hours. At the other end of the scale, several research
institutes have developed tabletop laser systems within regular-scale labs through the
amplification of ultrashort-pulse lasers at the femtosecond (fs; 10−15 s) level. These
lasers have peak powers at the petawatt (PW; 1015 W) level [2–4], a repetition rate of
1 hertz (Hz) [5], and a focus intensity reaching 1022 W/cm2 [6]. As a result of the 1991
discovery of the Kerr-lens mode-locking (KLM) phenomenon by the Sibbett group in
the UK [7], along with the development of chirped pulse amplification (CPA) technol-
ogy by the US-based Mourou group in 1985 [8], and research on ultrashort pulses,
ultrahigh-intensity lasers have been advancing at an unprecedented pace since the
late 1980s. New scientific records associated with significant breakthroughs have
been made on a continuous basis. Ultrashort-pulse laser research has developed in
two explorative directions. One path of development targets extremely short pulse
duration promoted by mode-locking technology. Currently, laser pulse duration can
reach the few-cycle level; in addition, attosecond (as; 10−18 s) laser pulses can be
achieved using new physicalmechanisms [9–11]. The second research trend is the on-
going extension of the laser peak power limit. An increasing number of femtosecond
ultrahigh-intensity laser facilities with peak powers at the terawatt or even petawatt
level have been developed [2–5], serving as powerful tools for in-depth research on
ultrafast, ultrahigh-intensity laser pulses. Ultrashort pulses and ultrahigh-intensity

Zhiyi Wei, Shaobo Fang, Beijing National Laboratory for CondensedMatter Physics, Institute of
Physics, Chinese Academy of Sciences, Beijing 100190, China
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2 | Zhiyi Wei, Shaobo Fang

laser technology are not only extensively employed in the fields of micromanufac-
turing [12–14] and medicine [15, 16] but have also been successfully and prominently
implemented in various research areas, such as the exploration of atomic andmolecu-
lar motion patterns [17, 18], laboratory simulations in astrophysics [19], and precision
spectroscopy [20]. These applications have facilitated the emergence of many new
subfields and groundbreaking scientific achievements. One of the two most repre-
sentative events was the award of the 1999 Nobel Prize in Chemistry to the American
researcher, Prof. A.H. Zewail. This prize was awarded for work on chemical kinet-
ics using femtosecond laser pulses. The second representative achievement was the
joint sharing of one half of the 2005 Nobel Prize in Physics by Profs. J. L. Hall and
T.W. Hänsch; this prize was awarded for their achievements regarding the femtosec-
ond laser frequency comb technique. With state-of-the-art features and innovative
applications, ultrashort pulses, ultrahigh-intensity lasers have become crucial tools
in the field of optical physics. Therefore, this chapter will first briefly review the es-
sential technology and associated progress in research.

1.1 Generation of ultrashort laser pulses

Since the first laser appeared on the historical stage, the generation of shorter and
shorter laser pulses has been one of the most competitive scientific and technologi-
cal frontiers. In 1961, the concept of Q-switching was proposed, a method that com-
presses all the optical radiation energy into a very short pulse [21–23]. In 1962, the
first Q-switched laser with an output peak power of 600kW and a pulse duration on
the order of the 10−7 s [24] was invented. During the coming years, the electro-optic Q-
switched, the acousto-optic Q-switched, and the saturable absorption Q-switched [25]
techniques were invented in succession. The output power of lasers was rapidly in-
creasing, and the pulse compression techniques made great progress. By the 1980s,
thanks to the Q-switched technique, generation of ultrashort laser pulses was further
compressed to the order of nanoseconds (10−9 s, ns), corresponding to giant pulses
with gigawatts (109 W, GW) peak power. However, due to an intrinsic bottleneck of
the compression mechanism, generating even shorter laser pulses using Q-switched
technology became very challenging.

The mode-locking technique, which had been developed rapidly since 1964, be-
came a more effective technique to generate ultrashort laser pulses. In 1965, Mocker
and Collins obtained picosecond laser pulses in rubies by passive phase locking
on multiple longitudinal modes in the laser cavity [26]. Afterwards, a variety of new
mode-locking techniques further reduced the pulse durations down to subpicosecond
level and even to the order of femtoseconds [27, 28]. In 1981, Fork et al. generated 90-
fs ultrashort pulses for the first time by using the collided pulse mode-locking (CPM)
technique in a dye laser [27]. This breakthrough represented the first generation of
femtosecond lasers, which also made the dye laser a hot topic in research and the
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routine method in obtaining femtosecond pulses. In 1985, Valdmanis and Fork et al.
further pushed the CPM techniques and obtained 27-fs ultrashort pulses in a ring dye
laser [29]. Two years later, Fork et al. upscaled the output energy, and by combining
the spectrum broadening in the fiber and the dispersion compensating with a grating-
prism pair, generated a long-standingworld record of a 6-fs pulse duration [30], which
is the best performance of the dye laser so far in generating ultrashort laser pulses.
However, the dye laser, even as the first generation ultrafast femtosecond laser, has
not been widely used, because the performance is quite unsteady, the output power
is very low, the dye has to be replaced frequently, and daily operation is inconvenient.

At the same time, people kept exploring new gain media for a new breakthrough
in mode-locked lasers. Subsequently, Ti:sapphire, Cr:forsterite, Cr:YAG, Cr:LISAF,
Yb:YAG and supplementary tunable solid laser gain materials were developed, form-
ing the foundation for the practical development of ultrafast femtosecond lasers. In
1986, Moulton invented a titanium doped sapphire laser crystal [31], which success-
fully led to the rapid development of ultrafast femtosecond laser research and its
general application. The Ti-doped sapphire lasers, with a wide tuning range, high
laser gain, very short pulse duration, and robust performance, have become the most
commonly used ultrafast laser. We therefore start with the Ti:sapphire lasers as a way
to introduce the generation and development of ultrafast lasers.

1.1.1 Kerr-lens mode-locked Ti:sapphire lasers

Sapphire (Al2O3) crystal, doped with titanium ions, is the best broadband laser gain
medium, with excellent physical and chemical properties. It has the advantages of
high thermal conductivity, high wear resistance, and high damage threshold, as well
as being suitable for high average power operation. The upper fluorescence lifetime is
3.2 µs, the stimulated emission cross section is 10−19 cm2, and the fluorescence wave-
length covers the rangeof 600–1100 nm,which can theoretically support a pulsewidth
of 2.7 fs. This gives it, like the dye laser, the potential to produce very short laser pulses.
In addition, the wide absorption range and high absorption efficiency of the 400–
600nm spectrum make it well suited for laser pumping. Table 1.1 lists the main char-
acteristics of titanium doped sapphire laser crystals. Because of the superior proper-
ties of the solid medium with respect to liquid dyes, the crystal has been widely used
in femtosecond laser mode-locking and amplification since its appearance in 1985.

In 1991, Professor W. Sibbett of the University of St Andrews in Scotland used the
laser structure shown in Figure 1.1 to achieve stable passive mode-locking using the
nonlinear effect of the gain medium without inserting any modulation elements in
the cavity [7]. In the figure, M1 and M2 are a pair of confocal concave mirrors for fo-
cusing the oscillating laser to form a high gain in the gain medium, M3 is the total
reflection mirror, OC is the output couplingmirror, P1 and P2 are a pair of high disper-
sion prisms to compensate for the dispersion caused by the gain medium, and BF is

 EBSCOhost - printed on 2/13/2023 9:33 PM via . All use subject to https://www.ebsco.com/terms-of-use



4 | Zhiyi Wei, Shaobo Fang

Tab. 1.1: Characteristics of Ti-doped sapphire crystals.

Parameters Values

Refractive index n = 1.76 (800nm)
Fluorescence lifetime 3.2 µs
Absorption spectrum 400–600 nm
Fluorescence wavelength 600–1100 nm
Peak emission wavelength ~790nm
Stimulated emission cross section 4.1 × 10−19cm2

Quantum efficiency ηQ ≈ 1
Saturation energy density 0.9 J/cm2

Damage threshold 10 J/cm2

Thermal conductivity (room temperature) 46W/mK

Fig. 1.1: Kerr-lens mode-locked titanium sapphire oscillator.

the birefringence filter to tune the laser wavelength. In the case of optimized disper-
sion compensation and cavity structures, other complex mode-locking devices and
techniques are not required in the cavity, and they have obtained a stable self-mode-
locked laser pulse output of 60 fs via an external perturbation. In fact, since 1965, self-
mode-lockinghas been observed inHe-Ne, copper vapor, andNd:YAG lasers [23]. How-
ever, since these self-mode-locked pulse sequences are very unstable, they have not
attractedmuch attention. After the discovery of the Ti:sapphire laser self-locking phe-
nomenon and the excellent results, laser self-mode-locking attracted attention and
became the most significant milestone in the history of ultrafast lasers. The funda-
mental principle is that when the laser peak power reaches GW (109 W) or more, the
self-locking mode is a new mode-locking mode caused by the Kerr nonlinear effect of
the gainmedium. The refractive index of the medium n varieswith the intensity of the
incident laser. As shown in Figure 1.2, under the action of the strong focusing laser,
the high-power pulsed laser beam will self-focus due to the nonlinear refractive in-
dex. If an aperture is present near the focal point, the high power pulse portion can be
fully passed and the low power DC portion is depleted. The gain aperture formed by
the finite pump region after the focusing of the solid laser pump achieves the aperture
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1 Ultrafast ultrahigh-intensity laser pulses | 5

Fig. 1.2: Kerr-lens locking mechanism.

effect, while the Kerr nonlinear response time is less than 1 fs. The combination results
in a novel ‘fast’ saturated absorption effect. Kerr-lens mode-locking (KLM) is a kind of
passive mode-locking scheme [32], because the main principle is the Kerr nonlinear
effect.

The Kerr-lens mode-locking mechanism opens a new chapter for solid femtosec-
ond laser research. According to the uncertainty principle (for the spectrumwidth and
the pulse time width), a wide enough spectrum is required to produce a shorter laser
pulse. At the same time, to achieve the limit of the Fourier transform pulse width, it
also needs to compensate for dispersion. By compensating the overall laser disper-
sion and increasing the output spectral bandwidth, it is possible to generate narrower
femtosecond pulses. Normally an optimal Ti:Sapphire laser may include a thin gain
medium, prisms, broadband coated mirrors, and chirped mirrors (chirped mirrors,
CMs).

In 1993, Asaki et al. [13] obtained a 11 fs laser pulse by using thin Ti:sapphire crys-
tals with high doping concentrations and using the fused silica prisms for dispersion
compensation. For laser pulses shorter than 10 fs, crystals and prisms are not well
matched for third- and fourth-order dispersion, due to the wide spectral bandwidth.
Therefore, it is difficult to obtain a pulsewidth of 10 fs or less by performing the disper-
sion compensation with the prism pair. In 1994, Szipöcs and Krausz proposed the use
of new chirp dielectric reflectors to compensate for the dispersion [34]. In 1995, Stingl
et al. used wide-band chirpedmirrors to compensate for dispersionwithout other dis-
persion compensation elements, resulting in a laser pulse of 8 fs [35]. Oneyear later, Xu
et al. [7] further optimized the ring cavity to obtain 7 fs pulses. In this paper, a combi-
nation of semiconductor saturable absorption mirrors (SESAM), dual chirped mirrors
(DCM), and low-dispersion CaF2 prisms are used to compensate for the combination
of these techniques. Several groups in Switzerland, Germany, and the United States
have implemented a pulse of about 5 fs [36–41], which represents the shortest pulse
duration of Ti:sapphire oscillators.
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1.1.2 Diode-pumped all-solid-state ultrafast lasers

The laser diode is an apt choice for pump sources because the emission wavelengths
can cover the absorption peaks of most solid-state gain media. Since the 1980s, with
the emergence and rapid development of high-power and high-brightness LDs, the
diode-pumped all-solid-state lasers (DPSSL) attracted much attention. Combining
the advantages of solid-state lasers and diode lasers, DPSSLs feature high efficiency,
low cost, stability, compactness and utility. Because of these advantages, the DPSSL
technology stood out as one of the notable landmarks in laser development. In 1992,
Keller et al. demonstrated a stablemode-lockedNd:YLF laser with a novel SESAM [42].
The parameters of SESAM, such as wavelength, saturation fluence Fsat,A, modulation
depth ∆R, nonsaturable loss ∆Rns and relaxation time τA, and so on, can be flexibly
designed to meet various needs of different mode-locked solid-state lasers. However,
the SESAMwas not critical to the cavity design, resulting in a simple oscillator cavity.

The typical cavity design of SESAM mode-locked solid-state lasers is shown in
Figure 1.3. Combining SESAM and dispersive compensating devices (such as GTI mir-
ror or prisms), it was easy to obtain femtosecond pulses. First, the major problem in
SESAM mode-locked solid-state lasers was the Q-switched mode-locking instead of
stable mode locking, leading to the instability of the mode-locked operation. In 1999,
Hönninger et al. studied these problems theoretically and experimentally [43]. The
results showed that the following measures could solve this issue: (1) Increasing the
pulse energy by increasing the pump power to turn Q-switch mode-locking operation
into continuous mode locking. (2) Using the output coupler mirror with lower trans-
mission to increase the intra-cavity pulse energy. (3) Increasing the cavity length. This
method leads to the decreasing of the repetition rate and increasing of the pulse en-
ergy. (4) Decreasing the spot size on the SESAM to reduce the saturable energy of
the SESAM and gain medium. (5) Using the SESAM with lower modulation depth.
Through thesemethods, solid-state lasers, evenwith a long upper energy lifetime gain
medium, could reach stable continuous-wavemode-lockingoperation. Curvedmirrors
decrease the spot sizes of SESAMand gainmedia in a typical SESAMmode-locked cav-

Fig. 1.3: Cavity structure of a passively mode-locked all-solid-state laser with SESAM.
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ity, and the parameters of the mirrors should be chosen based on the experimental
conditions. Owing to the appearance of SESAM, ultrafast all-solid-state lasers entered
into a rapid development stage. Until now, with the exception of Kerr-lens mode lock-
ing, SESAM was a favorite candidate mode-locking device for passively mode-locked
all-solid-state lasers. In 1998, a self-starting SESAM mode-locked Ti:sapphire laser
was demonstrated in 6.5 fs pulses [37]. In 2000, Spühler et al. achieved a picosec-
ond Nd:YAG laser by side pumping with 27W average output power [44]. Using the
thin disk concept, U. Keller’s group demonstrated an 272W Yb:YAG thin disk laser
in 1.07 ps pulses, with 272W of output power and the corresponding pulse energy of
80 µJ (and peak power of 66MW) [45]. This means that ultrafast laser pulses with a
pulse energy of a few hundred microjoules could be obtained directly from an oscilla-
tor without cavity dumping or amplifier technologies. In 1.5 µm communicationwave-
length, W. Sibbett’s group demonstrated SESAM mode-locked Cr:YAG laser emitting
230 fs pulses [46]. At 2.4 µm wavelength, in 2012 Sorokin et al. achieved 130 fs pulses
from Cr:ZnSe and Cr:ZnS solid-state lasers [47]. The passive mode-locking of a 2.1 µm
Tm, Ho:YAG picosecond laser with GaInAs- and GaSb-based SESAM was investigated
by Yang et al. in 2013 [48].

Since the beginning of the 21st century, a few novel saturable absorbers were
found, including single wall carbon nanotubes (SWCNT), graphene and topological
insulators (TI). Furthermore, many new solid-state host media that can be pumped di-
rectly by laser diodeswere found, such as garnet (YAG, YGG, GGG), sesquioxide (Y2O3,
Lu2O3, Sc2O3), sapphire (Al2O3), vanadate (YVO4, GdVO4, LuVO4), double tungstate
(KGW, KYW, KLW), double molybdate (NYM, NLM), borate (YCOB, GdCOB), metasili-
cate (LSO, GYSO, GSO, YSO), fluoride (CaF2, YLiF4), and so on. Because of the different
properties, these host materials perform various laser capabilities by doping different
ions. The usual doping ions included trivalent rare earth ions (Nd3+, Er3+, Ho3+, Tm3+,
Yb3+), divalent rare earth ions (Sm2+, Dy2+, Tm2+), transition metal ions (Cr4+, Cr3+,
Cr2+, Ti3+, V2+), metal ions (Fe2+) and actinoid U3+ and so on.With the proper combi-
nation of host materials and doping ions, lasers were obtained based on hundreds of
solid-state gain media, whose wavelengths covered the visible to mid-infrared range.
Detailed information is not introduced here, due to limited space.

Nowadays, the main research on all-solid-state technology is mainly focused
on how to obtain ultrafast laser sources with shorter pulses, higher energy, and
broader spectra. Benefiting from the broad emitting spectrum of Yb3+ doped gain
media, Yb3+ doped mode-locked lasers in sub-100 fs pulses were widely studied by
properly compensating dispersion andusing SESAMmode-locking or Kerr-lensmode-
locking methods [49–73]. Figure 1.4 shows the principle of sub-100 fs lasers based on
Yb3+doped gain media by SESAM and Kerr-lens mode-locking [67].

In Figure 1.4, a 7W fiber coupled laser diode at 970 nm was used as the pump
source, and the core diameter of the fiber was 50µm. The pump light was focused
by a 1:1 image system into the crystal. A 5% doped Yb:YGG crystal was used as the
gain medium with a length of 4.5mm. The cavity was an X-type structure. M1 and M2
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Fig. 1.4: 88 fs Kerr-lens mode-locked Yb:YGG laser.

were curved mirrors with the radius of curvature of 75mm, and the transmission of
the output coupler was 0.4%. A total GDD of −1000 fs2 was used to compensate the
dispersion of crystal and mirrors by a piece of GTI mirror. By optimizing the cavity,
the stable mode-locking operation was obtained with an average power of 104mW, a
pulse width of 88 fs and a central wavelength of 1042 nm.

However, there are always thermal effects in conventional bulk lasers. The ther-
mal effects not only limited the output power, but also decreased the beam quality of
the lasers. Evenworse, the thermal stress in the crystal could damage the crystal. Thus
the thermal effect prompted resistance by solid-state lasers toward high power levels.
To solve this problem, some measures were taken, such as using a multicrystal slab
and thin disk structures. A typical bicrystal all-solid-state laser is shown in Figure 1.5.
To obtain higher output power, the pump power should be increased. To solve the
heat removal capabilities of all-solid-state lasers, Calendron et al. presented a bicrys-
tal structure pumped by two sides [70]. An average continuous output power of 24W
was obtained with fundamental mode operation. Meanwhile, the mode-locking oper-
ationswere obtained at a normal dispersion and a negative dispersion rangewith out-
put powers of 17W and 14.6W respectively, and the pulses were compressed to 470 fs

Fig. 1.5: High power femtosecond Yb:KYW laser based on bicrystal resonator.
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and 450 fs. These results were the highest output power that have been obtained from
bulk Yb3+-doped gain media.

Because of its complex cavity structure and difficult adjustment, current bicrystal
technology isn’t widely used. Another type of solid-state high power lasers is based
on thin disk technology. Just as the name implies, the gain medium is always a very
thin disk structure, typically with the thickness of 100–400 µm and the diameter of
tens of millimeters. Thin disk construction is characterized by a large ratio between
surface area and thickness. One of the faces of the gain medium is coated with antire-
flection film and the other side is coated by a high reflection film for both the pump
laser and laser. The surface coated with high reflection film is directly mounted on a
water-cooled heat sink to efficiently cool the crystal. For a quasi-three-level system, it
is difficult to obtainhigh power andhigh efficiency, since the population inversion can
decrease with the increased temperature, owing to the sublevel energy being close to
ground energy. In addition, the diameter of the pump beam on the gain medium is
much larger than the thickness of the gain medium, and the heat grade can be con-
sidered to be one-dimensional and perpendicular to the surface of crystal, which effi-
ciently reduces the thermal effects on the gain medium. Therefore the appearance of
thindisk lasers solved theproblems in conventional solid-state lasers, suchas lowout-
put power, beam distortion, and low efficiency. However, limited by the doping level
and thickness of gain media, the single absorption is very low. To solve this problem,
Giesen rendered the multipump structure in 1994 [71]. The absorption efficiency was
increased by multiple passing of the gain medium, usually 16 or 24 passes. Figure 1.6
shows the typical 16-pass pump structure.

Fig. 1.6: Typical pump design for 16 absorption passes.

Based on this pump structure, the typical thin disk oscillator is shown in Figure 1.7.
The self-phase modulation (SPM) was weak even in high power operation, because of
the small thickness of gain media. So an additional plate with high refractive index
was always inserted in the cavity, such as a YAG plate, to increase the SPM effect.

In 2013, Diebold et al. demonstrated a stable mode-locking operation of 62 fs
pulses and 5.2W average power based on the cavity structure shown in Figure 1.7 [72],
which means that the thin disk lasers entered into a sub-100 fs era.
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Fig. 1.7: Yb:CALGO thin disk laser in 62 fs pulses.

1.1.3 Ultrafast fiber lasers

As a typical representative of the third generation of mode-locked lasers, fiber lasers
have many merits, such as low threshold, high efficiency, compact structure, light
weight, stablility and reliability, no need forwater cooling, and the advantages of com-
patibility with modern communication. At present, ultrafast fiber laser technology is
one of the important research topics. As early as 1989,mode-locking picosecond lasers
with optical fiber laser as the gain medium had been reported [73]. Four years later,
the optical fiber capable of generating 77 fs pulses was demonstrated [74]. In recent
years, ultrafast fiber laser technology has shown remarkable development. The non-
linear polarization rotation technique is preferred in obtaining ultrashort pulses for
the fiber oscillators. In 2009, Ortac et al. employed large mode field ytterbium doped
fiber [75], and obtained 711 fs pulses with 9mW average power [76]. In 2010, the short-
est pulse of 37.4 fs was obtained in an erbium-doped fiber ring cavity design through
the adaptation of nonlinear polarization rotation technology [77]. In 2014, with the im-
plementation of saturable absorber (SESAM), Shanghai Jiao Tong University obtained
a 41.9 fs pulse [78], close to the results of the theoretical limit.

The optical fiber is born with a micron-sized core diameter, so that the light field
can be bounded tightly in it, bearing the stronger nonlinear quality effectively. There-
fore, optical fiber lasers showed richermode-lockingmechanisms. The common three
mode-locking methods are: nonlinear loop mirror, mode-locking nonlinear polariza-
tion rotation mode-locking, and semiconductor saturable absorber. According to the
netdispersion in cavity,mode-lockingmechanisms canbedistributedas shown inFig-
ure 1.8, including soliton pulse locking all-normal dispersion (ANDi) mode-locking,
dispersion management mode-locking, and self-similar pulse mode-locking.

Figure 1.9 shows the typical all-normal-dispersion ultrashort pulse mode-locking
ytterbium doped fiber laser setup, where the cavity arrangement includes fiber path
and free spatial path. The fiber path has about 25 cm of single-mode, highly-doped Yb
gain fiber (CorActive company Yb-125, with an absorption coefficient of more than 350
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Fig. 1.8: Fiber mode-locked laser types (based on net dispersion and dispersion maps in the cavity).

Fig. 1.9: Schematic diagram of all-normal-dispersion mode-locked femtosecond fiber laser experi-
ment.

db/m at 915 nm)wavelength divisionmultiplexer (WDM)with a SMF-28e tail fiber, and
another fiber with a single mode fiber (HI1060). The total cavity length was 3m or so.

The free spatial path includes the wave plate, the polarization dispersion prism
(PBS), and a birefringent filter (BF) as well as additional intensity modulation compo-
nents. Rotating the birefringent filter periodically causes a mode-locked spectrum.

Figure 1.10 shows the stable repetition rate frequency and spectral tuning in the
mode-locked state. The autocorrelation curve is shown in Figure 1.11 (a), and the pulse
width is about 5.1 ps in accordance with the Gaussian pulse shape. A pair of transmis-
sion gratings with group density of 600 lines/mm is used to compensate dispersion
outside the cavity. By optimizing the grating space, the pulsewas compressed to about
210 fs, and the corresponding spectrum curve is shown in Figure 1.11 (b). The spectrum
supports 200 fs transform-limited pulses. Therefore, the compressed pulse is close to
the theoretical limit of pulse width.
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Fig. 1.10: The pulse repetition frequency of (a) the spectrum tuning curve (b) all-normal-dispersion
mode-locked femtosecond fiber laser output.

Fig. 1.11: (a) Intensity autocorrelation curve of femtosecond fiber laser output pulse width and
(b) pulse width after compression.

1.2 Amplification of ultrashort pulses

1.2.1 Chirped pulse amplification technique

Thepursuitofhigh-intensity lasershasalwaysbeenoneof themost important research
directions of laser science. Since the invention of the laser in 1960, Q-technology can
only achieve a nanosecond pulse width, so the corresponding increase in laser in-
tensity has been very slow. The KLM technique not only directly compresses the pulse
width to the femtosecondregime,butalsohasahigheraveragepower relative to thedye
laser. Consequently, the corresponding peak value has been dramatically improved.
However, further improvement of the peak power by the direct amplification of energy
would result in damage to the optical element and become a bottleneck in the devel-
opment of high-intensity lasers [79]. In 1985, the CPA technology was invented, which
cleverly solved the problem of limited laser intensity enhancement [8]. Since then,
the laser peak power and intensity have increased by nearly ten orders of magnitude.
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Fig. 1.12: Development of laser focusing power density.

Meanwhile, large-energy lasers can be built in a table size in the general university
level of the laboratory. As shown in Figure 1.12, CPA technology plays an important
role in the development of ultrastrong lasers, and the corresponding focus laser in-
tensity. At present, some countries have even used CPA technology to build a laser
system as the basic means of laser fusion projects. Some laboratories have also built
CPA laser systems with petawatt peak power (1015 W, PW), such as the 1.5 PW, 450 fs
neodymiumglass system at Lawrence LivermoreNational Laboratory [80], the 1.16 PW
laser systemat the Institute of Physics, ChineseAcademyof Sciences,whichdeveloped
a 1.16 PW laser device [2], and the 1.5 PWTi:sapphireCPAsystemat theKoreaAdvanced
Photonics Research Institute [3].

In a typical CPA laser system, as the laser pulse peak power increases, the refrac-
tive index of the medium n is dependent on the intensity of the incident laser, result-
ing in a nonlinear refractive index that will spread the wave front. This effect can be
expressed as the B integral:

B = 2π
λ

L∫
0

n2Idl . (1.1)

For a Gaussian beam, the self-focusing effect occurs in the medium when the B-inte-
gral reaches the order of π. As a result of the higher power, the propagation medium
is destroyed.

Before the advent of CPA technology, expanding the spot and increasing the
medium diameter reduced the high peak power density, causing damage. When am-
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plifying ultrashort pulses, the CPA technique avoids generating too high a peak power
in the medium without increasing the beam and medium aperture. The method com-
prises the following steps: before the amplification, the femtosecond or picosecond
pulse is introduced into a certain dispersion, and the pulse width is extended to pi-
coseconds or even nanoseconds in the time domain to reduce the peak power, and
then the amplification is carried out, reducing the risk of component damage. After
the higher energy is obtained, the dispersion is compensated and the pulse width
is compressed to the order of femtoseconds. By using CPA technology, it is possible
to avoid nonlinear effects such as system component damage caused by excessive
peak power during amplification and gain saturation effect. Refer to Figure 1.13 for
the CPA’s basic schematic diagram, which in structure can be divided into four parts:
oscillator, expander, amplifier and compressor. Figure 1.14 shows a typical structure
of the overall system.

Fig. 1.13: Schematic of chirped pulse amplification technology.

In each CPAunit system, the femtosecond laser oscillator is used to provide seed laser
pulses. The output power is generally in the range of a few milliwatts to hundreds of
milliwatts,with a repetition rate of 80–100MHz. The singlepulse of energy is generally
only a fewnJ to several nJ. The stretcher is used to stretch the seed pulse before the am-
plifier. In the early CPA experiments [81], the positive dispersion of optical fibers was
used to broaden the pulse, the negative dispersion was compensated, and the pulse
width was compressed using a Treacy-type grating [82]. This broadening compression
scheme easily compensated for the second-order dispersion, but the third-order dis-
persionwasmismatched.Atpresent, pulse stretching techniqueswidelyusedare grat-
ing and bulk material expansions, such as the reflective Martinez expansion [83] and
the aberration-free Öffener expansion [84], Stone Stretcher [85], and so on. With the
development of chirped mirror coating technology, chirped mirrors have been widely
used for pulse stretching in recent years [86]. The amplifiers are the core of the CPA sys-
tem toboost the energyof the chirped laser pulse and canbedivided into thepreampli-
fier and the main amplifier. Pre-amplification can be achieved by regenerative ampli-
fication [87], multiplying amplification [88] and optical parametric amplification [89].
Themain function is to amplify the single pulse energy from about nJ. Themagnitudes
are scaled to mJ, and the repetition rate is reduced from 100MHz to a few Hz to several
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Fig. 1.14: Principle diagram of chirped pulse amplification.

Fig. 1.15: Schematic of transmission Martinez pulse stretcher.

kHz. The typeof themainamplifier ismainlymultipass amplificationandoptical para-
metric amplification. The final compressor can be a Treacy-structured grating pair, a
prism-to-compressor, or a chirped mirror. Next, we present a detailed description of
each unit.

A typical Martinez stretcher is shown in Figure 1.15 and has been widely used in
systems that output 100 fs laser pulses. For the system that generates sub-50 fs pulses
after the compression, a reflective Martinez structure stretcher (shown in Figure 1.16)
can be used to avoid detrimental dispersion caused by lenses. As a result of the ef-
fective reduction of the material dispersion, it is possible to successfully and reliably
generate an amplified compression pulse as small as 30 fs [90].

Using the ray-tracingmethod,which is also labeled inFigure 1.16,we cancalculate
the total phase shift of the light at different frequencies in the system as:

φ(ω) = ω
c (C + A − D) + 2πG

d tan(γ − θ0 − θ4) + 2π
d (G0 − G) tan(γ − θ0) . (1.2)

The last term in the equation is the phase correction factor, which is increased in con-
sideration of the aberration of the grating. Dispersion can be easily calculated from
Eq. (1.2).
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Fig. 1.16: Schematic of equivalent reflective
Martinez structure spreader and ray-tracing
model [90].

Fig. 1.17: Schematic diagram of the regenerative amplifier.

Inside a regenerative amplifier, the stretched seed pulse circulates in the amplifier cav-
ity several times to absorb sufficient energy before the amplified pulse is ejected out
of the cavity. The regenerative amplifier itself is also a Q-switched laser, and the reso-
nant cavity may include only two mirrors, or multiple mirrors; see Figure 1.17 for the
typical structure. The principle of the cavity is to maintain high energy efficiency, but
also to prevent damage to cavity components within the laser. The optical beam has
a smaller spot size on the gain medium and a larger spot size on the switch compo-
nents (e.g. Pockels cells). This is because the gain field has a high value (typically 5 to
10GW/cm2), whereas a Pockels cell (usually made of KDP crystals) has a low value of
500MW/cm2. Since the regenerative amplifier is composed of a stable resonant cav-
ity, it has the advantages of high amplification efficiency, stable operation, and good
output beam quality, and can obtain the fundamental mode output of TEM00.

The multipass amplifier uses a few faceted mirrors so that the seed pulse passes
several times through the amplifier gainmedium [91]. Figure 1.18 shows a typical mul-
tipass amplifier, which differs from a regenerate amplifier in that there is no resonant
cavity and therefore the structure is simple. The intracavity switching elements are
not required in the multipass amplifier. The seed pulse passes through the menu ele-
ments only once (in Pockels and Glan’s prisms), thus greatly reducing the dispersion
of the material in the CPA system. When a multipass amplifier is used as a primary
amplifier, a focusing lens is typically used to fold the seed pulse and focus it on the
gain medium to fully absorb energy. The main drawback of multipass amplifiers is
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Fig. 1.18: Schematic diagram of the multipass amplifier.

Fig. 1.19: Negative dispersion grating for ray
tracing.

that they do not guarantee good colinear coupling of the seed light to the pump light,
resulting in distortion of the beamquality. In addition to a certainmultipass amplifier,
higher energy amplification often needs to increase the pump’s energy, which tends
to enhance the thermal lens effect and destroy the amplifier stability. The compressor
is achieved by using parallel pairs of gratings, providing dispersion that is close to the
absolute value, as opposed to the spreader symbol. Figure 1.19 shows the typical struc-
ture. The ray tracing method can be used to calculate the phase shift [82] as follows:

First of all, simple light can be drawn down the ABS path geometry at length P:

P = b × (1 + cos θ) = G
cos(γ − θ) × (1 + cos θ) . (1.3)

In addition to the actual phase, a phase correction factor must also be considered,
since the diffracted light of the first grating is not simply reflected, but diffracted,when
collimated by the second grating. There is also a phase difference due to the differ-
ence in diffraction positions, i.e. the beam does not follow Fresnel’s law because of
the diffraction enhancement produced on the various nicks, in addition to the geo-
metric path length difference between the different wavelength components. There-
fore, the phase of the light passing through the grating pair should be the phase shift
caused by the geometric path, minus the phase shift caused by the diffraction. If the
vertical point N is used as a reference point, the phase correction factor for any one
wavelength component can be written as the number of indentations between BNs:

2π × G tan(γ − θ)
d

. (1.4)
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Then the total phase is:

φ(ω) = ω
c b × (1 + cos θ) − 2πG

d tan(γ − θ) . (1.5)

Next, the group delay is the derivative of the phase versus frequency. Note that the
derivative of the path in the first term is exactly the sameas the derivative of the second
term, i.e.

ω
c

d
dω [b × (1 + cos θ)] = d

dω [2πGd tan(γ − θ)] . (1.6)

In this way, a simple group delay formula can be obtained:

τ = dφ
dω = b × (1 + cos θ)

c . (1.7)

This formula implies that the group delay obtained by the pulse in the raster pair is
equal to the time delay caused by the geometric path. With this formula, both second-
order and third-order dispersion can be obtained in turn. Since this grating pair pro-
vides negative group delay dispersion, it is often used to compensate for the positive
chirp from thematerial in the pulse, thereby compressing the pulse. For historical rea-
sons, such grating pairs are known as pulse compressors.

The invention of CPA technology has greatly improved the peak power of ultra-
short pulse lasers, which makes it possible to realize the ultrastrong laser output of
TW and PW at the laboratory bench. The current peak power density after focusing
is expected to reach the order of 1022 W/cm2 [6]. Such high power densities can pro-
duce unprecedented conditions such as strong electric fields, strong magnetic fields,
and high pressure fields under laboratory conditions, and provide the basis for the
research of strong field physics and high-energy density physics. X-ray lasers, labo-
ratory astrophysics, laser particle accelerators, inertial confinement fusion, and other
research fields are extremely important applications. As shown in Figure 1.12, with the
in-depth development of application research, the performance of laser devices and
parameters will continue to put forward new demands, as ultrashort laser technology
becomes the driving force for sustainable development.

1.2.2 All-solid-state ultrafast and ultraintense lasers

The average power and pulse energy of all-solid-state laser oscillators are limited and
not high enough for many applications. In order to get ultraintense lasers, amplifica-
tion technologies need to be used. Regenerative amplification, chirped pulse ampli-
fication (CPA) and power amplification are common technologies. Figure 1.20 shows

Fig. 1.20: A general scheme of ultrashort and ultraintense systems.
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a general scheme of ultrashort and ultraintense systems. Ultrashort pulses from an
all-solid-state oscillator first pass through a pulse picker to reduce the repetition rate,
and then are injected into a regenerative amplifier. In the regenerative amplifier, pulse
energy could be enhanced by an order of 106 times, from a few nJ to a fewmJ. Finally,
the pulses are further amplified with power amplifiers to get an ultraintense laser. For
femtosecond pulses, CPA has to be used to improve the amplification efficiency and
avoid the damage induced by high intensity. The pulses are stretched before amplifi-
cations and compressed afterward to obtain ultrashort and ultraintense lasers.

CPA was first implemented in Nd-doped crystal lasers. With the development of
diode-pumped laser technology, the all-solid-state laser with CPA technology has be-
come an important aspect in the study of ultrashort and ultraintense lasers. In 2003,
Kawanaka et al. achieved an amplified laser with a repetition rate of 10Hz and pulse
energy of 30mJ from a diode-pumped thin-disk Yb:YLF regenerative amplifier [92]. In
2011, more than 100mJ of pulse energy was realized in Japan by using cryogenic cool-
ing technology in a similar regenerative amplifier [93]. Based on the characteristics
of Nd-doped laser media, Ai et al. obtained an amplified laser with a pulse energy
of 20.8mJ, pulse duration of 12.9 ps, and a repetition rate of 10Hz by using a bulk
Nd:YLF crystal as the laser medium, a regenerative amplifier, and a five-pass main
amplifier [94]. In 2013, Noom et al. demonstrated a high-energy laser system with a

Fig. 1.21: 130mJ, 64 ps, 300Hz high-energy picosecond laser system [97].
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pulse energy of 130mJ, pulse duration of 64 ps, and a repetition rate of 300Hz by us-
ing a Nd:YAG crystal and a similar scheme as the one mentioned above. The system is
shown in Figure 1.21 [95]. A Nd:YVO4 ultrashort oscillator with 1 nJ and 80MHz was
used to provide a seed pulse. Then the picked seed pulse was injected into a regen-
erative amplifier and amplified to be 1.2mJ with a repetition rate of 300Hz. Finally,
the output of the picosecond laser with up to 130mJ was achieved after two stages
of power amplifiers. With a BBO crystal as the frequency-doubling medium, a green
picosecond laser at 532 nm could be realized with pulse energy of 75mJ and pulse du-
ration of 64ps.

In recent years, by combining CPA technology and laser media with broad emis-
sion spectra, important progress has been made on all-solid-state femtosecond ul-
traintense lasers. In 2013, Alizée Mareczko et al. achieved an amplified laser with a
pulse energy of 100mJ, a repetition rate of 10Hz, and pulse duration of 640 fs based
on a Yb:CaF2 crystal [96]. In 2014, Kessler et al. obtained ultrashort and ultraintense
laserswithpulse energy ashighas 16.6 J andpulsedurationof 150 fs at a repetition rate
of 1Hz pumped by a high-energy laser with POLARIS (Germany) [97]. With the gradu-
ally stronger demand of high-power ultrashort lasers in the field of laser processing,
many companies such as Coherent, Spectra-Physics, TRUMPF, Rofin, andGuoke Laser
have also launched high-power ultrashort laser products and industrial processing
systems. It is expected that all-solid-state picosecond and femtosecond lasers, which
are important tools for industrial processing and other applications in the future, will
be developed rapidly.

To achieve higher output power, a huge power has to be pumped into the gain
medium, and lots of heat is generated in the gain medium due to the limit of con-
version efficiency. Thus the thermal effect of laser crystals will become more serious,
which limits the further enhancement of the output power. Thus, how to design laser
systems and to dissipate the accumulated heat effectively becomes an important prob-
lem for all-solid-state ultraintense lasers. In the last few years, several approaches
such as bulk, thin-disk and innoslab materials are commonly used in laser systems.
Bulk material is the most traditional and common one in current laser design. In or-
der to overcome the thermal effect, innoslab and thin-disk gainmedia are studied and

Fig. 1.22: The ‘Z’ type side-pumped structure with innoslab material.
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often used. For innoslab material, the ‘Z’ type side-pumped structure (shown in Fig-
ure 1.22) guides the temperature gradient in the direction of thickness, which is par-
allel to the direction of light, and could effectively avoid thermal lens and thermal
distortion along the thickness. But thermal distortion still exists in other directions,
and the unused gain part of the crystal will reduce the conversion efficiency and in-
crease the possibility of parasitic oscillation. In 2014, Young et al. achieved an ampli-
fied laser with an output power of 225W, pulse energy of 450µJ, and pulse duration of
11 ps based on a Nd:YAG innoslab structure [98]. For thin-disk material, it has a very
thin thickness (generally less than 100 µm) with the temperature gradient perpendic-
ular to the direction of the disk. So the thermal lens can be avoided and other thermal
effects could be avoided. But laser systems with thin-disk material generally have to
use complex multipass or regenerative structures to achieve high power because of
their low single-pass gain.

Themost significant characteristic of the thin-disk laser is the large ratio between
surface area and thickness. In order to cool effectively, the back surface of the disk gain
medium is directly fixed on awater-cooling heat sink as shown in Figure 1.23. The disk
structure of the gain medium allows it to support high pump power density without
obviously increasing temperature, which provides the possibility of achieving high
power for the quasi-three-level laser media. In addition, the temperature gradient of
the disk medium is almost one-dimensional and perpendicular to the crystal surface
because the beam diameter on it is far bigger than its thickness. Thus, the thermal
lens is reduced significantly. But a complex multipass pump structure (as shown in
Figure 1.6) has to be used to obtain high output power and good beam quality due
to the low single-pass gain of the disk medium. In 2012, Saraceno et al. achieved an
average power of 275W and pulse duration of 583 fs thin-disk laser in a vacuum cham-
ber [99], which is the highest power for oscillators up to now. In 2014, Saraceno et al.
got the highest pulse energy of 80µJ [100] from a thin-disk oscillator after the work by

Fig. 1.23: The cooling structure of thin-disk media.
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Fig. 1.24: The scheme of multipass thin-disk
amplification [103].

Brons et al., which reported a KLM thin-disk oscillator with an output power of 230W
and a pulse duration of 330 fs.

Due to the high-power density of the cavity, further improvement of the output
power from thin-disk oscillators will be limited. Thus, thin-disk amplifiers are studied
and rapidly developed for high power. In 1997, Hönninger et al. first realized a diode-
pumped thin-disk Yb:YAG regenerative amplifier and achieved a pulse energy of 180 µJ
at a repetition rate of 750Hz [101]. In 2001,Müller et al. obtained 1mJ of pulse energy at
a 10 kHz repetition rate by using thin-disk amplification [102]. Two years later, they de-
signed a thin-disk multipass amplification for the first time, as shown in Figure 1.24,
and achieved an amplified result of 11.6mJ energy at 1 kHz [103]. In 2008, TRUMPF
Laser successfully realized a picosecond thin-disk regenerative amplifier with an out-
put pulse energy up to the mJ level, pumped by a kHz laser [104]. In 2013, Negel et al.
reported a result of 1.1 kW and 1.38mJ from a multipass Yb:YAG thin-disk amplifier,
which is the highest output power to date [105].

Fig. 1.25: Progress on picosecond thin-disk amplifiers.
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Since the concept of the thin-disk was proposed in 1994, its excellent characteristics
of high-power, high-pulse energy, and good beam quality are more outstanding than
other type lasers. The effective cooling capacity makes the thermal effects and distor-
tionvery small even in conditionsof high-powerpumps. Theoutputpower of thin-disk
amplifiers could be as high as hundreds of watts or even kilowatts, and the pulse en-
ergy can also be improved to be dozens of mJ. Figure 1.25 shows the main progress on
picosecond thin-disk amplifiers in recent years.

1.2.3 Ultrashort and high-intensity fiber lasers

Due to the thermo-optic effect restricting power scaling, many novel methods have
been proposed based on the increased dimensions of gain media, such as the z-type
pumped slab, thin disk, and large core fiber, etc. For slab gain media, z-type side-
pumped modules make the temperature gradient occur toward the thickness and the
propagation of the laser beamparallel to the temperature gradient, which could effec-
tively avoid the effects of thermal lens and thermal-optical distortion. However, ther-
mal-optical distortions along other directions still exist. In the unabsorbed regime, it
could reduce the laser efficiency and increase the possibility of parasitic oscillation.

For thin disks, their very thin thickness (< 100 um) is smaller than the focal point
of the pump laser in gain media. Because the direction of the temperature gradient is
perpendicular to the disk, the effects of thermal lens and thermal distortion, as well
as thermal induced birefringence, could be effectively reduced.

The main problem for thin disk amplifiers is that they are weak gain for a single
pass, which necessitates multipass and/or regenerative amplification for high-power
laser output. In contrast to thin disk amplifiers, due to their long gain length, optical
fibers could provide very large single-pass gain and their large surface-to-volume ra-
tio improves the heat dissipation along the direction of the laser beam propagation.
In addition, fibers also have other advantages: (1) The waveguide structure of fiber
ensures good beam quality and effectively suppresses the thermal distortion; (2) the
waveguide structure guides the pump and seed laser propagation along the fiber, and
improves the single-pass gain; (3) up to now, the high-power fiber lasers have already
employed Yb doped fibers as gain media, which are directly pumped by the available
high-power diode laser; in addition, due to the low quantum defect (10%), a high op-
tical-optical efficiency of 80% can be obtained.

However, fiber alsohas its owndefects,which includehighnonlinearity. Thus, the
main restriction for the generation of high-power lasers is the further improvement of
the peak power in the femtosecond amplification domain.

Even though there aredisadvantages associatedwith the threemethods, slab, thin
disk, and fiber lasers still lead the way in generating high-power lasers. In fact, these
three types of lasers have already realized thousands of watts of output. So for current
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Fig. 1.26: Thin disk or fiber, which one is more suitable
for femtosecond lasers?

applications, what kind of high-power laser is chosen as an outstanding and usable
source, as shown in Figure 1.26, remains unclear.

From the above discussion, the critical problem in fiber lasers is nonlinear effects,
which are proportional to the inherent length of action and intensity, and inversely
proportional to the mode field diameter (MFD). Thus, it is beneficial to lower the non-
linear effect by increasing theMFD and reducing the inherent action length. In the last
ten years, with the advent of large mode areas and large airhole pitch photonic crystal
fibers (LMA-PCF), the nonlinearity of fiber has been efficiently suppressed, and high-
power femtosecond fiber lasers have been rapidly developed using LMA-PCF.

As a leading authority on ultrafast fiber optics, Professor Andreas Tünnermann at
Friedrich-Schiller-Universität has made many contributions in high-power CPA fiber
lasers at high repetition rates and high peak power fiber laser with high energy.

As early as 2002, Andreas Tünnermann’s group carried out studies on the high-
power fiber laser using LMA-PCF. One stage of PCF amplifier was developed with a
Nd:glass oscillator injecting as a seed laser, and a 10W output power with a pulse
duration of 80 fs at 75MHz, obtained after compression [106]. They subsequently pro-
posed many experimental schemes and new records have been achieved in average
power, single pulse energy, and peak power [107–111]. To date, the highest record is
830W with a pulse duration of 640 fs at 78MHz, reported using the LMA-PCF as gain
medium and using CPA technology, in 2010 [110].

As shown in Figure 1.27, an all-solid-state Yb:KGW femtosecondfiber laserwas em-
ployed as the seed source, and gratings were used in the stretcher-compressor in this
system. In 2011, 1 mJwith apulsedurationat 30 kHzwasdemonstratedbyHaedrich, in
which a Ti:sapphire laser oscillatorwas used as the seed source andnonlinear stretch-
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Fig. 1.27: Fiber chirped pulse amplification system with 830W output power.

Fig. 1.28: High-power mode-locked femtosecond PCF fiber oscillator.

ing in nonlinear fiber, as well as CPA technology, was adopted [112]. In addition, by
utilizing a combination of the technology of fiber amplification and optical paramet-
ric chirped pulse amplification (OPCPA), more than 100 µJ with a pulse duration of
sub-5-fs, which corresponds to 12 GW of peak power, and a fiber amplifier at 96 kHz,
has also been demonstrated.

Except for the progress in amplification above, a high-power mode-locked fem-
tosecond fiber laser oscillator has also been realized based on LMA-PCF as the gain
medium. As shown in Figure 1.28, a high-power mode-locked all-normal dispersion
ytterbium fiber oscillator, which delivered 66W at 78MHz with a pulse duration of
91 fs, was reported by M. Baumgartl in 2012, in which a LMA-PCF was adopted for
the gain and nonlinear polarization evolution [113]. This experimental scheme is very
straightforward in order to generate high-power femtosecond output and it is also very
promising as a seed source for fiber laser amplifiers with hundreds of watts with its
compact design and reliable performance.

These experimental results presented above approach the limitation of the power
and energy of fiber lasers. Based on the available fiber amplification and coherent
synthesis technology, G. Mourou proposed a scheme that delivers 10 J at 10 kHz, in
order tomeet the needs of the application of the next generation particle accelerator in
2013 [114]. For such a large program and scheme, there are major challenges of design
and optimization of the high-power fiber amplifier and improvement in performance

 EBSCOhost - printed on 2/13/2023 9:33 PM via . All use subject to https://www.ebsco.com/terms-of-use



26 | Zhiyi Wei, Shaobo Fang

Fig. 1.29: Experiment scheme of the next generation coherent combination.

(Figure 1.29). Now scientists are exploring and optimizing schemes in order to satisfy
various research needs. Even though our domestic research on ultrashort fiber lasers
still lags behind other developed foreign countries,manymajor developments onfiber
lasers have been achieved and satisfactory results have been reported to date, from
locations such as Tianjin University, Tsinghua University, Xi’an Institute of Optics and
Precision Mechanism of CAS, East China Normal University, and so on [115–118].

The above-mentioned research and breakthrough progress on femtosecond fiber
laser complements those on an international scale. As early as 1961, Snitzer proposed
the idea of putting fiber into the research of the fiber laser and fiber amplifier and first
demonstrated a glass fiber laser in 1964 [119, 120].

However, due to the technical restrictions in preparation, further development of
fiber lasers has been very slow. It was not until the 1970s and 1980s, with the suc-
cessful development of low loss silica fiber and doped fiber, as well as the maturing
technology of fiber components, that scientists began to focus attention on fiber laser
research.

In the early 1990s, due to the rapid development of optical fiber communication,
Er-dopedfiber lasers attracted intense interest. Many groupswere devoted to studying
Er-doped fiber lasers andmany outstanding results were obtained in dispersionman-
agement [121–123], high pulse energy [124], the mechanismofmode-locking [125, 126],
and the compression of short pulses [77, 127]. Although the Er-dopedfiber laser is com-
pact and stable in performance, there exist disadvantages when it functions in high-
power and high-energy scenarios. In the late 1990s, the first mode-locked Yb-doped
fiber laser was demonstrated [128], which indicated the arrival of the high-power and
high-energy fiber laser. In Yb-doped fiber lasers, there are many mode-locked mech-
anisms that have been demonstrated [129–132]. Based on the management of disper-
sion, mode-locked Yb-doped femtosecond fiber lasers at high repetition rates have
been widely studied [133, 134]. The advent of double-cladding fiber and PCF further
enriched the high-power femtosecond fiber lasers [110–113, 135–137].
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1.2.4 Optical parametric chirped pulse amplification technology

Althoughultraintense laser pulseswith peak powers ofmore than 1 PWhave beenpro-
duced using the current CPA technology, they have the following disadvantages: first,
the gain-narrowing effect during the amplification process has a harmful effect on the
available shortest pulse duration after recompression, and this effect becomes greater
with the improvement of amplified energy. Therefore, it is very difficult to obtain re-
compression laser pulses with extremely short durations. Secondly, the accumulation
and magnification of ASE in the amplification process reduces the contrast ratio of
the amplified laser pulses. Last but not least, since the gain of single-pass structure
is low, a multistage multipass is necessary in the amplification process, resulting in
more complex experimental devices and higher costs.

To overcome the disadvantages of traditional CPA technology, Dubietis et al. intro-
duced the principle of optical parametric chirped pulse amplification (OPCPA), which
employed the parameter amplifier based on a nonlinear process instead of the ampli-
fier based upon the gain medium of CPA in 1992 [146]. Using the OPCPA technology
with BBO crystals, they obtained amplified pulses with 70 fs pulse duration and pulse
energy of 65 µJ, and peak power of 0.9 GW.

Different from traditional CPA technology, OPCPA is a nonlinear process based on
OPA technology using nonlinear crystals (KDP, BBO, KTP etc.) as the gainmedium and
high-energy lasers satisfying the nonlinear phase matching condition as the pump
source to amplify the signal pulses. The OPA technology has been widely used in pro-
ducing laser pulses with various tunable wavelengths, due to the advantages of non-
linear crystals, suchaswide transmissionand tunable spectral range, high single-pass
gain, no thermal deposition, and so on. Ross at the UK Rutherford Appleton Labora-
tory combined the OPA and CPA in 1997 and proposed the concept of OPCPA [147].
OPCPA uses nonlinear crystals (KDP, BBO etc.) as the gain medium, replacing tradi-
tional gainmedia like neodymiumglass and Ti:sapphire, resulting in the combination
of high pulse energy in the CPA system and a wide spectral range in the OPA system.
Moreover it can circumvent the gain-narrowing effect in the process of chirped pulse
amplification. In addition, compared with the general CPA process, OPCPA employs
the parametric process inside the crystal without the ASE effect so that the output
has a higher signal-to-noise ratio. Since there is no thermal deposition process dur-
ing the OPCPA process, the laser beam obtained from the OPCPA system has a very
low B integral and smaller thermal distortion. Figure 1.30 shows one OPCPA scheme
demonstrated by Ross et al. in 2000 [148]. They use a LBO crystal as the first stage
OPA gain medium and a KDP crystal as the second stage OPA gain medium. The seed
source is a commercial Tsunami oscillator, and it is stretched to 300 ps and then intro-
duced into the amplifier for amplification by a single-mode fiber. The wavelength of
the pump pulse is 527 nm, obtained by frequency doubling the central part of a beam
emitted by the Vulcan laser device. The beam size of the pump pulse is 20mm, the
pulse energy is ~2.5 J, and the pulse duration is 600 ps. A small part separated from

 EBSCOhost - printed on 2/13/2023 9:33 PM via . All use subject to https://www.ebsco.com/terms-of-use



28 | Zhiyi Wei, Shaobo Fang

Fig. 1.30: Schematic diagram of OPCPA system.

themaster pumppulse by a 9%beam splitter is shrunk to 1mm.At the first stage of the
pumppulse, the beam size of the seed pulse emitting from the fiber is 0.5mm, and the
two beamsuse noncollinearmatchingwith thematching angle being 0.5°. After being
amplified by the first stage, the beam size of the seed pulse is expanded to 10mm and
then the seed pulse enters into the second amplifier pumped by the residual 527 nm
pulse whose beam size is 14mm. After two-stage amplification, the seed pulse is am-
plified to 500 nJ. The conversion efficiency of the whole system is up to 20% and the
gain is 1010. Subsequent experiments achieved the contrast ratio of 1.5 × 108 for the
amplified pulses, which is far better than that of the general CPA system. Its main ad-
vantages are described in the following aspects.

First, as OPCA is different from the amplifier based on the gain medium, OPCPA
has noASE that is inevitable in the amplifier on the basis of the gainmedium. Thenon-
radiative transition process during the stimulated emission in the conventional CPA
system commonly results in a large amount of heat accumulated in the gain medium.
Higher pulse energy can be obtained at the expense of repetition frequency. As a non-
linear process, theparametric process adopts a virtual energy level amplificationwith-
out heat accumulation in the gainmedium so that it removes the complexity and costs
caused by the cooling system. Meanwhile, it can effectively improve the contrast ratio
since there is no spontaneous emission noise produced during the radiative transition
process.

Second, it can provide a large gain bandwidth and avoid the spectral narrowing
effect in the CPA process so that it is able to obtain a pulse after the recompression am-
plification, achieving approximately the same pulse duration as the seed pulses. The
gain crystal has an emission peak,which causes the gain narrowing effect because the
gain of the wavelength at emission peak is higher than that of the wavelength devi-
ating emission peak. The narrowed spectrum is insufficient to support short enough
pulses, which then leads to the broadening of pulse duration and a decrease in peak
power and power density. There is no ‘emission peak’ in a parametric process, and it
is the central wavelength acquiring the gain that exactly satisfies the phase matching
condition. In the meantime, as the seed pulse (or signal pulse) has a certain band-
width, a definite phase mismatching range can obtain gain. Choosing a suitable non-
linear medium, phase matching angle, and noncollinear angle, can keep the whole
wavelength band of seed pulse in the range of gain and acquire amplification with
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Fig. 1.31: Schematic diagram of phase matching in noncollinear parametric process; the figure on
the right illustrates the direction of wave vectors in the crystal.

Fig. 1.32: Schematic diagram of parametric
amplification setup.

a wide bandwidth, high gain, and no sacrifice to the spectral bandwidth. Figure 1.31
shows the relationship between the wave vectors satisfying the phase matching in the
parametric process under noncollinear conditions. The figure on the right illustrates
the relationship between the three waves inside the parametric crystal.

Third, the parametric process with single-pass structure can reach high gain
and its structure is relatively simple. Figure 1.32 shows the schematic diagram of the
parametric process. When the pump pulse and signal pulse are temporally synchro-
nized and spatially overlapped, a single pass through the parametric crystal is able to
achieve a gain with a 106 order of magnitude and amplify the laser with pJ energy to
µJ energy directly. In contrast, traditional stimulated emission amplification in CPA
needs to pass through the gain medium a dozen times or even several dozens of times
(in multipass structures) or inject into the regenerative amplification cavity to acquire
a gain with the same order of magnitude.

Fourth, the stimulated emission amplification only amplifies the specific wave
band, while parametric amplification has the capacity to tune and transform wave-
length. The feature of wavelength tuning in parametric processes is useful for inves-
tigating spectral characteristics of varied atoms and molecules, which have differ-
ent absorption wavelengths. Thus the physical process occurring inside atoms and
molecules can be studied by tuning the wavelength of signal pulses into a special
range. In addition, the idler pulsewith a longer wavelength whose bandwidth iswider
than a signal pulse is also of value. Because idler pulses acquire the gain from quan-
tum noise, their contrast ratio outclasses the signal pulse and equals the product of
the contrast ratios of pump and signal pulses theoretically.
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Tab. 1.2: Comparison on characteristics between OPA and OPCPA.

CPA OPCPA

Gain Bandwidth ~30 THz >100 THz
Single-pass Gain <10 ~106

B Integral High, >1 Low, <1
Thermal Load Serious

With thermal lens effect
Negligible
No thermal lens effect

Laser Energy Storage Time ~microseconds
(Relaxation Time)

Simultaneously
(Strictly generated at the same time)

Background Noise Spontaneous Emission
Amplification

Parametric Fluorescence Amplification

Gain Wavelength Stationary Changeable
Stability Good –
Conversion Efficiency High –

Fifth, self-stability of the carrier-envelope phase (CEP) can be achieved in OPCPA. No
matter how the seed source drifts, the phase of the idler pulse generated in a paramet-
ric process is definitely stable if the pump and signal pulses come from the same seed
source.

Table 1.2 lists a comparison of the main characteristics between conventional CPA
andOPCPA. AlthoughOPCPA is capable of improving the contrast ratio of laser pulses,
its parametric crystal also generates the parametric fluorescence stimulated by the
pump pulse. The amplified parametric signal pulse pumped by the nanosecond pulse
also has parametric fluorescence over a long timescale and the fluorescence has an
effect on the contrast ratio of pulses [149]. To solve these problems, optical parametric
amplification technology based on the ultrashort pumppulse has been recently devel-
oped [150, 151] and is shown in Figure 1.33. The duration of the pump pulse is similar
to the signal in the range from several picoseconds to the femtosecond magnitude so
that parametric fluorescence can be extremely inhibited in the timescale of hundreds
of picoseconds or even tens of picoseconds and the contrast ratio is efficiently im-
proved. Specifically, the OPA process idler pulse has a higher contrast ratio than that
of an amplified signal pulse when the pump source is unconsumed and small signal
approximation exists. This will be further discussed in the subsequent work.

Fig. 1.33: Schematic diagram of OPCPA system pumped by ultrashort pulse.
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1.3 Carrier envelope phase of ultrashort pulses and related
control

1.3.1 Ultrashort pulse compression

Besides the ultrafast temporal characteristics, the femtosecond laser also has the
properties of ultrahigh peak intensity and an ultrabroadband spectrum, which ex-
tend its wide applications in strong field atomic and molecular physics [153], attosec-
ond physics [154], ultrawide time-resolved spectroscopy [155], and optical frequency
combsmetrology [156]. Generally speaking, owing to the restrictions of spectral band-
width and dispersion management, it is difficult to get the shortest pulse duration
directly from the oscillator. To date, the most effective way to generate the shortest
pulse duration has been the spectrum broadening of the amplified laser pulse, com-
bined with external compression technology. Several pulse duration world records
have been set with the technology from the beginnings of dye lasers. The main tech-
nologies of femtosecond lasers and the progress in shortest pulse duration are shown
in Figure 1.34. In 1986, the shortest 6 fs pulse duration was achieved by American
scientist Fork, who broadened the spectrum of the amplified dye laser with optical
fiber, and compressed the pulse duration by grating and using a prism pair [30]. With
the emergence and development of the Ti:sapphire laser, Baltuska andWei, taking the
homemade cavity-dumping femtosecond Ti:sapphire oscillator as the light source, on
the basis of optical fiber spectrum widening, and by using two compression methods
of a grating-prism pair and a chirped mirror-prism pair, broke the world record in two
ways [157] in 1997. The pulse duration is less than 5 fs and the repetition frequency was

Fig. 1.34: The breakthrough technologies (above) and development of the shortest reported pulse
duration (below).
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Fig. 1.35: Femtosecond cavity dumping compression system based on chirped mirrors and a grating-
prism pair.

1MHz, much higher than the conventional results of 1 kHz, the compression system
shown in Figure 1.35. Afterward, Vienna University of Technology’s Krausz [158] and
University of Tokyo’s Shirakawa [159] used the spectrum widening technologies of
hollow fiber and nonlinear parametric amplifiers, and achieved the compressed 5 fs
pulse durations one after another. In 1999,Morgner [160] used double-chirpedmirrors
and low dispersion prisms and Sutter [161] used chirpedmirrors to control dispersion.
They obtained 5 fs pulse duration directly from the oscillator. The four plans men-
tioned marked the results of the shortest pulse durations to a certain degree. The 5 fs
interferometric autocorrelator curve of each plan is shown in Figure 1.36 [162].

During pulse compression, the most important factor in achieving the shortest
pulse duration is the dispersion compensation of the stretched-out spectrum. This re-
quires us to know the chirp of the spectrum first, and then we can design the corre-
sponding compressor to compensate for dispersion, and therefore achieve an ultra-
short pulse duration. Since self-phase modulation generates positive dispersion by
using nonlinear media, the compressor should provide enough negative dispersion in
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Fig. 1.36: 5 fs interferometric autocorrelator curve generated from four compression plans. (a) optical
parametric amplifier, (b) cavity dumping, (c) hollow fiber, and (d) oscillator.

order to compensatedispersion. Several compressors canprovidenegativedispersion,
such as a prism pair compressor, grating compressor, and chirpedmirror compressor.
The three compressors’ features are illustrated below.

Generally speaking, the prism pair compressor has features of robust and high
reflectivity, especially suitable for compressing the nanojoules pulse from the oscilla-
tor and millijoules pulse from the amplifier. A prism pair can be used to compensate
the intracavity dispersion of the femtosecond oscillator; however, for a pulse duration
less than 10 fs, owing to the broad spectrum bandwidth, the third-order dispersion
and fourth-order dispersion generated from the crystal and prism cannot match each
other. Therefore, it’s difficult to obtain sub-10 fs pulses from a prism pair. In 1994, in
order to reduce the effect of high order dispersion, Szipöcs and Krausz proposed a so-
lution of adopting a newly designed chirpedmirror to compensate for dispersion [34].
Moreover, the negative dispersion provided by a single prism pair is very small. It’s
impossible to indefinitely increase the distance between the prisms. To provide the
needed dispersion, and close the distance between prisms, a double prism pair struc-
ture has been put to use. By using large refractive index media as the prism material
and making the light pass through the prism pairs twice (Figure 1.37), the compressor
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Fig. 1.37: A diagram of double prism pairs.

can provide enough dispersion, and is suitable for a sub-5mJ pulse compression in
the chirped pulse amplification system.

The grating pair compressor can provide enough second-order dispersion and
third-order dispersion. Besides, it’s technically easier to make large grating. To date,
the most commonly used compressor in most terawatt amplifiers is the Treacy grat-
ing compressor, as shown in Figure 1.19. When the light passes through the parallel
diffractive grating, different wavelengths of light have different diffraction angles and
different optical paths. The optical path is longer and the time delay is larger for longer
wavelengths. As a result, a grating pair can provide negative dispersion. By adjusting
the separation between the gratings and incident angle, the negative dispersion can
be changed. A grating pair compressor can be used to compensate for second-order
and third-order dispersion originating from the oscillator and amplifier, and to com-
press the pulse duration to a femtosecond level.

On the other hand, to obtain a few-cycle laser pulse, as with the Ti:sapphire oscil-
lator centered at 800 nm, the spectrum width should exceed 300 nm, which requires
one to control dispersion precisely. The technical superiority of the chirped mirror
compressor over the prism compressor and grating compressor is established. Fig-
ure 1.38 represents the principle using chirpedmirror to compensate for dispersion. By
overlapping reflective foils centered at different wavelengths, the penetration depth is
different for each wavelength. The long wavelength’s time delay is larger than that of
the short wavelength, so it can provide negative dispersion. The number and depth of
the coating layer can be calculated according to the system’s dispersion. In this way,
we can compensate for the dispersion of ultrabroad spectra. Chirped mirrors have a

Fig. 1.38: A principle diagram of a chirped mirror.
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Fig. 1.39: A diagram of subcycle pulse generated from hollow fiber and chirped mirrors.

broad dispersion compensation bandwidth; pulses can be reflected several times in
the same mirror to reduce the number of elements and the system volume.

Among the four compression schemes mentioned, since the hollow fiber scheme
can obtain the highest single pulse energy, it is the most widely used pulse compres-
sion technology. Experiments confirmed that spectra that support less than 4 fs canbe
achieved from hollow fiber when the injected pulse duration is 20 fs. Zhang from the
Institute of Physics at the Chinese Academy of Sciences [163] achieved 4 fs, kHz ultra-
short pulses using similar methods; the experiment diagram is shown in Figure 1.39.

Notably, the three dispersion compensation methods have their own advantages
and disadvantages. For specific systems, the combination of different compensation
methods are used to generate the shortest pulse duration.

1.3.2 The measurement and controlling of the carrier envelope phase

For laser pulses shortened to a 10 fs magnitude, the relative positional relationship
between the pulse envelope and the optical carrier becomes important. The time do-
main of pulses from amode-locked femtosecond laser are depicted in Figure 1.40. The
dash line and the solid line represent the pulse envelope and the optical carrier respec-
tively. The interval φCE marked by two arrows is the phase between the envelope and
the carrier, known as the carrier envelope phase (CEP). While the pulse propagates
in the medium (solid or fiber), due to the different propagation velocities between the
envelope and the carrier directly caused by the difference between group velocity and
phase velocity, each pulse has a different CEP. As shown in Figure 1.40, from right to
left, the CEP of two pulses are 0 and φCE. The differential value between the CEP of
two pulses is defined as the carrier envelope offset, or CEO, a variation of the CEP.
From the perspective of the frequency domain, we can get a more intuitive statement
about the CEO. By Fourier transforming the mode-locked laser pulses, we can get the
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Fig. 1.40: Phase relationship between the carrier and the optical phase of the mode-locked laser in
the time domain.

frequency domaindiagramof the pulses, as shown in Figure 1.41. The laser pulses also
cover a certain optical frequency range in the frequency domain, whose fine structure
is made up of frequency teeth. According to the principle of the Fourier transform, the
spacing between the teeth of the frequency combs represents the repetition rate frep.
Assuming that the n-th frequency is fn, with intervals of frep from fn to a frequency
of zero, we find that the carrier envelope offset frequency (fceo) is less than the frep.
Therefore, the fn can be expressed as the following formula with fceo and frep:

fn = fceo + n × frep . (1.8)

As shown in Figure 1.41, this formula (1.8) is the most classic definition of the opti-
cal frequency comb, which can express any optical frequency with the repetition rate
frep and the initial offset of the frequency comb of the mode-locked laser pulses. For
the researcher in ultrafast optics, how to measure the CEO of a few-cycle femtosecond
oscillator is an important problem. As early as 1996, Xu et al. presented a prelimi-
nary proposal in order to obtain the varying information of CEO in a frequency do-
main based on the cross-correlation characteristic of adjacent pulses. In 1999, Telle et
al. demonstrated some measurement technologies that turned the offset of the phase
into themeasurement of the frequency. After the processing of frequency conversions,
such as difference frequency and sum frequency, two similar frequencies are gener-
ated. Through the beat frequency of those two frequencies, the CEO signal canbemea-
sured. The f-2f self-reference technique is one of the simplest methods. As shown in

Fig. 1.41: Carrier envelope offset (CEO) of the mode-locked pulse in a frequency domain.
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Fig. 1.42: Principle of measuring the CEO signal based on the self-reference method.

Figure 1.42, in an octave-spanning spectrum, the low frequency is first doubled, so the
CEO signal can be obtained through the beat frequency. Assuming a repetition rate of
fr, according to the above formula (1.8), the frequency of the long-wavelength part can
be expressed as fn = nfr + fCEO and the short-wavelength can be shown as:

fm = 2nfr + fCEO . (1.9)

So the frequency of the doubled frequency laser is 2(nfr + fCEO). The fCEO can be ob-
tained through the beat frequency technique, as shown in the following formula:

2fn − fm = 2(nfr + fCEO) − (2nfr + fCEO) = fCEO . (1.10)

Additionally, the method for measuring the CEO signal with the beat frequency tech-
nique of doubling and tripling the frequency is known as the 2f-3f technique.

In 2000, Jones et al. implemented the CEP locking femtosecond oscillator based
on the self-referencemethod,which is themost classic and revolutionary amongultra-
fast lasers and optical frequency measurements. In 2004, Fuji et al. proposed a differ-
ence frequency method for fCEO measurements, which is shown in Figure 1.43. Based
on the supercontinuum spectrum spanning 480~1100 nm, obtained by injecting the
pulsed laser emitting from an oscillator into a segment of PCF, the CEO canceled each
other out. This is the CEO self-stability difference frequency laser. Because the broad-
ened fundamental spectrum still has this fCEO, the fCEO is obtained after the beat fre-
quency, and the method is also called 0-f [157]. In 2005, by extending the bandwidth
of the oscillator output from themode-locked laser, the fCEO was obtained by using the
PPLN crystal without a PCF for the difference frequency measurement. This method
makes fCEO locking stable in the long term and causes a great increase in the output

Fig. 1.43:Measurement principle of the difference frequency for fCEO.
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power. The overall performance parameters were significantly better than the results
based on self-reference, and this scheme is referred to as the ‘monolithic CEP stability
scheme’ [158]. In 2009,Wei Zhang, Zhi-yiWei, and other researchers at the Institute of
Physics, Chinese Academy of Sciences, reported that the plastic oscillator produced
spectra and further enhanced the participation frequency spectrum difference of the
frequency process component strength improvement scheme. By reasonable design
of PPLN crystal parameters, this method greatly enhanced the CEO locking stability
with nine hours continuous operation. Compared to previous fCEO locking solutions
and optical frequency combs, this improved scheme in principle supports better CEO
locking results and output power. This scheme has good application prospects in at-
tosecond generation, optical frequency comb technique, and optical frequency mea-
surement.

In recent years, the forward feedback control technique for CEO locking proposed
byKoke et al. has provided some interesting research directions [160–162], as depicted
in Figure 1.44. The output from a femtosecond oscillator was diffracted by an acousto-
optical frequency shifter (AOFS), then the CEO of the zero-order diffraction laser and
first-order diffraction laserweremeasured by two sets of f-2f interferometers. The zero-
order diffraction laser was injected into an in-loop and the fCEO detected by an APD
was used to mix frequencies with a synthesizer. After frequency mixing processing,
the control signal was obtained and fed back to the AOFS. The first diffraction light

Fig. 1.44: Principle of the front feedback circuit for CEO signal.
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was injected into an out-loop to measure and observe the variation of the fCEO. The
advantage of the scheme is that the CEP can be phase-locked and it is only necessary
to maintain a mode-locked oscillator state without adjusting the pump power of the
oscillator via an acoustic optical modulator (AOM).

With the rapid development of CPA techniques and pulse width compression
schemes, more and more laboratories can produce few-cycle femtosecond laser
pulses, which play a very important role in the field of strong field physics. Especially
in high harmonic and attosecond generation experiments, the few-cycle femtosecond
laser has become an indispensable tool. When high-energy few-cycle femtosecond
lasers are applied in the attosecond [163], above-threshold ionization [164], and other
types of experiments, the stability of the CEP must be considered in many sensitive
experimental studies, since the CEP of each pulse has a great effect on the electric
field intensity. Therefore, the measurement and control of the CEP has become one of
the major frontiers in the field of ultrafast lasers in recent years.

The CEO locked oscillator provided a prerequisite for the CEO locking of the CPA
amplification. Due to the high repetition frequency of the oscillator, the locking in this
section was called the fast loop. Due to the directional instability, temperature fluctu-
ation, vibration, and pump energy jitter, even for the CEP locked oscillator, the CEP of
the amplification is slowly drifting and further CEP locking of the amplifier is neces-
sary. Due to the low repetition frequency of amplifier, the CEP locking of amplifier is
also known as the slow loop. In 2002, Kakehata et al. put forward a spectral interfer-
ometry schematic to measure the CEP of low repetition frequency amplifiers. In 2003,
Baltuska accomplished the CEP locking of an amplifier by an f-2f spectral interference
method. However, at that moment, the CEP locking scheme, which only loaded the
feedback signal to an AOM to control the CEO of the oscillator, had not separately re-

Fig. 1.45: Schematic of realizing the CEO locking of amplifier used by Baltuska.
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Fig. 1.46: Schematic of the experiment setup that locked the CEO signal of the oscillator and the
amplifier separately.

alized the locking of the oscillator and amplifier, as shown in Figure 1.45. With the
development of a difference frequency method to measure and lock CEP technology
for the oscillator, the CEP locking scheme for the few-cycle scale of femtosecond CPA
amplification system has also become more mature. However, it is not preferable to
load the CEO of the oscillator and the amplifier on the oscillator together in obtaining
the locking time and results. After 2009, a new scheme was proposed to separately
lock the oscillator and the amplifier. Zenghu Chang’s team loaded the feedback sig-
nal on the grating stretcher, and the CEP signal of the oscillator and amplifier were
locked separately by fine-tuning the grating spacing [168, 169]. In 2011, Anderson at-
tached the feedback signal onto the block material stretcher. They implemented the
CEP of 5mJ output energy locking separately and the 1 kHz repetition frequency ampli-
fier system by the electrostrictive effect of PZT to change the inserted length of a block
material. In the same year, Hergott also realized the separately locking CEO with the
electro-optic modulation effect of a LiNbO3 crystal. Additionally, we can realize the
phase locking of the CPA system by loading the feedback signal on the compressor.
For example, in 2011 Gademann et al. implemented the 50Hz TW CEP locked system
by adjusting the distance between the compressor gratings with a PZT, as shown in
Figure 1.46.

With the further advance of the above technologies [172, 172], the research ap-
plied in implementing CEP detection and the locking scheme has also seen constant
development. In 2011, Adolph et al. realized the single shot, high precision, and real
time absolute measurements. In this method, one path of laser was used for feedback
control, and the other one for real-time single shot measurement. They implemented
the CEP measurement and locking of the amplifier system with high precision (Fig-
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ure 1.47). But the cost of those two sets of microchannel plate detectors (MCP) is not
affordable for typical laboratories, and hence the promotion of the method was lim-
ited.

Fig. 1.47: The maps of CEP electronic measurements based on the above threshold ionization of a
MCP.

In terms of the scheme that broadens the spectrum to obtain the few-cycle femtosec-
ond pulse based on the self-phase modulation, we also need to consider the phase
change introduced by the hollow fiber and the gas nozzle for the broadened spectrum.
We can realize the CEP locking based on the nonlinear effects of the broad spectrum
processing in the inflatable hollow optical fiber, gas nozzle, and the plasma channel,
thus obtaining higher precision CEP locking. Moreover, it plays a very important role
in high harmonic and attosecond experiments.

1.3.3 Coherent synthesis in the laser optical field

Coherent synthesis is widely applied in various optical domains. For example, in op-
tical communication, coherent synthesis can be used to boost the transmission band-
width of information; the coherent synthesis of a laser array can get a much higher
power output; and coherent synthesis can be used to control the waveform of an op-
tical field. With regard to pathways, it can generally be divided up into space domain
and frequency domain coherent synthesis. Here, we discuss independent amplitude
and the phase control of different spectral components of wide spectrum ultrashort
pulses, in order to get single optical cycle, even sub-cycle pulses, with an even shorter
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pulse duration andmanageablewaveform. Both the control of the amplitude envelope
of the optical field amplitude and the control of the chirp aremoremature techniques.
If we add the measurement and control of the absolute pulse phase, we can realize a
complete control of the optical field.

The significance of coherent synthesis is that synthesis of different phase-locking
pulses can not only improve the amplitude of the optical field, but also generate syn-
thesized pulses whose pulse duration is shorter than that of any input pulse. It breaks
through the laser gain medium limitation on emission bandwidth. In principle it can
realize a subfemtosecond pulse duration. For example, multiple phase-locking fem-
tosecond pulses of different wavelengths can be generated by various pathways such
as optical parametric amplifiers, and coherent synthesis, which can generate cycle,
even subcycle, pulseswhose durations are shorter than any input pulse. Coherent syn-
thesis also breaks through the chirpmirror coating process limitation on single broad-
band pulses. For example, the spectrum can be broadened by the hollow fiber and
compressed by the chirp mirror to generate a cycle pulse. Due to the coating process
limitation, dispersion compensation for a laser pulse whose spectrum is more than
one octave is really difficult. But if the pulse spectrum is divided up intomultiple spec-
tral components, and the compensate dispersion for and control of the phase of rela-
tively shorter spectral components is independent, subcycle ultrashort and ultrahigh-
intense pulses can be generated.

The fundamental scheme of coherent synthesis is as follows: first, a supercon-
tinuous laser source with a very broad spectrum should be available, which can be
divided up into several channels using dispersion and split elements, according to its
spectral components; then the amplitude and phase control of the spectral compo-
nents of every channel should be conducted independently; finally the optical field of
every spectral component should be coherently superimposed, in order to synthesize
the optical field with an expected waveform. According to the principle of the Fourier
transform, any extraordinary, complex waveform of an optical field can be obtained
by the superimposition of a series of sine or cosine waves. Similarly, by the accurate
adjustment of the spectral components of the ultrabroadband continuous spectrumof
the optical field, it is possible to synthesize optical pulseswith arbitrarywaveforms, as
shown in Figure 1.48, which absolutely includes cycle and even sub-cycle ultrashort
pulses.

Figure 1.49 shows the frequency domain and time domain distribution of an ul-
tra broadband spectrum optical field. The frequency domain modulation resolution
δω determines the time window; the modulation bandwidth Ω determines the time
resolution δt that the optical field modulation in the time domain can achieve. When
the modulation bandwidth is shorter than the carrier wave frequency, i.e. Ω < ω0,
resolution is about δt ∼ 2π/Ω, which shows modulation has the capacity to obtain
cycle pulse bandwidth in the scale of pulse time-domain envelope. When modulation
bandwidth is more than carrier frequency, i.e. Ω ≥ ω0, time-domain modulation res-
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Fig. 1.48: Schematic diagram of coherent synthesis of arbitrary waveform.

Fig. 1.49: The Fourier transform relation betweenmodulation resolution δt and frequency domain
bandwidth of a cycle optical pulse.

olution δt is less than 2π/Ω (T0), allowing us to control the optical field waveform in
an optical cycle.

Therefore, in order to manipulate the optical field waveform, a coherent synthesis
system includes at least the following three elements:
(1) It should have a coherent laser source that can generate at least one octave spec-

trum, i.e. Ω ≥ ω0.
(2) It should have the split and synthesis system to realize the phase modulation of

single amplitude.
(3) It should have the waveform measurement arrangement to accurately measure

the synthesized optical field.

The basis of a coherent synthesis of optical fields is the coherent laser source that
reaches and even exceeds one octave spectrum in order to measure the pulse carrier
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envelope phase. Based on the above principles, the supercontinuum sources used
for coherent synthesis are divided into three types: (1) use gas-filled hollow fiber to
broaden the spectrum to more than one octave; (2) use optical parametric amplifica-
tion to generate femtosecond pulses of different wavelengths that have a stable car-
rier envelope phase; and (3) generating multiple Stokes and anti-Stokes sidebands
through stimulated Raman scattering, in order to obtain a spectrum bandwidth cov-
ering more than one octave. All these schemes have been used in coherent synthesis
of laser fields. The first type is the most prominent one.

In 2011,Wirth et al. from theMaxPlanck Institute for QuantumOptics used a static
inflatable hollowfiber to broaden a laser pulsewith a centerwavelength of 780nmand
pulse duration of 25 fs to more than one octave covering 270 to 1100 nm. The result is
shown in Figure 1.50. The experiment proved that hollow fiber broadens the spectrum,
to support multiple µJ, even mJ pulse energy.

The broadened spectrum was split into three spectral bands, covering 700~1100,
500~700, and 350~500 nm. The delay line unit consists of a pair of right anglemirrors,
a piezoelectric ceramic platform, and a manual platform. The manual platform pro-
vided a rough delay adjustment, whose accuracy is 10 µm. The piezoelectric ceramic
provided a 25 nm accurate adjustment resolution and locked the delay line accord-
ing to the spectral interference fringes of the adjacent channels. After chirp mirror
compression of every channel, the duration was 6.8 fs, 5 fs, and 4.5 fs respectively. Af-
ter coherent synthesis, they obtained an ultrashort pulse with a center wavelength of
710 nm, a pulse duration of 2.1 fs, which is only a 0.88 optical cycle. Figure 1.51 shows
the schematic diagram, experiment photograph, and spectrum of every channel in
this experiment. In 2013, they further used a four-channel split and synthesized an

Fig. 1.50: Schematic diagram of hollow fiber broadening experimental setup that Wirth et al. from
the MPQ used, with experimental results.
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Fig. 1.51: (a) Schematic diagram and experimental photogram of MPQ’s three-channel optical coher-
ent synthesis; (b) the transmitted spectrum of every split element.

ultrashort ultrafast pulse with a center wavelength of 636nm, pulse duration of 1.7 fs,
which is a 0.8 optical cycle.

In 2013, Shaobo Fang et al. from the Center for Free-Electron Laser Science in Ger-
many used optical parametric chirped pulse amplification combined with the optical
parametric amplification technique, and obtained a super broadband coherent spec-
trum covering 870 nm to 2.15 µm. Finally, the pulse of three channels was compressed
by chirpedmirrors, andwas coherently synthesized. They obtained near-infrared out-
put pulse with a pulse duration of 1.9 fs and a pulse energy of 200 µJ. Figure 1.52 shows
the schematic diagram of the light path of their coherent synthesis.

Fig. 1.52: Schematic diagram of multichannel coherent synthesis of CFEL.

 EBSCOhost - printed on 2/13/2023 9:33 PM via . All use subject to https://www.ebsco.com/terms-of-use



46 | Zhiyi Wei, Shaobo Fang

Fig. 1.53: Schematic diagram of generating a super broad spectrum by Harris from Stanford Univer-
sity using the technique of stimulated Raman scattering.

Using stimulatedRamanscattering to coherently synthesize is also a very effectiveway
to generate ultrashort, even attosecond, pulses. In 2005, S. E. Harris’ research group
at Stanford University used the technique of pulses of different frequencies to stim-
ulate deuterium molecules to vibrationally transition, to generate Raman sideband,
and multiple Stokes and anti-Stokes sidebands. A liquid crystal spatial light modula-
tor can be used to modulate the phase of these Raman sidebands, and can coherently
synthesize a cycle pulse. Figure 1.53 shows the schematic diagram of the arrangement
they used. By adjusting the Raman sideband phase of seven wavelengths, i.e. 1.56,
1.064, 807, 650, 544, 468, and 410 µm, they obtained an output pulse with a pulse du-
ration of 1.6 fs and pulse interval of 11 fs, which was the shortest pulse in the optical
wave band.

It is worth mentioning that the U. Keller research group used cascade hollow fiber
to broaden the spectrum, then used a spatial light modulator to adjust every spectrum
component, and realized a 3.8 fs near cycle pulse in 2003. Then the record was broken
by 3.8 fs, 3.4 fs, 2.8 fs, etc. In 2007, the Mikio Yamashita Group from Hokkaido Univer-
sity adopted a more complex scheme and further obtained a 2.6 fs pulse, including
only 1.3 cycles, which is much closer to the pulse duration limitation in the visible-
near infrared scale. Figure 1.54 shows the schematic diagram of light path used by
these two research groups.

The technique was to split the supercontinuum using a dispersion element, liq-
uid crystal spatial light modulator, programmable acousto-optic modulator, molec-
ular modulator, rotating CaF2 chip, etc. to modulate the amplitude and phase of the
supercontinuumspectrum, and thenuse symmetric dispersion elements to coherently
synthesize. This technique can generate cycle pulse. But due to the low threshold of
these dispersion elements, it cannot generate an ultraintense pulse. Therefore, the
MPQ scheme is the new main stream of coherent synthesis.

Some problems that need attention in designing the light path of coherent syn-
thesis are as follows: (1) The shorter the pulse wavelength is, the more dispersion the
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Fig. 1.54: (a) U. Keller research group and (b) the schematic diagram of light path of the Mikio Ya-
mashita Group from Hokkaido University, using hollow fiber to broaden the spectrum and combining
with a liquid crystal spatial light modulator to coherently synthesize.

pulse introduces. Therefore, the beam splitter of shorter wavelength is harder to pro-
duce. We should first reflect the shorter wavelength. (2) For the synthesis of a cen-
ter wavelength of 710 nm and a subcycle optical field, the locking resolution of rela-
tive delay should be less than 0.2 fs, corresponding to a 69 nm optical path difference
in space. Therefore, the light path should combine passive stabilization with active
stabilization, i.e. integrate design at the bottom and keep the temperature constant
throughout the water. Then feedback locks the relative delay of the light path by ac-
tive stabilizationmeasures such as spectral interferometric, etc. (3) When we split the
spectral component that covers an octave, we should pay attention to the proportion
of different spectral components. The intensity difference between different compo-
nents should not be too much, ideally within 30 dB, in order to make sure that the
weakest spectral component contributes to the optical field in coherent synthesis.

Pulsemeasurement anddiagnosis in the process of coherent synthesis canuse the
transient grating type frequency resolved optical grating measurement system (TG-
FROG). It includes two steps: (1) measure the pulse characteristic of every channel be-
fore and after dispersion compensation to confirm the design parameters of the chirp
mirror and pulse duration compression effect; and (2) measure the coherently synthe-
sized optical field. Because of the dispersion introduced by the nonlinear material, in
the aspect of time characteristic of coherently synthesized optical field measurement,
it is impossible to derive the real waveform of a coherently synthesized optical field.
Figure 1.55 (a) shows the schematic diagram of light path of TG-FROG measurement,
while (b) and (c) are the spectral interference pattern when the relative delay of ev-
ery channel is nonzero and zero. It can be seen that accurately locking the delay to
zero is extremely important for coherent synthesis. In this technology, Huang et al.
at Massachusetts Institute of Technology (MIT) used balanced optical cross-correla-
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Fig. 1.55: (a) The schematic diagram of the light path of TG-FROG arrangement; (b) the spectral inter-
ference pattern when delay time is not totally coincident; (c) the totally coherently spectral pattern
when the relative delay of different channels is zero.

tion (BOC) to achieve feedback lock, and the mean square root of the timing jitter of
feedback lock is less than 30 as.

Since the coherently synthesized pulse has a duration ranging frommultiple fem-
toseconds to attoseconds, the attosecond streak camera can be used to measure the
optical field characteristic for generating a single attosecond pulse. Its advantage is
that the pulse travels only a short distance of inert gas, so the generated dispersion
is negligible. Figure 1.56 shows a typical measurement result (a), information about
inverse photoelectric field (b), and the coherently synthesized pulse duration (c).

To generate sub-femtosecond and even attosecond ultrashort ultraintense pulses,
coherent synthesis is an important frontier marker and direction for ultrafast laser
science.

The obtained results not only indicate the control of laser optical field, advance-
ment from amplitude modulation to photoelectric waveform, but also promise many
applications such as sub-femtosecond time resolved detection, manipulation of
atom and molecular excited states, and attosecond electronic dynamic evolution
in nanoscale in ultraviolet to near-infrared regions. Coherently synthesized subcycle
ultrashort ultraintense lasers can also serve as the drive optic field, and have more
intense peak power and contrast. Furthermore, they can generate much broader and
more intense supercontinua in cut-off regions. In addition, compared to ordinary ul-
trashort pulse waveform optical fields, the coherently synthesized special waveform
ultrashort pulses can greatly enhance electron recollision energy and improve high
harmonic conversion efficiency, thus enhancing cut-off energy regions [183].
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Fig. 1.56: (a) The spectral diagram
scanned by the attosecond streak
camera, (b) information about inverse
photoelectric field, (c) the FWHM (full
width half maximum) of pulse duration
of a coherently synthesized photoelec-
tric field.

1.4 The main categories of ultrafast lasers

Nowadays, ultrashort pulse lasers, especially the femtosecond lasers, are widely used
in various scientific researches. The commonly used ultrashort pulse lasers can be
summarized under three main categories according to their different applications:
(1) High repetition rate ultrafast lasers. Represented by femtosecond pulse laser os-

cillators, their repetition rate is mainly in the range of 10MHz to 1GHz. This kind
of laser is widely applied in biomedicine, multiphoton microscopy, THz imaging,
pump-probe experiments, and other scientific research. Its typical advantages are
simple operation and stable performance. There are several representative prod-
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ucts such as the Mai Tai and Tsunami produced by Spectra-Physics, and the Mira
and Chameleon Series produced by Coherent.

(2) High average power ultrashort pulse lasers. These lasers produce millijoule-level
pulse energy with repetition rates from 1 kHz to 1MHz. This kind of laser is com-
monly utilized to study ultrafast phenomena, femtosecond laser spectroscopy,
material micromachining, biochemistry, and other interdisciplinary subjects.
Representative products are the Spitfire Ace and Unison of Spectra-Physics, the
Legend, Libra, and RegA series of Coherent, and the FEMTOPOWER products of
Femtolasers.

(3) High peak power ultrashort pulse lasers. Applications using these lasers are
mainly concentrated in strong field physics research. Their typical peak power
is greater than 20 TW and the repetition rate is less than 10Hz. French company
Thales and Amplitude Technologies occupy the majority of this kind of product
in the global market.

These classes of femtosecond lasers are utilized mainly in some national laboratories
due to their large cost and specific applications. Therefore its demand quantity is rel-
atively small. The first- and second-type femtosecond lasers have a broad range of ap-
plications, and they can be fitted to the secondary development of microscopes, laser
scalpels, ranging trackers, industrial processing, and other equipment; therefore the
demand is enormous. In recent years, the optical frequency comb has become a new
class of products in the large family of ultrashort pulse lasers due to its revolutionary
applications in the measurement of physical quantities and in precision metrology.

1.4.1 High repetition rate ultrafast lasers

The pulse repetition frequency frep of an oscillator is related to the length of the laser
cavity. Approximately, they have the following relationship:

frep = c/2L . (1.11)

In this formula, c is the light speed and L is the cavity length. Ultrafast laser oscilla-
tors with different repetition rate have different characteristics, and can be applied to
different areas. In order to produce a hundred nanojoule-level laser output, we can
reduce its repetition rate by adopting a long cavity to increase the laser pulse energy.
A low repetition rate laser usually contains a long cavity to several meters. In order
to reduce its volume, a well-designed telescope scheme is commonly used to fold the
optical path. In contrast, it is possible to obtain a high repetition rate pulse laser using
a short cavity. For example, 1 GHz repetition rate corresponds to 30 cm cavity length.
It has a compact structure, good stability, and a wide range of applications.

In 1998, Ramaswamy et al. [208] and Stingl et al. [209] proposed the concept of
high repetition frequency oscillators. Instead of using traditional prism pairs, they
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Fig. 1.57: Frequency measurement advantage using a 1 GHz femtosecond laser (left) compared with a
100MHz laser (right). Height of the solid line represents the power of each comb, and the gray area
represents the resolution required in measurement.

introduced a more compact configuration to compensate dispersion of the resonant
cavity. In the beginning of the 21st century, the development of optical frequency
combs [210–213] greatly promoted the development of high repetition frequency ul-
trashort pulse lasers. Since the repetition frequency of each comb is directly related to
its laser power, the higher repetition frequency lasers have more advantages than the
lower ones do in the application of optical frequency combs. For a 1 GHz femtosecond
laser optical frequency comb, its single comb carries 100 times the power of that of a
100MHz laser (Figure 1.57). The advantage of its power is quite effective in improving
its beat signal-noise ratio in frequency measurement [214].

Obtaining high repetition rate ultrashort pulse lasers is more difficult. Genera-
tion of ultrashort pulse lasers depends on continuous mode locking technology. This
method requires a saturable absorber (e.g. SESAM), or uses the Kerr-lens effect of
crystal to start mode locking and the pulse energy density within the resonant cavity
exceed a certain threshold. Assuming that the average power is constant, this leads
to lower pulse energy. Researchers have created a number of techniques for obtain-
ing high repetition rate ultrashort pulse lasers, such as the Kerr-lens mode-locked
Ti:sapphire oscillator, the passively mode-locking technique using a semiconductor
saturable absorbermirror (SESAM), and theharmonicmode-locking technique infiber
lasers [215].

In 1999, A. Bartels et al. demonstrated a Kerr-lens mode-locked femtosecond
Ti:sapphire laser emitting 23 fs pulses at a 2GHz repetition rate. Compared with that
of conventional 100MHz systems, this oscillator showed several advantages in opti-
cal time-resolved spectroscopy [216]. In 2008, they obtained a passively mode-locked
Ti:sapphire laser operating at a repetition rate of 10 GHz (Figure 1.58) [217].

Passively mode-locked femtosecond fiber lasers have also been demonstrated
with a repetition rate in excess of 2GHz and 19.5 GHz [218, 219]. They reflect an im-
portant application prospect due to their compact configuration and remarkable en-
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Fig. 1.58: Cavity design of the 2-GHz mirror-dispersion-controlled Ti:S ring oscillator [217].

vironmental stability. For high repetition rate solid-state lasers, the U. Keller research
group has made outstanding contributions. In 1999, a passively SESAM mode-locked
Nd:YVO4 laser was realized with a repetition rate of 29 GHz, and a more compact
resonant cavity was adopted. In 2002, the repetition frequency of a Nd:YVO4 laser
was pushed up to nearly 160GHz (Figure 1.59), reaching the fundamental limit of the
repetition rate that is determined by the pulse duration of several picoseconds and
thus by the spectral bandwidth of the laser crystal [220, 221].

Fig. 1.59: Schematic miniature laser setup, as
used for repetition rates > 20GHz [221].

Recently, all-solid-state femtosecond lasers arewidely regarded as an excellent candi-
date for a robust optical frequency comb source. In comparison with the Ti:sapphire
laser, all-solid-state lasers have many special advantages, such as high power, high
repetition rate, low noise, and low-loss cavity. They can be directly pumped by diode,
with up to 50%efficiency. Current ytterbium-doped and erbium-dopedfiber lasers can
also be directly diode-pumped, but they usually featture pulse, lower output power
and higher loss cavity. Compared with all-solid-state lasers, these factors lead to a
greater inherent noise in the fiber optical frequency comb [224, 225]. Therefore, the
study of solid-state optical frequency combs is of great importance in both research
and application areas. Based on the requirements for solid-state optical frequency
combs, the high repetition rate solid-state femtosecond laser has been developed
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Fig. 1.60: Photograph of the demonstrated 1.2-
GHz repetition rate Yb:KYW laser [227].

rapidly. Using good laser performance crystal such as Yb:KYW, Yb:KGW, several GHz
solid-state femtosecond lasers were reported successively. In 2009, Wasylczyk et al.
obtained a passively mode-locked, diode-pumped Yb:KYW oscillator (Figure 1.60) in
a four mirror ring cavity configuration with 1GHz repetition rate [226]. In 2012, using
a carbon nanotube saturable absorber mirror as a passive mode-locking component,
Yang et al. implemented a 1.2 GHz repetition rate diode-pumped Yb:KYW laser [227].

In the sameyear, EndoM. et al. developeda4.6 GHz repetition rate, diode-pumped
Kerr-lens mode-locked Yb:KYW oscillator [228].

Nowadays, a variety of new solid-state optical frequency combs are continuously
emerging. The investigation and development of solid-state optical combs accelerated
the development of high repetition rate lasers. Meanwhile, scientists are still devoting
themselves to investigations of other applications of high repetition rate lasers.

1.4.2 High average power ultrafast lasers

Generally high average power ultrafast lasers have high repetition rates (typically
above 1 kHz). The main gain materials used are Ti:sapphires. In 1993, Rudd et al.
obtained 55 fs pulses at 1 kHz repetition rate with 350 µJ pulse energy, by seeding
40 fs pulses (produced by a Kerr mode-locking [KLM] Ti:sapphire oscillator) into a
Ti:sapphire regenerative amplifier [229]; Lenzner et al. realized the output of laser
pulses of 1 kHz, 18 fs, 100 µJ utilizing a four-pass Ti:sapphire CPA system in 1995 [230];
at the same time Backus et al. achieved 1 kHz, 21 fs, 1mJ pulse output by using a mul-
tipass CPA system with a three-mirror ring amplifier [231]. S. Santania et al. realized
laser pulse output of 1 kHz, 20 fs, 1.5mJ by using an eight-pass Ti:sapphire CPA system
in 1997 [232]. Hentschel et al. realized laser pulse output of 1 kHz, 20 fs, 20mJ by using
a ten-pass Ti:sapphire CPA system in 2000, with a peak power of 0.1 TW [233]. In the
same year, Zeek et al. realized a 1 kHz, 15 fs, 1mJ pulse output by using a multipass
CPA system with a three-mirror ring amplifier [234]. In 2002 Cheng et al. realized laser
pulse output of 1 kHz, 17.5 fs, 2mJ by using a ten-pass Ti:sapphire CPA system [235].

To obtain more powerful pulses, a several-stage amplifier was introduced to en-
hance pulse energy. In 1997 Backus et al. realized a laser pulse output of 1 kHz, 20 fs,
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4mJ, with 0.2 TW peak power and 4W average power of [236], by adding one stage of
amplifier to the base of amultipass CPA systemwith a three-mirror ring amplifier [231],
producing four times more average power than using one stage of amplifier. In 1998,
Nabekawa et al. combined a prisms-compensated regenerative amplifier with a two-
stage Ti:sapphire multi-pass amplifier to generate 1 kHz, 21 fs, 14mJ, corresponding
to 0.66 TW peak power and 14W average power [237]. In 2000, Bagnoud et al. utilized
one stage of regenerative amplifier and three stages ofmulti-pass amplifier CPA system
to produce 1 kHz, 20 fs, 20mJ, pulses with 1 TW peak power and 20W average power;
this is the highest peak power and average power output for a 1 kHz CPA system [238].
Because of the gain narrowing effect, pulse duration is limited to about 20 fs. Using
a programmable acousto-optical diffraction filter to compensate for the gain narrow-
ing effect and spectrum distortion, in 2003 Seres et al. obtained 1 kHz, 3.4mJ, 9.4 fs
pulses with 0.3 TW peak power, which was the first time that anyone realized a 1 kHz
Ti:sapphire CPA system of TW-level peak power and sub-10 fs pulse duration [239].

In fact, there are various kinds of CPA systems anddifferent gainmaterials besides
Nd:glass and Ti:sapphire. By utilizing Alexalldrite, Cr:LiSAF, KrF, etc. as gainmaterial
in CPA systems, we can also achieve high-energy and high peak power pulses.

1.4.3 High peak power ultrafast laser pulses

High peak power ultrafast laser pulse systems have the following typical characteris-
tics: a 10Hz repetition rate, micro-Joule level pulse energy, and sub-100 fs pulse du-
ration (for now usually less than 30 fs). This kind of device can generate pulses with
more than 100 TW peak power. The pulse can be focused to achieve an extreme high
intensity due to its better beam quality than Nd:glass amplifier systems. This kind of
device needs less space and is called a CPA system because it is installed on laboratory
optical breadboards. As they are cheaper andmore broadly applied, these devices are
the main development direction of research on CPAs.

In 1991, A. Sullivan et al. produced 5Hz, 95 fs pulses with 3 TWpeak power by uti-
lizing four-stage Ti:sapphire amplification [241]. In 1994, Barty et al. obtained 10Hz,
30 fs pulses with 4 TW peak power by controlling the amplitude and phase of the am-
plified pulse [242]. In 1996, A. Sullivan et al. generated 10Hz, 120 fs pulses with 9.8 TW
peak power by using more powerful frequency doubled Nd:glass as the pump [214].
In the same year, Barty et al. achieved 50-Hz, 18-fs pulses with 4.4 TW peak power by
reshaping the amplified pulse and compensating dispersion at a higher order [244].
Using a stretcher and compressor system with no aberration, Chambaret et al. real-
ized concise compensation of dispersion by controlling the phase of spectra, which
resulted in 10Hz, 32 fs pulses with 25 TW peak power. In addition, the output laser
has good beamquality, leading to a focused intensity of 5×1019W/cm2 [245]. In 1998,
K. Yamakawa and Barty et al. at the University of California came up with the concept
of depressing gain narrowing and gain saturation utilizing etalon and compensated
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pulse dispersion by introducing the third-order dispersion through multilayer media.
Amplified by a two-stage amplifier, the laser pulse is compressed to 16 fs at 10Hz rep-
etition rate with 10 TW peak power. It was the first time anyone realized a high-power
conversion efficiency over 90% [246]. In the same year, K. Yamakawa adopted three-
stage Ti:sapphire amplifier to produce 10Hz, 19 fs pulses with 100 TW peak power,
reaching the efficiency limit of quantum conversion [247]. In 2000, Bonlie et al. ob-
tained 75 fs pulses with 200 TW peak power and 1021W/cm2 focused intensity utiliz-
ing large aperture Ti:sapphire as gain material [248]. In 2003, a research group at the
Japanese Institute of Atomic Energy adopted a four-stage Ti:sapphire amplifier to pro-
duce 33 fs pulses with 850 TW peak power [249].

Recently, Chinese researchers havemade significant achievements in compact ul-
trafast lasers. Since 2004, the China Academy of Engineering Physics, the Institute of
Physics of CAS, and the Shanghai Institute of Optics and Fine Mechanics of CAS have
realized femtosecond pulses with peak power of 286, 355, and 890TW [250–252]. To
obtain a pulse output of a higher energy level, researchers at the Institute of Physics
of CAS have invented two types of technology ranging from seed sources to diagnos-
tic systems [253–255] and improved stability of preparts. Breakthroughs were made in
2011 on the experiment set of ‘XL-III’. They realized a laser pulse output of 27.9 fs pulse
duration, 1.16 PW peak power with high contrast ratio. This work broke the record of
pulse peak power based on Ti:sapphire amplifiers. They adopted double CPA and a
noncollinear OPA to realize a high contrast ratio of 1010 in ‘XL-III’. Figure 1.61 is a
photo of part of the experiment set ‘XL-III’. Figure 1.62 is the experiment layout.

Fig. 1.61: Photo of part of experiment set ‘XL-III’.
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Fig. 1.62: Layout of experiment set ‘XL-III’ based on DCPA and NOPA.

Highpeakpower femtosecond laser devices arewidely applied in intensefieldphysics,
strong energy density physics, etc. Customers of such devices are usually key national
laboratories because of the huge expense and unique applications. Although such de-

Fig. 1.63: BELLA PW laser device installed at the Berkeley National Laboratory in Lawrence, Califor-
nia, USA.
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vices in China have reached the same level in peak power as the international ad-
vanced level, the market in this domain is dominated by foreign products, e.g. Thales
and Amplitude Technologies from France. Figure 1.63 is the experiment set of BELLA,
built by the Lawrence Berkeley National Laboratory in California, USA. This device
outputs 1 Hz, 40 fs pulseswith 1 PWpeakpower.Utilizing this device, theUnitedStates
Department of Energy plans to promote research of miniaturized particle accelerators
through the process of laser wakefield acceleration to obtain electrons with high en-
ergy, which can be implemented in collider, imaging and medical applications.

1.5 Noise suppression of ultrahigh-intensity lasers

Due to the emergence of CPA technology, ultrahigh-intensity lasers have made re-
markable progress in the past 20 years. As mentioned above, the highest peak power
has been obtained using the latest CPA technology, and the intensity after focusing is
1021∼1022 W/cm2. The EU is buildingELIwith peak power ofmore than 200 PW [236].
At such a high density, the pulse contrast of the laser pulse becomes a very important
parameter for strong field physics. The contrast is defined as the ratio of the prepulse
of the laser front and the intensity of the background noise with respect to the main
pulse [237, 238].

In the conventional CPA laser system, background noise is inevitably present in
the amplified laser pulse due to factors such as the ASE and extinction ratio of the EL
element. If no other technique is adopted to improve the contrast, the final pulse con-
trast is generally only 106 or so. At present, the peak intensity of anultrahigh-intensity
laser is higher than 1017 W/cm2, and the intensity of the pre-pulse and ASE exceeds
1011 W/cm2. Such an intensity is sufficient to ionize the material to form plasma.
Thus, the prepulse or ASE interacts with the material before the main pulse interacts
with the substance. The existence of pre-plasma changes the initial state of the inter-
action between the main pulse and the material [239, 240]. In experiments where the
laser interacts with a solid target, poor contrast can alter the energy spectrum struc-
ture of the ions [241] and the exit spatial distribution [242]. In the laser tail wakefield
electron acceleration experiment, the existence of the prepulse makes the beam di-
rectionality worse [243]. In the X-ray generation experiment where the laser interacts
with the cluster, poor contrast can lead to a sharp reduction in X-ray yield [244].

The main laser noise sources in the time domain are shown in Figure 1.64, which
mainly include a nanosecond-scale prepulse, amplified spontaneous emission, para-
metric fluorescence at the hundred-picosecond scale, andhigh-order dispersion at the
picosecond scale. In order to obtain a high-contrast amplified pulse, several contrast
enhancement techniques have been proposed in recent years, such as high-energy
and high-contrast seed implantation [245], saturable absorber [246], cross polar-
ization technique [247, 248], optical parametric chirped pulse amplification tech-
niques [138], ultrashort pulse pumped optical parametric amplification [235, 249],
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Fig. 1.64: Laser pulse time domain contrast.

plasma mirror technology [250, 251], and so on. This section will focus on the princi-
ples and application of these contrast enhancement techniques.

1.5.1 Spatial filtering and temporal filtering

Spatial filtering is the first technique used to reduce the spontaneous emission of laser
(ASE) in an amplified laser. Figure 1.65 shows the basic principles.

Fig. 1.65: Schematic diagram of spatial filtering.

The different frequencies of light through the focus lens are gathered to a different
location, placing a tiny pinhole at the lens focus can block the main ASE frequency.
As a result the ASE spatial filtering is greatly reduced, which can effectively improve
the pulse contrast.

Unfortunately the spatial filtering also attenuates the main pulse significantly. In
contrast temporal filtering introduces less loss to the main pulse. The basic principle
of temporal filtering is shown in Figure 1.66.

Temporal filtering uses two Pockels boxes (equivalent to electro-optical crystal)
and two polarizers. By varying the instantaneous half-wave voltage within 4–7ns for
the Pockels box with 4–7ns, the main pulse’s polarization direction can be changed.
The polarization of the small pulses that sit about 12 ns from the main pulse remains
unchanged. Consequently the small pulses are isolated by the polarizers. Meanwhile
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Fig. 1.66: Schematic diagram of time filtering.

because the application of half-wave voltage time is very short, ASE is also partially
isolated. After temporal filtering, the main pulse is relatively clean.

1.5.2 Suppression of nanosecond prepulses

The seeds to the CPA system are generally provided by mode-locked laser oscillators
with a 100MHz repetition rate. The interval between adjacent pulses is about 10 ns.
Due to thermal effects during the amplification process and the repetition rate of the
pump laser itself, it is oftennecessary to first reduce the repetition rate of the amplified
laser using a combination of a Pockels cell and a polarizing element. However, the ex-
tinction ratio of the polarizing element is limited (typically 100:1), which results in the
presence of a prepulse of nanosecond time scale before and after the main pulse. In
the case of the Ti:sapphire regenerative amplifier CPA system, the seed pulse is ampli-
fied once each time in the regeneration chamber and then is leaked out once through
the polarizing element, so that there is a nanosecond prepulse on the leading edge of
the amplified pulse.

Thenanosecond prepulse allows the amplified laser pulse to be suppressed by the
combination of the Pockels cell and the polarizing element. As shown in Figure 1.67,
when the amplified pulse passes through the Pockels box, the high-voltage time win-
dow will fall on the amplified pulse by controlling the delay and width of the high-
voltage signal. Nanosecond prepulse contrast increase depends mainly on the extinc-
tion ratio of the polarizing element and Pockels box’s electro-optical switch rise time.
For polarizers with an extinction ratio of 100:1, it is theoretically possible to increase
the contrast of nanosecond prepulses by two orders of magnitude.

Fig. 1.67: Schematics of suppressing nanosecond prepulses.
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1.5.3 Improve pulse contrast through saturable absorbers

Saturated saturable absorber (e.g. a Schott glass) has a power-dependent transmit-
tance. Higher peak power of the main pulse corresponds to higher transmittance. Be-
cause of the low transmittance of the prepulse and the peak power of the ASE, the
prepulse and ASE can be filtered out after the laser pulse passes through the material
to achieve contrast enhancement.

Since the peak power of the seed pulse is only on the order of MW, the saturable
absorber absorbs the seed pulse very strongly. The use of a saturable absorber to en-
hance the magnification of laser contrast usually follows three options: (1) do not ex-
pand the seed pulse directly amplified, and then pass through the saturated absorber
to obtain clean seed pulse prior to the conventional CPA [252, 253]; (2) add a saturable
absorber to the two-stage CPA [254]; and (3) add a saturable absorber directly behind
the amplified lasers output [255].

Figure 1.68 is an experiment conducted by Itatani et al. at the University of Michi-
gan using the first scheme [252]. The femtosecond seed pulse with 3 nJ pulse energy
is directly amplified and then filtered using a saturable absorber to obtain a clean 1 µJ
pulse, and sent into the CPA. With 104 gain, 4mJ amplified laser pulses are achieved
with 107 pulse contrast two orders of magnitude higher than the conventional CPA.

Fig. 1.68: Schematics of (a) the original CPA laser concept and (b) the modified CPA laser concept
with injection of clean μJ pulses for the ASE suppression.
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1.5.4 Contrast and energy improvement of injected seeds

The process of femtosecond laser amplification is accompanied by the presence of
ASE, especially in pre-amplification systems with high gain. When nJ seed pulses are
directly amplified to the mJ level, the resulting 106 gain leads to large ASE accumu-
lation and amplification [256]. The use of high-energy high-contrast seed pulse in the
follow-up amplifier stage can reduce the required gain and the associated ASE and
greatly improve the pulse contrast.

Figure 1.69 shows a typical technical roadmap for increasing contrast in this man-
ner. First, the unexpanded seed pulses are directly amplified from nJ level to µJ level.
The amplified seed pulse is then filtered using a contrast enhancement technique to
generate high-energy, high-contrast seed pulses for the CPA amplifier.

In 1998, Itatani et al. used an experimental optical path as shown in Figure 1.69
to improve the pulse contrast [252]. The main idea was to increase the contrast and
intensity of the seed laser in order to obtain a high-contrast laser output. This method
includes three steps: (1) the unexpanded seeds are directly amplified from nJ to µJ
level; (2) the seed is filtered by a saturable absorber to generate clean seed; and (3) the
clean seed is injected into the traditional CPAamplifier. Because the seed pulse energy
is increased by three orders of magnitude, the amplifier gain is provided to the seed.
Magnification is also reduced by several orders of magnitude, leading to less ASE.
They used this method to increase the laser contrast from 105 to 107.

Fig. 1.69: The schematic diagram of the high-energy high-contrast seed injection technology for
contrast enhancement.
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1.5.5 Amplifier technology in ring cavity

ASE is mainly from the pre-amplification process, especially when the regenerative
amplification technique is used. Therefore, it is important to suppress ASE to im-
prove the pulse contrast. In 2002, Yanovsky et al. reported a ring cavity amplification
scheme [257], which is shown in Figure 1.70.

Fig. 1.70: Schematic of the amplifier in a ring cavity.

In this scheme, the total laser cavity length is 7.5m, the concave mirror has a radius
of curvature of 4m, and the rest are plane mirrors. The Ti:sapphire crystal is placed
near the concave mirror, and the seed laser and the amplified laser are respectively
supplied by Pockels. 90-mJ amplified pulses are obtained with 340-mJ of 532-nm. The
characteristic of this scheme is that the amplifier cavity length is longer than the tradi-
tional linear cavity. Because ASE is inversely proportional to the cavity length, the ASE
in the ring cavity is relatively small. According to the results in the paper, the contrast
ratio of the amplified pulse is 108.

1.5.6 Cross-polarized wave technology

A cross-polarized wave (XPW) is a third-order nonlinear effect that depends heavily
on the laser peak power [54]. Thematerial used has high-order nonlinear characteris-
tics. Thesematerials include atmosphere [258], inert gas [259], nonlinear crystal [260],
and so on. The principle of improving the contrast is shown in Figure 1.71. The laser
is focused on a BaF2 crystal, so that the peak intensity of the main pulse can reach
cross-polarization filter threshold and as a result polarization state rotates 90°. The
intensity of prepulse and ASE is insufficient to reach the threshold and their polar-
ization does not rotate. Thus, a pair of orthogonal polarizing elements can separate
and enhance the pulse contrast. Due to the intensity-dependent effect, the intensity
required to produce XPW should generally be greater than 1012 W/cm2 in order to en-
sure a high conversion efficiency. XPW is usually used in the system of dual CPA with
the first CPA producing mJ level amplified pulses, and then XPW technology is used
enhance the pulse contrast with tens to hundreds of µJ energy. Finally these pulses
are amplified by the second CPA to obtain a higher-energy, high-contrast pulse.
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Fig. 1.71: Schematic diagram of cross-polarized wave technology for contrast enhancement.

The most successful experimental results were obtained by Jullien et al. In 2005, they
used a BaF2 crystal to obtain amplified pulses with the contrast of up to 1010 [260].
In their experiments, the laser system is a 1 kHz titanium doped sapphire CPA device,
which generates 2mJ, 42 fs pulses. They used a lens with 3m focal length to focus the
pulses onto 2-mm thick BaF2 crystals, from which a 120 µJ output can be achieved
with a conversion efficiency of 10%. The contrast information measured by the third-

Fig. 1.72: The laser contrast curve obtained by BaF2 crystal filter.
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order correlation instrument is shown in Figure 1.72. The dark curve in the figure is the
contrast curve without BaF2 crystal. The light gray curve is the contrast curve after
filtering with BaF2 crystal. The contrast between the main laser pulse and the ASE
is 1010. In a recent report, they employed two BaF2 crystals to further improve the
contrast to 1011.

1.5.7 Dual-chirped pulse amplification (DCPA)

Double-CPAwas proposed by Kalashnikov et al. in 2005 to improve the pulse contrast,
which consists of two CPA amplifications [258, 261]. Figure 1.73 (a) shows the scheme.

Fig. 1.73: (a) Dual-chirped pulse amplification (DCPA) schematic and (b) the resulting contrast curve.

The 200-fs pulse is stretched to 300 ps and then injected into the multipass amplifier.
The multipass amplifier is pumped by a 532 nm laser with 60mJ of energy. After the
amplification, the seed energy reaches 2mJ. After compression, the pulse duration is
35 fs. The compressed seed is filtered into a spatial filtering system to remove ASE. The
filter system consists of a pair of orthogonal polarizers, two quarter wave plates, and
one set of multipass amplifiers similar to the composition of the confocal cavity, as
shown in the dashed box. The first quarter-wave plate rotates the pulse into an ellipti-
cally polarized light with a slight elliptical polarization, and then the pulse is injected
into the confocal cavity to perform spatial filtering using the air, which takes place at
the beamwaist. The filtered seed laser was then stretched to 200 ps by a stretcher and
then injected into a four-pass amplifier pumped by a 350mJ, 532 nm laser, resulting in
a saturation laser output of 100mJ. The results show that the pulse contrast reached
1010. Figure 1.73 (b) shows the measured results.
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1.5.8 Ultrashort pulse pumped optical parametric amplifier technique

OPCPA can enhance the pulse contrast, but it can produce parametric fluorescence if
pump pulse is nanosecond long, degrading the pulse contrast [262].

To solve this issue, anOPA technique based onultrashort pulse pumpinghas been
developed in recent years [263, 264]. The schematic diagram is shown in Figure 1.74. It
differs from OPCPA in that the signal light is a femtosecond laser, and the pump pulse
is also on the order of a few picoseconds, which greatly suppresses the propagation of
parametric fluorescence that has the time scale of one hundred picoseconds or even
tens of picoseconds. Therefore, pulse contrast can be effectively enhanced.

Fig. 1.74: Schematic diagram of ultrashort pulse pumped OPA.

In particular, if the pump pulse is not depleted, the idler pulse has a higher contrast
than in the amplified signal pulse [265, 266]. Figure 1.75 (a) shows the experimental
schematic diagramof Shahet al. In the experiment, they split thebeam into twobeams
with 500-fs pulse duration. One beam serves as the signal and the other as the pump.
Since the pump pulse is the second harmonic of the incident laser, its intensity is pro-
portional to the square of the incident laser so that the intensity of the idle light gener-

Fig. 1.75: (a) Experimental setup of optical parametric amplification and (b) ultrahigh contrast re-
sults.
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ated by the OPA process is proportional to the third power of the incident laser. As can
be seen from the contrast results in Figure 1.75 (b), the actually measured contrast of
the idle pulse is indeed the third power of the signal pulse contrast.With this method,
a very high contrast light can be obtained.

1.5.9 Plasma mirror technology

The contrast enhancement techniques described above are designed for the amplifi-
cation part of the system. In some large-scale laser devices, the contrast enhancement
technique can also be applied to the amplified laser output from the terminal, for ex-
ample using self-induced plasma switching technology [250]. The working principle
of the plasmamirror is shown in Figure 1.76.When a certain pulse intensity is incident
on the surface of transparent opticalmaterial, the prepulse is transmitted out, and the
intensity of the pulse front part is high enough to excite plasma.When the plasmaden-
sity exceeds the critical electron density, the transparent medium instantly changes
from a transparent solid to a plasma with the reflectivity close to 1, which reflects the
main pulse. The magnitude of contrast enhancement using plasmamirrors is propor-
tional to the ratio of themain pulse to the backgroundnoise reflectance. Plasmamirror
technology is used to enhance the contrast with subpicosecond response speed, and
can be used in any amplifier. Figure 1.77 shows the results obtained by Rödel et al. [10]
in the German JETI laser device (10 TW). The contrast ratio of the amplified laser can
be increased from 10−8 to 10−11 by selecting the appropriate dielectric material [267].

Fig. 1.76: Schematic diagram of the contrast enhancement principle of plasma mirror.
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Fig. 1.77: Use of a plasma mirror to enhance the contrast results.

1.6 Prospects for ultrahigh-intensity laser development

Ultrahigh-intensity lasers have found many applications in defense, high-tech indus-
tries, cutting-edge science, medicine etc. These lasers have been developed in many
research institutions, such as the Lawrence Livermore National Laboratory (LLNL),
the United Kingdom’s Rutherford Appleton Laboratory, Japan’s Osaka University and
Atomic Energy Research Institute, and the German Max Planck Institute of Quantum
Optics. There are several companies that sell high-intensity lasers, such as Austria’s
HQLaser company, PHOTONICS in the United States, Switzerland’s Time-Bandwidth,
Germany’s LUMERA, and Lithuania’s EKSPLA. The market reaches more than 10 bil-
lion dollars and will be increased to 100 billion dollars within ten years. Ultrahigh-
intensity ultrafast lasers directly pumped by diodes have become one of the new di-
rections in laser science and technology.

In the next five to ten years, demand for ultrahigh-intensity lasers will appear in a
number of areas. In basic research, femtosecond lasers will provide powerful support
for THz spectroscopy, attosecond science, ultrafast spectroscopy, molecular regula-
tion, ultrafast X-rays, etc. In the field of micromachining, they have great potential in
material processing and device processing, and femtosecond lasers are an enabling
tool in the field of medical and biological research. Ultrahigh-intensity lasers are of
particular importance in the inertial confinement of nuclear fusion. The international
community, including the United States, Japan, the European Union, Russia, and so
on, are developing laser inertial confinement fusion technology. China also initiated
a laser fusion ignition project as one of 16 major scientific and technological projects.

For more than ten years, all-solid-state ultrafast laser technology and its appli-
cations have been rapidly developed. Ytterbium doped (Yb) laser materials have ex-
tensive attention. Excellent laser materials, such as Yb:YAG, Yb:S FAP, Yb:CaF2, Yb
glass fiber and transparent ceramics, have greatly promoted the development and ap-
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plication of all-solid-state laser technology. For example, POLARIS, an all-solid-state
(diode-pumped) PW laser constructed by Jena University in Germany, uses a Yb:CaF2
crystal in 2008 to achieve a full LD pumped pulse output of 192 fs with 1 TW peak
power. The field of laser fusion reached a milestone in 2014 as the laser generated
16.6-J, 150-fs pulses with 110-TW peak power. Nd:Ca(Sr)F2 crystal materials have been
given new life by the local coordination structure at the beginning of 2014, generating
103-fs pulses. This is the first time that ultrafast lasers based on Nd-doped crystal can
generate femtosecond pulses.

After more than half a century of development, pursuit of high average power,and
high peak power (ultrahigh-intensity ultrafast) laser technology is at the forefront of
laser research, which manifests as the following two trends:
(1) High peak power, ultrafast laser amplification and application.

To develop high peak power, tabletop TW/PW/EW ultrafast laser technology pro-
vides new experimental means and extreme physical conditions. A practical and
reliable ultrafast laser with 1~10Hz repetition rate, 10~1000 TWpeak power, 30 fs
pulse duration is crucial for research in laser fusion clean energy, strong field
physics, high-energy density physics, newelectron accelerators, novel ion source,
industrial processing, laser surgery, and many other applications.

(2) Generation, amplification, and application of high average power all-solid-state
Yb femtosecond lasers.
Combined with CPA techniques and a large sized ceramic laser gain medium,
1 μm ultrafast lasers with 1~100 kHz repetition rate, 100-W average power, and< 300-fs pulse duration are of importance for applications, industrial processing,
laser surgery, and other applied research. This involves the following types of key
technologies:
(a) Femtosecond lasers with all-solid-state laser pumping;
(b) Precise dispersion compensation for broadening and compression in CPA;
(c) Gain-narrowing control in the amplification;
(d) High-performance gain crystal;
(e) Semiconductor laser pumping coupling technology;
(f) Innovative technology of cooling gain crystals;
(g) All-solid-state high-power amplification technology; and
(h) Beam quality control techniques.
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Heping Zeng
2 Femtosecond optical frequency combs

2.1 Introduction

In the past decades, the development of optical frequency combs (OFCs) has led to
a remarkable revolution in laser technology and significantly advanced research in
precision spectroscopy, optical clocks, precision optical frequency metrology, and so
on [1–8]. As an important link between radio frequency and optical frequency, this
technique opens a door for optical clocks that can provide higher time accuracy and
will be a promising tool for improving tests of the fundamental laws of physics. Such
an accurate clock is also quite in demand for various interesting applications, such
as remote navigation, signal synchronization, and global positioning systems (GPS).
Besides optical clocks, many techniques that require high precision, high accuracy,
and high stability can benefit from subtle development of precision OFCs [9–12]. For
instance, for optical frequency measurements, OFCs function as precise optical rulers
for direct and convenient measurements of unknown frequencies in the optical re-
gion. An unknown optical frequency can in principle be visualized by direct optical
measurements as shown in Figure 2.1.

Fig. 2.1: Optical frequency comb in precision frequency measurements.

Basically, an OFC is a set of evenly distributed spectral lines produced by an ultra-
short mode-locked laser. For a short timescale, a femtosecond mode-locked laser can
be seen as a frequency comb. The space between two successive comb lines (in the
frequency domain) is determined by the laser repetition rate, and the frequency comb
lines can be extrapolated to the so-called offset frequency, which is actually related
to the carrier envelope (CE) phase of the femtosecond laser. However, during long-
term operation, these comb lines shift and fluctuate in the frequency domain. The fre-
quency shift andfluctuationoriginate fromvariationsof the laser itself due tounstable
environmental factors like temperature, air pressure, and humidity. Therefore, in or-
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der to get a long-term stable frequency comb, its repetition rate and offset frequency
need to be stabilized.

The fundamental conception of the frequency comb was initially developed in
the 1970s. Professor T.W. Hänsch and his colleagues first implemented this concept
in a pulsed dye laser with clearly narrowed linewidth for exciting the sodium 4d fine
structure [13]. The first long-term self-referenced stabilized frequency combwas exper-
imentally achieved on a Ti:sapphiremode-locked laser by Professor John Hall and his
research group at JILA in Boulder, Colorado [14]. In fact, Professor T.W. Hänsch first
proposed this self-referenced frequency comb project in 1997. But because of the lack
of a suitable medium for generating octave spanning white light for the self-reference
interference, this project was postponed. Finally, at the beginning of the 21st century,
thanks to advances in fiber technology, especially microstructured fibers, long-term
stabilized self-referenced combs became possible [15].

Following those breakthroughs of the self-referenced frequency comb, there has
been tremendous progress in the knowledge and techniques in this research field dur-
ing the last decade. In 2002, Ye et al. [16] achieved long-term phase stabilized ultra-
short comb pulses with a measured phase noise of 720mrad by using the self-refer-
enced structure. In their experiment, the noise level was limited by extra phase noises
induced by fluctuations of the photonic crystal fiber (PCF) and the self-reference in-
terferometer. To avoid the extra noise from the interferometer, Fuji et al. [17] proposed
a collinear difference frequency generation structure in 2005 for detecting CE offset
frequency, which largely simplified the self-reference interferometer and reduced un-
necessary noises from the phase detection part. As a result, they improved the sta-
bility of their laser comb with a reduced CE phase noise of 130mrad, corresponding
to a timing jitter of 62 attoseconds (as). With a similar technique, T.W. Hänsch and
his collaborators further improved the performance of a laser comb in 2006, achiev-
ing a record CE phase noise of 99mrad with an ultralow timing jitter of 44 as [18]. For
further improvement of the long-term stability and output power upscaling, the fre-
quency comb technique was gradually shifted from solid-state laser systems to fiber
lasers. In 2003, Washburn et al. at the National Institute for Standards and Technol-
ogy (NIST) in Boulder, Colorado, built the first fiber-based self-referenced frequency
comb on an erbium-doped fiber mode-locked laser [19].

In this chapter, we present some basic ideas of optical frequency combs and their
applications. After this brief background introduction, we first introduce the basic
principles of optical frequency combs in Section 2.2. As an important concept for the
frequency comb, the CE phase and its measurement, particularly based on self-refer-
enced f-2f interferometers, is introduced in Section 2.3. The impacts on the CE phase
of a frequency comb, including pump power, dispersion, and nonlinear polarization
rotation, are discussed in Section 2.4. The main part of this review chapter is given in
Section 2.5, where we review three different methods to stabilize the CE phase of laser
combs. In the last part, Section 2.6, we briefly give some application examples for the
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frequency combs, including optical clock developments, optical frequency measure-
ments, and accurate laser ranging.

2.2 Basis of optical frequency combs

For a pulse train produced by a femotosecond mode-locked laser, there is a tight rela-
tionship between its characteristics in the time domain and in the frequency domain.
A train of these ultrafast laser pulses in the time domain turns into a set of equally
spaced spectral lines in the frequency domain as a result of the Fourier transform (as
shown inFigure 2.2). Thepulse trainhas a vividmetaphor, theoptical frequency comb,
because of its evenly spaced spectral lines. The space between two successive comb
lines is the laser repetition rate, fr, and the comb can be mathematically extrapolated
to the first line closest to zero, which is defined as its offset frequency, f0, which is
determined by the CE phase of the pulse train.

The basic concept of the CE phase is illustrated in Figure 2.2. The time relationship
of the electric field with respect to the light pulse can be expressed as a rapidly oscil-
lating sinusoidal function (often called the carrier signal) multiplied by a relatively
slow-varying envelope function. When the laser pulse propagates in a medium, the
time relationship between the carrier signal and the envelope signal changes. This
change is mainly caused by the inconsistent phase and group velocities in the dis-
persive medium. In other words, the pulse envelope travels with the group velocity,
but the carrier travels with the phase velocity. Additionally, nonlinear phase shifts
induced by fluctuations of laser intensity may also make carrier-envelope changes.

Fig. 2.2:Mode-locked laser pulse train in time and frequency domains.
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In order to characterize the behavior of this change, the concept of carrier-envelope
phase is defined as the shift of the vertex positions of the carrier signal and the enve-
lope. Due to the difference between the group velocity (vg) and phase velocity (vp) of
the pulses in the laser cavity, the phase shift per pulse (∆φ) will be produced as:

∆φ = (1/υg − 1/υp)ωcL , (2.1)

where υg = c/ng and υp = c/n are the pulse group velocity and the carrier phase veloc-
ity respectively.ωc is the laser center frequency, ng is the refractive index for the group
velocity, n is the average refractive index, and L is the cavity length corresponding to
the period of pulses of Tr = Ln/c and a repetition rate of fr = 1/Tr.

The pulse train can be mathematically expressed in the time domain as

Ẽ(t) = Ã(t) ⊗ +∞∑
n=−∞ δ(t − n/fr) exp(−in∆φ) , (2.2)

where n represents an arbitrary integer.
The carrier-envelope amplitude is given by

Ã(t) = A0(t) exp [i(ωct + φ0)] , (2.3)

where φ0 is the initial phase.
By simply applying a Fourier transform, equation (2.2) becomes

F [Ẽ(t)] = F {A0(t) exp [i(ωct + φ0)]} × F {δ(t − n/fr) exp(−in∆φ)} , (2.4)

from which one can understand the pulse train in the frequency domain as

E(ω) = eiφ0A0(ω − ωc) +∞∑
n=−∞ δ [ω − 2π(nfr + f0)] , (2.5)

where A0(ω − ωc) is the carrier signal of the pulse train in the frequency domain. The
offset frequency in this expression is given by

f0 = ∆φ
2π

fr . (2.6)

For each comb line, its frequency would be ωn = 2πνn = 2π(Nfr + f0).
If the repetition rate fr and the CE phase or offset frequency f0 of a laser are both

stabilized, all the comb lines of the laser become stable. In practice, a fully stabilized
frequency comb can be readily controlled to have a frequency linewidth of less than
1Hz for each comb line, which may outperform a standard frequency-stabilized con-
tinuous-wave (cw) laser. In comparison to a single frequency CW laser, a frequency
comb usually provides on the order of millions of comb lines in a single laser cavity,
which greatly facilitate applications of lasers in the field of high precision laser spec-
troscopy and rapid optical imaging.
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2.3 Measurements of carrier-envelope phase

2.3.1 Self-referenced f-2f interferometer

As mentioned before, the n-th teeth of a laser comb in a frequency domain can be
described as fn = nfr + f0, where fr is the laser repetition rate and f0 is the offset
frequency, also known as the carrier-envelope offset frequency (CEO). Therefore, the
frequency stabilization of a laser comb needs to detect and stabilize two signals, fr
and f0. For detecting the fr, one can easily use a fast photodiode to obtain the laser
repetition rate. However, since it is impossible for any photodetectors to directly sense
the phase of optical light, the detection of f0 becomes more difficult and complicated
than that of fr.

One solution for detecting theCEoffset frequencyof a laser comb is self-referenced
f-to-2f interferometry. Its working principle is illustrated in Figure 2.3. The spectrum of
a laser comb is extended to an octave spectral range that includes the low-frequency
and high-frequency components fn = nfr + f0 and f2n = 2nfr + f0 respectively. To ex-
tract the CEO f0, one needs to double the frequency of the low-frequency component
to generate a new light at optical frequencies 2fn = 2(nfr + f0), and then use a pho-
todetector to obtain the beat note (fbeat) between the high-frequency components and
frequency-doubled low-frequency components. As a result, the beat signal represents
the CE offset frequency according to

fbeat = 2fn − f2n = 2(nfr + f0) − (2nfr + f0) = f0 . (2.7)

Generally speaking, there are two experimental schemes for self-referenced f-to-2f in-
terferometer, collinear and noncollinear schemes.

Fig. 2.3: Schematic of self-referenced f-2f interferometer.

2.3.1.1 Noncollinear f-to-2f interferometer
The setup of a typical noncollinear f-to-2f interferometer is shown in Figure 2.4. The
laser pulses are delivered from a mode-locked laser and then are injected into a non-
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Fig. 2.4: Noncollinear f-to-2f interferometer; PCF: photonic crystal fiber, DM: dichromatic mirror,
SHG: sum-frequency generation, BS: beam splitter, Si:APD: avalanched photodiode, and L: Lens.

linear optical fiber (usually photocrystal fiber, or PCF) to generate an octave spectrum.
After being spectrally broadened, the laser beamcontains short-wavelength and long-
wavelength spectral components, which are spectrally separated by a dichroic mir-
ror. The low-wavelength light goes through a nonlinear optical crystal to generate its
second harmonic light. The long-wavelength beam passes a time delay line and then
combines with the second harmonic light using a beam splitter. By tuning the delay
line, one canmake the two pulse beams fromdifferent interferometer arms temporally
overlap. Once the pulse beams temporally and spatially overlap, their beat note signal
can be detected with a photodetector.

Figure 2.4 also shows an example of how the noncollinear f-to-2f interferometer
works. The laser pulse is generated from a Kerr mode-locked Ti:S laser with the center
wavelength at 800 nm. After passing through a short section of PCF, its spectrum is
widely broadened from 500nm to more than 1100 nm. A dichroic mirror is chosen to
reflect the low-wavelength part of the beam centered at 515 nm and transmit the long-
wavelength part at 1030 nm. Then a β-barium borate (β-BBO) crystal is used to gener-
ate the secondharmonic of the 1030-nmbeam.At theoutputport of the interferometer,
the two spatially overlapped beams are further spectrally selected at 515 nm by a com-
bination of a grating and a small pin hole and then are detected by a Si-APD.Watching
the output of the APDwith a spectral analyzer, one can notice that the beat signals are
symmetrically distributed around the repetition frequency of the laser pulse train. The
beat note frequencies can be described successively as f0, fr − f0, 2fr − f0, 2fr + f0, and
so on.

The noncollinear f-to-2f interferometer offers an easy way to control the time over-
lap of pulses from its two arms. Meanwhile, the pulse delay between the two beating
light pulses can also be compensated for by controlling dispersion with gratings or
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prisms. In this case, the whole CEO detection system is simplified to a certain extent
by using a collinear interferometer structure.

2.3.1.2 Collinear f-to-2f interferometer
In a collinear f-to-2f interferometer, the long-wavelength and short-wavelength light
propagate in the same optical arm. The time delay between the two lights is mainly
caused by the dispersion of the propagation medium, such as air or fibers. In order
to compensate for the delay time, dispersion management components like gratings
and prisms can be used. After the time delay compensation, the collinear lights go
through a nonlinear optical crystal to generate frequency-doubled light for the long-
wavelength part. Then the lights are delivered into a photodetector after a band-pass
filter. Such a collinear interferometer is usually used for the CEO detection of broad-
band femtosecond Ti:S lasers [20–24]. For example, in [24], the femtosecond Ti:S laser
has a broadband output spectrum from 570 to 1280 nm, broad enough for CEO detec-
tion. As shown in Figure 2.5, the laser beam is compressed by a prism pair and then
focused on a β-BBO crystal for the second harmonic generation of the spectral frac-
tion at 1160 nm. In order to improve the signal-to-noise ratio of the beat note, a pho-
tomultiplier tube (PMT) is used right after an optical band-pass filter. The beat note is
generated at a wavelength of 580nm.

Fig. 2.5: Collinear f-to-2f interferometer for
Ti:S laser.

With the rapiddevelopmentof fiber techniques suchasfiber lasers, amplifiers, nonlin-
ear fibers, and so on, the implementation of f-to-2f interferometers for CEO detection
has becomemore convenient [20]. As shown in Figure 2.6, the output of amode-locked
fiber laser is further amplified by a fiber amplifier to gain enough power for spectral
broadening in nonlinear fibers. The amplified pulses are spectrally extended to an
octave span with a small piece of high-nonlinearity fiber (HNLF). The connections be-
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Fig. 2.6: Collinear f-to-2f interferometer for fiber. HNLF: highly nonlinear fiber, L: lens, BF: band-pass
filter, PD: photodetector, PLL: phase-lock loop, PPLN: periodically poled lithium niobate.

tween the fiber laser, the fiber amplifier, and the HNLF can be easily achieved with
a commercialized fiber fusion splicer, which makes the whole system more compact
and easy for operation. Meanwhile, for most femtosecond erbium-doped fiber lasers,
the octave span generated by the HNLF can cover a large spectral range from 900nm
to 2200 nm. In this case, nonlinear optical crystals like periodically poled lithium nio-
bate (PPLN) are more favorable for frequency doubling on the long-wavelength side
because of the high optical nonlinearity and quasi phase matching of PPLN [20].

2.3.2 Beat note detection between a CW laser and a laser comb

In fact, there is a straightforwardway tomeasure the optical phase noise aswell as the
frequency stability of a laser comb, which is based on the beat signal of the comb and
a stable single longitudinalmode laser (a CW laser with narrow spectral linewidth). As
we know, for the laser comb, each of its comb lines can be described in the frequency
domain as fn + ∆fn, where fn is the absolute optical frequency of the n-th comb line
and ∆fn represents its frequency noise or frequency instability. If the comb beats with
a CW laser that works at a frequency of fcw close to fn, its lowest beat note frequency
will be fbeat = fn + ∆fn − (fcw + ∆fcw), where ∆fcw is the linewidth of the CW laser.
Here the frequency noise of the beat note includes two parts, one from the contribu-
tion of the comb and the other from the CW laser. Usually, the frequency of the CW
laser is stabilized within a linewidth (about kHz or even less) far narrower than that of
a free-running comb. Therefore in this case the noise of the beat note (∆fbeat) can be
used to represent the comb noise. Figure 2.7 shows the beat notes of a CW laser and an
optical comb in both the time and frequency domains. The beat notes distribute sym-
metrically around the comb repetition frequency and its harmonics in the frequency
domain. The values of the beat notes are determined by the frequency differences be-
tween the CW laser and the comb lines. The beat note linewidth is defined by the con-
volution of the linewidths of the CW laser and the optical comb. By stabilizing this
beat signal, the laser comb can also become stable, which means the laser comb can
become relatively stabilized to the CW laser.
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Fig. 2.7: Beat note detection between a CW laser and a laser comb.

2.4 Impacts on the carrier-envelope phase

For a mode-locked laser, the laser pump power (P) and the cavity length (L) are two
important factors for controlling the laser optical frequency and suppressing its phase
noise. Figure 2.8 shows the impacts of the pump power and the cavity length on the
offset frequency (f0) and repetition rate of the laser (fr). As illustrated in Figure 2.8,
the pump power plays a crucial role in modulating the laser CE phase and the offset
frequency. Changes in the pump power can directly influence the gain in the laser,
which results in variations of laser properties like pulse peak power, intracavity and
output spectra, single pulse energy, and so on.

Fig. 2.8: Dependence of CE offset frequency on pump power.
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Due to a balance between nonlinear optical effects and dispersion inside the laser
cavity, the variations of the laser properties induce additional changes to the laser in
termsof the laser repetition rate (fr ) and theoffset frequency (f0). Thenonlinear optical
effects include self-phase modulation (SPM), self-steepening, and nonlinear polariza-
tion rotation for fiber lasers, and so on. The dispersion in this case mainly refers to
group velocity dispersion (GVD) and third-order dispersion (TOD). However, the im-
pact of pump power on the gain of the laser system is not a linear positive feedback
mode, but in the form of nonlinear negative feedback mechanism (so-called gain sat-
uration), so that the mode locking of the laser is in a stable state, otherwise the laser
is unable to be mode-locked or the mode locking is extremely unstable.

2.4.1 Dependence of CE phase on pump power

As we know, the relationship between the CE phase (or offset frequency) and the laser
repetition rate can be written as f0 = ∆φ0

2π fr, where ∆φ0 is the relative phase shift be-
tween two successive pulses. In fact, ∆φ0 varies with time t and therefore is labeled
as φCE to distinguish with its time variable ∆φCE in the following part.

As shown in Figure 2.9, ∆φCE is influenced not only by the change of pulse peri-
ods ∆Tr(∆φCE = −ωc∆Tr), but also by the carrier light phase shift ∆φPS(∆φCE = ∆φPS)
where ωc is the light angular frequency. Therefore, the dependence of the offset fre-
quency on pump power can be expressed as [25]

df0
dP = β0

2π (dfrdP ) + fr
2π (dφPS

dP ) , (2.8)

where β0 = nLωc/c is the average fiber propagation constant, L is the laser of length
and n is the average refraction index of the fiber cavity. Meanwhile, the repetition rate
of the laser fr can be described as [26]

fr = 1
Tr
= (β1 + ∆ωβ2 + 1

2ω
2
rmsβ3 + g

Ωg
+ μA2δ

ω0
)−1 , (2.9)

Fig. 2.9: Carrier-phase envelope evolution.
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where βn = dnβ/dωn|ω0 are the n-th order frequency derivatives of the linear fiber
propagation constant calculated at the gain peak,ω0. The first term on the right side
is the influence from the group velocity inside the cavity. The second term represents
the spectral shifts ∆ω = ωc−ω0 of the carrier away from the centerwavelengthω0. The
third term gives the contribution from third-order dispersion, where ωrms is the root-
mean-square pulse spectral width, which is supposed to be ωrms ≫ ∆ω. The fourth
term contains the contribution of the gain assuming a Lorentzian gain shape with a
peak value of g and bandwidth Ωg. The final term is deduced from nonlinear self-
steepening effects in fibers, where A2 is the peak intensity and μ = 1.3 is a minor
numerical correction related to the pulse shape [25].

In fact, the parameters βn in equation (2.9) are independent from pulse energy
and pump power, while the other parameters likeωrms, g and A2 are closely related to
the laser pulse energy. The dependence of these parameters on laser pulse energy is
determined by dispersion inside the laser cavity. For instance, as a soliton laser with
negative intracavity dispersion, these parameters are linearly dependent on pulse en-
ergy w [26]. However, the dependence becomes complicated for most stretched-pulse
lasers in which the intracavity dispersion contains normal and abnormal parts. Ac-
cording to [25], the relationships among ωrms, w and A2 can be expressed as

ωrms ∝ w
1
2 , A2 ∝ wωrms = w

3
4 ,

and the pulse energy w is dependent on pump power (P) as

dw
dP

= (1 + η)−1 (w
P
) ≈ w

P
, and η ≪ 1 .

Hence the derivatives of ω2
rms and A2 with respect to P can be written as

dω2
rms

dP
≈ ω2

rms
P

,

dA2

dP ≈ 3A2

2P .

If considering dg/dP = VBW/Vg × (2P)−1, one can easily get the dependence of fr on
P by taking a derivative of fr with respect to P using equation (2.9), yielding [25]

dfr
dP = −f 2r (β2 d∆ωdP + ω2

rmsβ3
2P + VBW

2PVgΩg
+ 3μA2δ

2Pω0
) . (2.10)

By replacing dfr/dP in equation (2.8) with equation (2.10), one can get the specific
relationship between the CE offset frequency and the pump power.

2.4.2 Polarization dependence of CE phase

Because of the nonlinear polarization rotation (NPR) effect inside a fiber laser cavity,
the laser pulse properties, including its spectra, pulse width, repetition rate, and CE
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offset, frequency are closely related to the laser polarization states [27]. It is especially
crucial for NPR mode-locked fiber lasers. The polarization-sensitive components in-
side these fiber lasers, like polarization-sensitive isolators and birefringence single-
mode fibers (SMF), make the polarization dependence of fiber lasers even stronger. In
fact, the relationship between the polarization and the CE offset frequency is rather
understandable for a fiber laser. The influence of the polarization change is directly
imposed on the pulse energy through polarization-related gain and loss competition
in the laser cavity.Meanwhile, followed by the change of pulse energy, a spectral shift
is inducedby theSPMeffect and further leads to a shift of theCEoffset frequencydue to
dispersion inside the cavity. [27] illustrates the influence of the light polarization state
on the CE offset frequency (f0) of an ytterbium-doped fiber laser. The fiber laser with
a typical stretched-pulse ring cavity produces femtosecond pulses at a center wave-
length around 1040 nm. In order to control the polarization state, an electrical polar-
ization controller (EPC) is placed inside the fiber cavity, as shown in Figure 2.10 (a).
Changing the voltage imposed on the EPC is equivalent to changing the polarization
of the light passing through the EPC. As a result, the offset frequency of the fiber laser
is studied by adjusting the EPC voltage, as shown in Figure 2.10 (b). Within a certain
region, it is observed that the CE offset frequency has an approximately linear depen-
dence on the EPC voltage. Linear fit of the experimental data gives the slope of the CEO
change with the EPC voltage as 2.5MHz/mV. Compared with the pump-controlled CE
phase stabilization schemes, this actually provides an alternative way to control the
CE offset frequency without inducing detrimental effects of output power variation by
directly changing the pump power.

Fig. 2.10: (a) Experimental setup, (b) polarization dependence of f0.

 EBSCOhost - printed on 2/13/2023 9:33 PM via . All use subject to https://www.ebsco.com/terms-of-use



2 Femtosecond optical frequency combs | 93

2.4.3 Impact of intracavity dispersion

Intracavity dispersion is an important factor for generating ultrashort laser pulses and
is also fundamental in determining their repetition rate and CE phase. According to
equations (1) and (6), the CE offset frequency (f0) can be expressed as

f0 = ∆φ
2π fr = fr

2π (1/υg − 1/υp)ωcL , (2.11)

where υg is group dispersion velocity, υp is carrier phase velocity, and L is the cav-
ity length. Since there is an inverse relationship between the repetition rate and the
cavity length, the influences of the two factors on f0 are cancelled out. Therefore, the
offset frequency is mainly dependent on center wavelength and the reciprocal differ-
ence between υp and υg. Many experiments have confirmed that the net intracavity
dispersion plays an important role in determining the CE offset frequency. As for a
stretched-pulse fiber laser, the frequency shift of f0 induced by a dispersion change as
small as0.01ps2 couldbeas large as 10 MHzor evenmore.Meanwhile the f0 linewidth
(∆f0) is also found to be largely related to intracavity dispersion [28].

In order to investigate the dependence of the f0 linewidth on intracavity dis-
persion, a stretched-pulse ytterbium-doped fiber laser is used (as shown in Fig-
ure 2.10 (a)). By carefully adjusting the distance between the two intracavity gratings,
the net dispersion can be tuned successively. The offset frequency of the fiber laser
is monitored by a digital spectral analyzer when the net dispersion is changed. The
typical experimental results are shown in Figure 2.11. It is interesting to note that
the linewidth of f0 reaches its lowest value of 100 kHz with zero dispersion inside
the fiber cavity. Meanwhile, the linewidth increases in both normal and abnormal
dispersion regions, and the linewidth is broadened more seriously in the abnormal
dispersion region than in the normal dispersion region. This implies that the laser

Fig. 2.11: Intracavity dispersion and offset frequency.
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can be optimized to get its narrowest f0 linewidth with lowest phase noise by setting
the intracavity dispersion close to zero.

2.5 Optical frequency combs and phase noise suppression

Generally speaking, perturbations from the environment such as air flow disturbance,
temperature changes, mechanical or optical platform vibrations, etc., unavoidably
give rise to the instability of themode-locked laser. As a result, the laser pulses exhibit
variations in both repetition frequency and the carrier-envelope (CE) phase, which
are respectively known as timing jitter and phase noise [26]. For a free-running mode-
locked laser, its phase noise contributes to the linewidth broadening of the offset fre-
quency (f0), which could be readily monitored and actively controlled. Meanwhile,
some slowly-varying environmental factors such as temperature are determinative to
f0, resulting in an observable frequency drift to f0. As monitored with a spectral ana-
lyzer, one can see the drifting of the center of f0. The drifting range varies for different
laser systems from less than 1MHz to more than tens of MHz. In fact, the linewidth
broadening and the frequency drifting of f0 are basically the same thing. Both are
caused by kinds of perturbations such as phase noises. The difference between them
is the frequency of the perturbations. The slow f0 drifting represents a kind of noise
distributed in a very low radio frequency region, while the linewidth broadening is
‘faster’ and indicates a kind of noise located in a high frequency region. Therefore,
usually when we talk about stabilizing f0 to achieve effective suppression of phase
noises, it means preventing both the frequency drifting and the linewidth broadening
in the f0.

In this section, we will introduce methods for suppressing phase noises of ultra-
short pulses, which to a certain extent can be specified as the stabilization of their CE
offset frequency f0. Currently, there are three solutions for f0 stabilization. The most
popular one is using electric servo systems to actively control the f0 signal against en-
vironmental perturbations. This is called a feedback stabilization scheme.Meanwhile,
there is also a feed-forward scheme for stabilizing f0, which relies on an acoustic-op-
tical modulator (AOM) to compensate for the frequency variation of f0. Both methods
are active approaches and dependent on electronic devices. To avoid limitations from
the bandwidth of electronics, one can also use a passivemethod to achieve phase-sta-
bilized lasers, by using a difference frequency generation (DFG) scheme to frequency-
mix two spectral components from the same laser and produce a third light with ex-
actly zero offset frequency. However, the DFG-based laser stabilization scheme suffers
from 1/f noise and the restricted spectral width provided by nonlinear optical materi-
als.

An OFC also needs accurate control of the repetition rate. For precision control,
the CE phase stabilization may be affected by the cavity length feedback control in
practical fiber lasers. This section will address some useful techniques for the simul-
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taneous stabilization of repetition rate fr and the offset frequency f0, as required by
the generation of ultrashort frequency combs.

2.5.1 CE phase stabilization based on feedback loops

Aphase-locked loop (PLL)was originally used as an electronic control technology that
was widely employed in radio, telecommunications, computers, and other electronic
applications. The aim of PLL is to maintain a fixed phase relationship between an out-
put signal and an input signal. As illustrated in Figure 2.12, a PLL consists of four parts:
thephasedetector (PFD), lowpassfilter (LPF), voltage-controlledoscillator (VCO), and
frequency divider (DIV). A periodic signal is generated by a frequency oscillator and is
sent into the PLL. The phase detector compares the phase of that signalwith the phase
of a reference signal and adjusts the VCO to keep the phases matched. Meanwhile, a
small fraction of the output of the PLL is used as a reference signal. This forms a feed-
back loop,which brings the output signal back to the input signal for comparison. The
input and output phase locking implies that the input and output are locked at the
same frequency. In addition, the divider is used to make the PLL generate a frequency
that is a multiple of the input frequency. Therefore, in addition to synchronizing sig-
nals, a PLL can track an input frequency or even multiply the input frequency, which
makes it more popular in demodulation and frequency synthesis.

Fig. 2.12: Basic structure of a phase-locking loop.

Based on the principle of PLL, a feedback lock loop was developed for controlling the
laser phases. The mechanism of the feedback phase lock loop is similar to that of the
electronic PLL. Here, a mode-locked laser itself is the oscillator just like the VCO in
the PLL, which generates ultrashort pulses as optical signals. A CE phase detection
system is used to obtain the phase information of the laser, which is compared with
a reference signal in a phase comparator. After an electronic low-pass filter, the error
signal of the phase comparator is fed back to control the laser pump power and finally
to modulate the laser output phase. The whole scheme is shown in Figure 2.13. The
reference signal usually comes from an RF generator synthesized by an atomic clock
so that the frequency accuracy can be transferred from the atomic clock to the pulsed
laser through the feedback lock loop.
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Fig. 2.13: Structure of a feedback controlled comb; M: mirror, BS: beam splitter.

A common way to control the laser pump power as well as the laser CE phase is to ad-
just the pump current. However, this is challenged by its electronic bandwidth, which
is about 10 to 100 kHz. Clearly, for a feedback loop, such a narrow bandwidthwill limit
the feedback speed and increase the whole response time. This will become a major
drawback when the free-running CE phase signal has a broadband noise. This prob-
lem can be solved by setting an acousto-optic modulator (AOM) between the pump
and the laser oscillator. By adjusting the drive frequency of AOM, the pump power
through the first order output port of AOM can be modulated more effectively with a
response bandwidth of 1MHz or even more. In what follows, we give an experimental
example of CE phase stabilization with the AOM-based feedback lock loop to further
illustrate details of such a controlling scheme.

2.5.1.1 Experimental example I:
The purpose of this experiment is to generate CE-phase-stabilized femtosecond laser
pulses. The ultrashort pulses are delivered by a mode-locked Ti:sapphire laser (FEM-
TOSOURCE rainbow). The center wavelength of the output is at 780nmwith a spectral
range from 680 to 900 nm. The pulse width can be further compressed to 7 fs by using
chirpmirrorswith an output power of 200mWunder a pumppower of 3.5W (Coherent
Verdi).

CE offset frequency detection. A collinear DFG-based f-to-2f interferometer is em-
ployed in the experiment to obtain a low-noise CE offset beat signal. The details are
illustrated in Figure 2.14. The compressed laser pulses are focused into a highly non-
linear periodic poled lithiumniobate crystal (PP-MgO:LN). Because of the large optical
nonlinearity of this PPLN crystal, the nonlinear SPM and DFG processes can occur in
the same crystal. Figure 2.15 shows how the two processes work together to generate
the CE offset beat note. Assume that there are two comb lines of the laser labeled m
and l. Their frequencies can be expressed asmfr + f0 and lfr + f0 (l < m). As a result of
the difference in frequency generation between the two comb lines, a new component
is produced as (mfr + f0) − (lfr + f0) = (m − l)fr = nfr (m − l = n). At the same time, the
initial laser spectrum can be largely broadened due to the SPM effect that generates
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Fig. 2.14: Experimental setup; AOM: acoustic-optical modulator, CM: chirped mirror, M: high-reflec-
tion mirror, LF: long wave pass filter.

Fig. 2.15: Nonlinear difference frequency generation for CE phase detection.

a spectral overlap with the DFG beam. Correspondingly, in the overlapped region a
comb line of the spectrally broadened beam can be recognized as nfr + f0. In this case,
a beat note between the DFG beam and the SPM-broadened beam will be detected
with a photo-detector at a radio frequency of (nfr + f0) − nfr = f0, which gives the CE
offset frequency of the laser.

In the beat note detection, one needs to avoid the dispersion induced walk-off
effect inside the PP-MgO:LN crystal. For this purpose, the crystal length is properly
chosen as 2mm. After the PP-MgO:LN crystal, the laser is separated by a dichromatic
chirpedmirror (CM)whichhighly reflects light below1.2 µmand is transparent for light
from 1.2 to 1.7 µm. The reflected beam is used as the output of the whole laser system,
while the transmitted light is used for CE phase detection.

Free-running CE offset signals. The free-running CE offset signal f0 is shown in Fig-
ure 2.16 (a). The SNR of f0 is about 35 dB under a resolution bandwidth of 100 kHz.
It is noticed that the f0 signal exhibits two distinguishable features in the time do-
main, representing fast variation and slowdrifting. Figure 2.16 (b) shows the unlocked
f0 signal with a record bandwidth of 1 kHz measured by a digital spectra analyzer.
The fast frequency variation of f0 can be clearly noticed within a variation range of
~40kHz. Meanwhile, the center of f0 can also be observed as a drifting signal by using
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Fig. 2.16: (a) RF spectrum of f0 beat note, (b) free-running f0, (c) f0 recorded by frequency counter.

a frequency counter to record its frequency on a long time scale of 1000 s. The result
is shown in Figure 2.16 (c). The signal slowly drifts in a range of 600 kHz within the
1000 s. By calculating the standard deviation of the signal frequency recorded within
20 s (inset picture), a fast variation value of 40 kHz is obtained, which is consistent
with the variation value measured by the spectra analyzer.

Stabilized CE offset frequency. For easily and roughly tuning the CE offset frequency,
a pair of wedges is placed inside the Ti:S laser cavity. By changing the relative distance
between the two wedges, the CE offset frequency is set to 20MHz, approximately one
fourth of the laser repetition rate. A fast-response AOM is inserted between the pump
and the laser cavity in order to rapidly modulate the pump power as well as the laser
CE offset frequency. With an electronic phase-locking system, the f0 is locked to a fre-

 EBSCOhost - printed on 2/13/2023 9:33 PM via . All use subject to https://www.ebsco.com/terms-of-use



2 Femtosecond optical frequency combs | 99

Fig. 2.17: (a) Locked f0 with a linewidth of 1.7mHz, (b) locked f0 measured by a frequency counter.

quency synthesizer. The phase-locking system will be introduced in the next section.
The locked f0 is shown in Figure 2.17 (a) with an observation bandwidth of 100Hz. As
we can see, the signal is quite different from the unlocked one. The center of f0 is fixed
at 20MHz and its linewidth is reduced from a kHz-level value to 1.7mHz, which indi-
cates the CE offset signal is well locked. Meanwhile, by using a frequency counter, the
frequency variation of the locked f0 is also recorded, as shown in Figure 2.17 (b). The
frequency drifting disappears as noted within 1000 s.

Electronic phase-lock loops. Here we will introduce electronic phase-lock loops for
the frequency stabilization of laser combs in Experiment I. Figure 2.18 illustrates the
diagram of the lock loop principle. The laser repetition frequency signal (fr) and its
harmonics are detected by a fast photodetector (PD). For the purposes of improving
the accuracy of the lock loop, the signal’sm-th harmonic is used. Typically, for a laser
at a repetition rate of 100MHz, them value is ideally larger than 10, in order to improve
precision bymore than ten times, compared directly to the fundamental repetition fre-
quency. To stabilize the repetition rate, the output of the PD is mixed with a standard
reference (fSYN2) in an electronic mixer to generate an error signal. The error signal is
the frequency difference (mfr − fSYN2) between the laser repetition signal (mfr) and the
reference (fSYN2). It coexists with other signals includingmfr, fSYN2, andmfr + fSYN2 at
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Fig. 2.18: Electronic phase-lock loops for frequency stabilization of laser combs; SYN1, SYN2: refer-
ence signals from RF frequency generators, AMP: amplifier.

the output of the mixer. Therefore, a low-pass filter should be used to pick up the error
signal only and filter out the others in themeantime. Then the pure error signal is sent
to an electronic amplifier with a tunable offset (Offset 2). This offset can provide larger
dynamic range for the feedback loop. Finally, the error signal is sent to a high-voltage
driver for controlling the piezo-electronic transition (PZT) glued on the backside of a
cavity mirror inside the laser. The error signal after the power driver is used to modu-
late the voltage imposed on the PZT, which influences the laser repetition rate in order
to minimize the error signal (both its frequency and amplitude). When the phase-lock
loop works, the laser repetition rate, or its harmonics, are identical with the reference
frequency.

Basically, the phase-lock loop also works for stabilization of f0. However, there
are some small differences between the stabilization of f0 and fr, which should be
considered in the electronic loop design. First, the amplitude of the f0 signal is usually
much weaker than the fr signal and thus a low-noise electric amplifier is helpful for
increasing the signal amplitudewithout inducingunnecessary noise. Second, a phase
detector is more suitable than a simple frequency mixer for distinguishing not only
the frequency difference but also the phase difference between the f0 signal and a
standard reference signal (SYN1). Third, theoutput of thephase-lock loop is appliedon
an acoustic-optic modulator (AOM) placed between the laser oscillator and its pump.
Generally, the zero order output of the AOM is used to pump the mode-locked laser.
When the phase-lock loopworks, the pumppower after the AOMwill bemodulated by
the error signal of the lock loop. As a result, the CE phase of the laser can be precisely
controlled.
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2.5.2 Direct feed-forward scheme for frequency combs

The acoustic-optic frequency shifter (AOFS) is based on acousto-optic effects. In the
presence of sound waves in some optical media, their refractive indexes are changed
in accordancewith the acousticmodulation. If the applied soundwaves are controlled
to oscillate inside the medium in a form of a standing wave, some kinds of refractive
index grating are generated [29]. Accordingly, incident lights propagating through the
acoustic grating undergo acousto-optic effects like refraction, diffraction, and inter-
ference. For an AOFS, the intensity, frequency, and direction of diffraction light are
dependent on the applied soundwave. Themechanismof an acoustic-optic frequency
shifter is shown in Figure 2.19.

Assuming the acoustic wave in the crystal oscillates at awavelength of Λ, the rela-
tionship between the output angle θ of the diffraction light and input light wavelength
λ of can be expressed as

sin θ = (mλ
2Λ ) , (2.12)

where m = . . . , −2, −1, 0, 1, 2, . . . are diffraction orders. Usually, for the thin acous-
tic optic medium, only the diffraction lights at m = −1, 0, 1 can be produced under a
single sinusoidal RF driving signal, which is the case for most commercialized AOFS
devices. In fact, the process of acousto-optic diffraction of light obeys two basic laws,
namely conservation of momentum and energy conservation. The former indicates
that phase-matching is crucial for the acousto-optic diffraction light, while the latter
can explain the Doppler frequency shift in the diffractionprocess. Assuming thewave-
length of a soundwave isΛ, corresponding to frequency F, and the incident light is at a
frequency ω = 2π/λ, then themth order diffraction light has a frequency Ω = ω+mF.

In addition, the efficiency of diffraction light is influenced by the RF power of the
applied sound wave. Usually, the efficiency of the zero order output of an AOFS can
be adjusted from 10 to 99%, while the first order diffraction efficiency is tunable from

Fig. 2.19: The working mechanism of an acoustic-optic frequency shifter.
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0 to 80%. Since the rapid development of acoustic-optic devices, the diffraction effi-
ciency of some acoustic-optic modulators can reach beyond 80%, which is even more
promising for highly-efficient modulations of lights.

As we all know, CE phase stabilized laser sources have been widely used in many
areas, such as precision spectroscopy, coherent laser ranging, and optical frequency
metrology. As promising laser sources for optical frequency combs, mode-locked fiber
lasers have attractedmuch attention for their compactness and their capability for sta-
ble, long-term operation. Additionally, developments in large-mode-area ytterbium-
doped double-clad photonic crystal fibers (LMA-YDCF) have greatly contributed to
pulse amplification up to hundreds of watts and therefore stimulated the advance
of high-power fiber-based frequency combs. Usually, for the stabilizing CE phase of
the high-power lasers, either a phase servo loop or a difference-frequency-genera-
tion scheme can be used. However, each approach has its own distinct drawbacks.
The former suffered from its limited feedback bandwidth and negative side effects on
laser oscillators, while the latter had a zero offset frequency severely influenced by
the increased 1/f noise and other low frequency noises. Recently, a self-referenced
feed-forward scheme based on an acousto-optic frequency shifter (AOFS) was demon-
strated to be able to overcome those shortcomings [30]. Considering that the first-order
output of AOFS could be decreased by exactly the driving frequency (fD), the CE phase
variation of an input laser, f0(t), would be cancelled by independently feeding the un-
locked offset signal to drive the AOFS, fdrive = f0(t), as illustrated in Figure 2.20. Con-
sequently, the measured phase noise was reported to approach the shot-noise-limited
level. Moreover, the offset frequency of the first-order beam was tunable by setting
fdrive = f0(t) + fA, where fA could be a well-controlled radio frequency. To further
demonstrate details of this technique, an experiment (Experiment II) will be intro-
duced.

Fig. 2.20:Mechanism of AOFS-based phase stabilization.
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2.5.2.1 Experimental example II: AOFS-based phase stabilization experiment
The schematic of the experiment is illustrated in Figure 2.21 [31, 32]. The near-infrared
pulse trainwas generated fromanNPR-mode-locked self-started break-free ytterbium-
doped fiber laser at a repetition rate of about 64.5MHz. The initial pulse width was
~1.4 ps with a spectral width of ~50 nm around the center wavelength 1030 nm. The
average output power approximated 30mW and was then amplified by a two-stage
amplifier at an average output power > 10W. The last power amplification stage con-
sisted of 2mof polarization-maintainingLMA-YDCF. After amplification,we employed
two fused-silica transmission gratings to recompress the amplified pulse to ~130 fs at
an average output power up to 10W. For CEO detection, 1W of the high-power output
is delivered into a nonlinear f-2f interferometer and the rest is fed into an AOFS (DTSX-
400-1064) with a central drive frequency at 80 ± 5MHz and a measured first-order
diffraction efficiency of > 90% at 1030 nm.

Fig. 2.21: Schematic of the feed-forward CE phase stabilization.

In the f0 detection part, a 3-cm-long photonic crystal fiber (PCF, 3.3 µm core-diameter)
with a small negative dispersion around 1030 nm is used to obtain octave spectral cov-
erage. The f0 is determined by the heterodyne beat signal in the nonlinear f-2f interfer-
ometer (at a wavelength of 610 nm) with an avalanche photodetector (APD 210, Men-
losystems). The signal is recordedwith a spectral analyzer and is shown in Figure 2.22.
Note that not only the center frequency, but also the linewidth of f0 is changeable by
slightly adjusting the grating pair distance inside the fiber laser oscillator. In the ex-
periment, the free-running f0 was tuned to 17.5 MHz with a linewidth below 100 kHz.

By feeding the free-running f0 to the AOFS, we obtain a phase stabilized comb
light at the output port of the first-order diffraction of the AOFS. The linewidth of the
locked offset frequency f0 ismeasured and recorded by a FFT spectrum analyzer (SRS,
SR760). The result is shown in Figure 2.23, indicating a relative linewidth of 1.4mHz.
Thephase-noise power spectral density of the laser comb is also analyzedwith the FFT
spectrumanalyzer, as shown in Figure 2.24. The integrated phase noisewas calculated
to be 370mrad, corresponding to a timing jitter of 120 as.
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Fig. 2.22:Measured beat note signals of Experiment II.

Fig. 2.23: Locked f0 signal with (a) recorded RBW=10 kHz, (b) RBW=0.95mHz.

Fig. 2.24: Power spectral density of CE phase noise (black curve: noise background from electronics,
gray curve: locked noise power density, dashed curve: calculated phase noise for the phase-locked
laser).
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The feed-forward CE phase stabilization scheme has many merits. First, AOFS has a
response bandwidth of 1~1.5MHz, much wider than that of a feedback loop (usually
at kHz level), which is helpful for suppressing noise in high frequency regions and
therefore can improve the performance of the frequency comb. Second, the time re-
sponse of AOFS is faster and therefore can provide real time control of the CE offset
frequency of the laser comb. Third, the AOFS-based CE phase control part is indepen-
dent from the laser oscillator, which simplifies the comb system to a large extent and
protects the oscillator fromunexpected influences of the control system. However, the
AOFS-based combs do have some obvious shortcomings. For example, in Experiment
II, the working range of AOFS is from 75 to 85MHz. Once the offset frequency signal
drifts away from this range, AOFS becomes helpless. Since the oscillator is indepen-
dent from the control system, the drifting of the signal is inevitable, which definitely
reduces the working time of the laser comb. Therefore, to compensate for this short-
coming, a combination of feed-forward and feedback CE phase control systems would
be a perfect solution.

2.5.3 Self-stabilized frequency combs

It is well-known that a mode-locked laser contains millions of evenly distributed dis-
crete comb lines in a frequency domain.We can choose two comb lineswhose frequen-
cies can be described as ω1 = nfr + f0 and ω2 = mfr + f0, from the laser to generate a
new light atω3 = (n−m)fr through the difference frequency generation (DFG) process
(suppose the integer n > m). Clearly, the new light has a zero offset frequency, which
means the offset frequency aswell as the carrier-envelope (CE) phase noise of the laser
is cancelled out through the DFG process. The DFG scheme provides CE-phase self-
stabilized and self-referenced laser pulses in a very simple configuration, as shown
in Figure 2.25. A periodical poled lithium niobate (PPLN) crystal is used to provide a
highly efficient DFG process. After optical filters, the CE phase stabilized light can be
selected as a source for the laser comb. Since the output power of the DFG process is
limited by the PPLN crystal and the nonlinear process itself, optical amplifiers can be
used to compensate for this shortcoming. As an example, [33] employed an ytterbium-
doped mode-locked fiber laser (centered at 1030 nm) as a light source. Because of a
narrow spectral width of the Yb-laser, a 23-cm long photonic crystal fiber was applied
to extend the spectrum to 615 nm. The CE phase self-stabilized light around 1530 nm

Fig. 2.25: Self-stabilized frequency combs.
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was generated through the DFG process between lights centered at 615 and 1030 nm.
Choosing a DFG light around 1.5 um is mainly because of the facility of erbium-doped
fiber amplifiers.

Although the DFG-based self-stabilized scheme clearly has many merits like ease
of operation, compactness, simplicity, and so on, it suffers from several disadvan-
tages. The biggest drawback for such a scheme would be the CE offset frequency at
zero. As we know, there are lots of noise parasites in the low RF frequency region, in-
cluding 1/f noise,mechanical vibration, thermal fluctuation, and so on. As DFG relies
on large optical nonlinearity, the nonlinear processes are sensitive to intensity fluctu-
ation, which may produce additional CE offset frequency drifts due to amplitude-to-
phase noise. In addition, phase noise may be induced by high-order nonlinear pro-
cesses, stimulated Raman scattering, and other incoherent scattering processes in the
nonlinear optical crystal. Modulational instability may also compete with DFG pro-
cesses that bring about undesired noise and make output power and the spectrum
instable. These noises become a major threat to the stability of the laser comb. There-
fore, the application of the self-stabilized comb is limited by its noise level.

2.6 Applications of optical frequency combs

Along with their rapid developments, optical frequency combs have been success-
fully applied in many research areas, such as precision spectroscopy, optical clocks,
light detection and ranging (LIDAR) [34], quantum coherent control [35–38], UV fre-
quency combs, and so forth. In this section, we will list some examples of those well-
developed applications, including optical frequency measurement, optical clock ap-
plications, and rapid distance measurement.

Optical frequency measurements
Oneof themost interestingand straightforwardapplicationsofOFC is direct frequency
measurement for an unknown optical wave [39]. Because of the high precision and
wide spectral range of the frequency comb, accurate measurements of an optical fre-
quency within the comb spectral range become easily achievable through beating
signals of the unknown wave and the comb. Assuming the unknown wave has a fre-
quency at fl whose exact value is unknown, the beat note frequency between the light
wave and the n-th tooth of the comb would be fb. fl can then be expressed by

fl = nfr ± f0 ± fb . (2.13)

Meanwhile, for another comb tooth at n󸀠 (n󸀠 = n +m, n and m are integers), the fl can
also be determined by

fl = (n + m)f 󸀠r ± f 󸀠0 ± f 󸀠b . (2.14)
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Using equations (2.13) and (2.14), one can deduce the value of n, which is:

n = [±f 󸀠0 − (±f0) + mf 󸀠r ± f 󸀠b − (±fb)](fr − f 󸀠r ) (2.15)

Thevalueofm canbededucedby slightly tuning the laser repetition rate (fr ) to a differ-
ent value and comparing the difference to the frequency shift of the beat note before
and after tuning fr. Actually, this is an easy and precise approach for measuring an
unknown frequency. To guarantee accuracy of the frequency measurement, a high-
accuracy reference is necessary. Usually, atomic clocks with an uncertainty level of
10−14 are used as accurate references for stabilizing frequency combs [40, 41]. As we
know, the higher the frequency of the oscillator used for a clock, the higher the accu-
racy of the clock. Therefore, the optical clock, a clock oscillating at optical frequency,
appears to be a perfect solution for further raising time and frequency standards.

Optical clocks
As an important part of optical clocks, frequency combsfill in themissing gap between
microwaves and optical frequency standards. Before the birth of frequency combs,
most accurate time standards at a level of 10−15 s came fromatomic clockswith cooled
or trapped atoms or single ions such as Rb, Ca, CH4, Hg+, I2, Sr+, Yb+, and In+ [43, 44].
While frequency combs serve as a perfect carrier for transferring the time accuracy to
optical frequency, the time standard can be further improved. As we know, the uncer-
tainty of an atomic clock can be described as

σy(τ) = δv
v0
= 1
ω0√NTRτ , (2.16)

where δv is the uncertainty of the atomic resonance frequency of v0, N is the number
of atoms, TR is observation time, and τ is average sampling time. From this expression,
it can be easily deduced that raising the resonance frequency v0 can seriously reduce
theuncertainty of anatomic clock. Toa certain extent, theuncertainty is dependent on
the ratio between the comb line frequency and its linewidth. Since optical frequency
is five orders of magnitude higher than the microwave, the uncertainty of an optical
clock should be as small as 10−18 s, which implies that optical clocks will bring about
an unprecedented high standard of time and frequency.

Rapid distance measurement
After a decade of development, frequency combs have become more andmore impor-
tant not only in fundamental scientific research areas but also in many useful appli-
cations. Laser ranging and distance measurement is a perfect example. The proposal
of dual-comb configuration in distancemeasurement is especially valuable for greatly
increasing laser ranging distance as well as improvingmeasurement accuracy. In this
approach, two pulsed laser combs are used as detection and reference pulse genera-
tors respectively. The two laser combs have a slight difference in their repetition rates,
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which can be described as f1 (transmitting terminal) and f2 = f1 + ∆f (reference), re-
spectively, where ∆f is the frequency difference. The pulse that is sent from the trans-
mitter will be reflected by a target and then received by the receiving terminal. It re-
quires a time of t, and therefore the distance between the receiving terminal and the
target would be L = ct/2 for a time-of-flight distance measurement. However, in stan-
dard time-of-flight laser ranging, the measurement range is limited by the repetition
rate of the detecting pulses. Moreover, the accuracy of measurement is restricted by
the pulse duration and detector response time. In the dual-comb distance measure-
ment, the reference comb (f2) is used to heterodyne with the received light. Since the
relative phase ∆φ between the two combs can linearly increase with the measured
distance, one can calculate the distance as

L = (m + ∆φ/2π)λ/2 , (2.17)

where λ is the wavelength of the two combs and m is an integer representing optical
cycles that can be determined by the time-of-flight measurement. Meanwhile, since
the reference pulse heterodynes with the detecting light in a period of ∆t = 1/∆f ,
the measurement range can be significantly enlarged by L󸀠max = c∆t/2. With such
an approach, Dr. I. Coddington and his colleagues measured a section of unknown
distance with an accuracy of submicrometers under a long time integration condition
in 2010 [45].
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3 Three-dimensional integration of hybrid
functionalities in transparent dielectrics by
femtosecond laser direct writing

3.1 Introduction

In thepast decades, thedemand for reducing thevolumeof samples and reagentsused
in chemical reactions, biological analysis, andmedical inspections has increased sig-
nificantly due to the need to reduce reagent consumption, side production, analysis
time, manufacturing and labor costs, as well as to enhance detection speed and sen-
sitivity. To this end, the use of biomicrochip systems with integration of hybrid func-
tionalities such as microfluidic devices, microreactors, lab-on-a-chip (LOC) devices,
micrototal analysis systems (µ-TAS), and optofluidic devices has been proposed [1–5].
Such devices are highly attractive for next generation high throughput biochemical
analysis and medical diagnostics, and have already been responsible for introducing
Moore’s law into the field of life sciences.

Using these devices, conventional processes normally carried out in a lab can
be miniaturized and performed on a single chip. This leads to enhanced efficiency
and portability, and also reduces the volume of sample and reagent required when
performing multilevel assessments involving, for example, chemical, biological, and
medical analyses. Due to their high portability and sensitivity, these devices have be-
comepowerful detection and analysis tools for a broad range of applications including
biomedical research, healthcare, pharmaceuticals, environmental monitoring, and
homeland security. Moreover, there is also the possibility of further enhancing the
performance by monolithically integrating microfluidic, electronic, mechanical, and
optical capabilities.

To date, these microchips havemainly beenmanufactured using soft lithography,
which is carried out using the optically transparent, soft elastomer polydimethyl-
siloxane (PDMS) [6, 7]. Although soft lithography is a well-established, rapid, and
cost-effective technique, and hence is suitable for surface microfabrication, it can-
not directly form microfluidic structures inside PDMS. To fabricate 3D microfluidic
structures in transparent substrates, additional stacking and bonding processes are
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required. In addition, PDMS is chemically incompatible with many organic solvents,
and compositional inhomogeneities frequently cause optical scattering, which is
detrimental for optofluidic applications. Other conventional methods for producing
microfluidic systems include planar microfabrication techniques such as injection
molding [8] and semiconductor processes based on photolithography [9, 10], both of
which also require stacking and bonding in order to construct 3D structures. Further-
more, the above techniques have encountered considerable challenges with regard
to the monolithic integration of multiple functionalities, for which 3D fabrication
approaches are typically needed.

During the past two decades, femtosecond lasermicrofabricationhas been shown
to be a highly attractive solution for the 3D manufacturing of transparent materi-
als [11–13]. It exhibits great promise for the fabrication of microfluidic, photonic,
micro-optical, microelectronic, and micromechanical components. Its unique ca-
pability for the 3D integration of functional microcomponents makes it a powerful
state-of-the-art micromachining tool, in particular for 3D integration of hybrid func-
tionalities in a single chip.

Materials processing using ultrafast lasers – lasers that emit light pulses shorter
than a few tens of picoseconds –was first reported in 1987 by Srinivasanet al. [14], and
Küper and Stuke [15]. They demonstrated the clean ablation of polymethyl methacry-
late almost without the formation of a heat-affected zone (HAZ) using femtosecond
ultraviolet excimer lasers. The ablation threshold is significantly lower than that of
nanosecond laser ablation. These experiments had a significant impact and the re-
search in this field rapidly expanded in the 1990s. In addition, the development of
the chirped pulse amplification technique in Ti:sapphire regenerative amplifiers [16],
which emit energetic femtosecond pulses without inducing damage or undesirable
nonlinear effects in the amplification medium, further accelerated fundamental re-
search on ultrafast laser processing. One important feature of ultrafast laser process-
ing is that it reduces heat diffusion to surrounding regions of the processed area [17].
This feature is well adapted to the high quality microfabrication of soft materials such
as biological tissues [18] and hard or brittle materials such as semiconductors and in-
sulators [19]withoutHAZ formation. Furthermore, suppression of heat diffusion to the
surroundings improves the spatial resolution for nanoscale processing [20]. Another
important aspect of ultrafast laser processing is that nonlinear absorption (i.e. mul-
tiphoton absorption) can induce strong absorption even in materials that are trans-
parent to the ultrafast laser beam [21, 22]. Multiphoton absorption not only permits
surface processing [23], but also 3D internal microfabrication of transparentmaterials
such as glass and polymers [24–27]. Davis et al. [24] and Glezer et al. [25] pioneered
this field and demonstrated respectively optical waveguide writing and formation of
nanovoid arrays inside glass in 1996. Currently, internal microfabrication is widely ap-
plied to the fabrication of photonic devices and biochips [11, 28]. In 2001 it was also
reported that multiphoton absorption improves spatial resolution to the point of ex-
ceeding the diffraction limit, due to the nonlinearity combined with the threshold ef-
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fect [29]. Careful control of the laser power and scanning speed enabled a minimum
fabrication resolution of ~18 nm [30]. One of themajor application fields of this feature
is two-photon polymerization (TPP) for the fabricationof photonic crystals [31],micro-
machines [32], and biochips [33]. In the 2000s, it was determined that ultrafast laser
irradiation at intensities near the ablation threshold forms nanoripple structures on
various materials with periodicities much shorter than the wavelength [34–36]. Reg-
ular arrays of conical microstructures are also produced on Si by irradiation with an
ultrafast laser beam in a halogen atmosphere (e.g. SF6 or Cl2) [37, 38]. The surface
structures produced exhibit unique properties of antireflectivity, superhydrophobic-
ity and infrared absorption.

Owing to the above advantages, femtosecond laser processing has attracted sig-
nificant attention and has promised a wide variety of intriguing applications in not
only integrated photonic devices (e.g. waveguide writing [24], polarization sensitive
optics [39], quantum circuits [40], etc.) but also integrated microfluidic and optoflu-
idic systems (e.g. LOCdevices, µ-TAS systems) [28, 41]. In themeantime, this new inter-
action of femtosecond lasers with matter, i.e. irradiation of intense ultrafast pulses in-
side transparentmaterials such as glass and crystals, has led to many other intriguing
phenomena, such as the formation of nanovoids [42] and periodic nanogratings [43],
element redistribution [44], nanocrystallization [45], and ‘quill’ nonreciprocal writ-
ing [46]. Several review papers as well as books are available on femtosecond laser
micromachining,providing comprehensive overviews on its fundamental physics, the
basic processing systems, and many novel applications (Table 3.1).

This chapter mainly focuses on recent advancements in femtosecond laser fab-
rication of multifunctionalities as well as their hybrid integrations in transparent
dielectrics. The remainder of this article is organized as follows. In Section 3.2, the

Tab. 3.1: Review articles and books in the field of femtosecond laser micromachining.

Review Articles General reviews Overview of femtosecond laser micromachining [8, 9, 13]

Fundamentals Mechanism of ultrafast laser ablation [47–49]

Techniques Beam/pulse shaping [50]
Special beams [51]
Super resolution [52]

Applications Photonic devices [53–59]
Microfluidics and optofluidics [28, 41, 60–62]
Surface and bulk nano-/micro-structuring [63–66]
Two-photon polymerization [33, 67–72]
Ultrafast laser surgery [73–75]

Books Misawa et al. (2006) [76]
Sugioka et al. (2010, 2013, 2014) [77–79]
Osellame et al. (2012) [80]
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fundamentals, including principles and characterizations, of femtosecond laser pro-
cessing are discussed. In Section 3.3, the currently proposed spatiotemporal focusing
of femtosecond laser pulses for materials processing is specifically described, includ-
ing its principles, applications in micromachining, and novel nonlinear effects of
this techniques. Sections 3.4, 3.5, and 3.6 introduce femtosecond laser fabrication of
microfluidics, micro-optical components and electronic microstructures respectively.
Section 3.7 discusses a variety of microchipswith hybrid functionalities based on fem-
tosecond laser fabrication, including electro-optical integration in LiNO3, optofluidic
sensors, and electrically tunable micro-optical resonators fabricated with FsLDW. Fi-
nally, a summary is given in Section 3.8, which also discusses the future outlook for
these subjects.

3.2 Fundamentals of femtosecond laser processing

3.2.1 Introduction to femtosecond lasers

Laser pulseswith time durations of a few femtoseconds (1 fs = 10−15 s) to several hun-
dred femtoseconds are referred to as femtosecond pulses. Such pulses have a broad
optical spectrum (e.g. a 40-fs pulse with a center wavelength of 800 nm typically has
a spectral width of about 30nm). Currently, these ultrashort pulses can be generated
using mode-locked oscillators. Amplification of ultrashort pulses typically requires a
technique referred to as chirped pulse amplification (CPA) in order to avoid damage to
the gain medium of the amplifier [81].

Retrospectively, the development of ultrafast optics was triggered by the inven-
tion of laser mode locking, one of the most striking interference phenomena in na-
ture [82, 83]. In the 1980s, continued work on the development of solid-state laser
materials gave rise to the emergence of a number of new laser media. Various host
crystals (YAG, sapphire, forsterite, LiSAF, etc.) doped with transition metal (titanium,
chromium) ions now provide laser transitions with enormous bandwidths on the or-
der of 100 THz in the near-infrared wavelength range. The discovery of self-mode-
locking [84] or Kerr-lens mode locking (KLM) [85, 86] in a titanium-doped sapphire
(Ti:S) laser [87] revolutionized ultrafast laser technology.

Many intriguing applications of ultrashort pulses call for intensities requiring
peak powers far exceeding the power levels that can be directly obtained from CW
mode-locked oscillators. To this end, the pulses delivered bymode-locked lasers need
to be amplified. Femtosecond pulse amplification is first demonstrated by using dye
cells or jets pumped by Q-switched Nd:YAG and copper-vapor lasers [88]. Recently,
modulation of the multilayer period of dielectric laser mirrors is demonstrated to re-
sult in a wavelength-dependent penetration depth of the incident radiation. These
devices have been referred to as chirped multilayer mirrors [89], which has paved the
way towards the single-cycle regime.
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Fig. 3.1: The development with reliability and costs of ultrafast lasers [93].

A robust, stable and very compact fiber chirped pulse amplifier was also developed in
the 2000s [90], which facilitated the application of femtosecond lasers. More recently,
a rare earth-doped laser medium has been adopted to realize a compact and high-
power ultrafast laser systembydiode pumping, i.e. core-pumped erbiumor ytterbium-
doped fibers act as the active laser media, although the pulses are much broader than
pulses generated by Ti:sapphire systems [91, 92]. The pump-power originates from
long-life pigtailed laser diodes at wavelengths close to 980nm. Passive mode-locking
techniques for ensuring ultrafast pulse generation are based on non-linear polariza-
tion rotation or saturable absorbermirrors (SAM). Picosecond lasers based on this sys-
tem that are suitable for industrial applications have become commercially available.
In the 2010s, ultrafast laser processing has thus become amore reliable tool for practi-
cal and industrial applications. The development with reliability and costs of ultrafast
lasers is shown in Figure 3.1.

Theoretically, an ultrashort pulse is a wavewhose field amplitude follows a Gaus-
sian envelope and whose instantaneous phase has a frequency sweep. The real elec-
tric field corresponding to an ultrashort pulse is oscillating at an angular frequency
ω0 corresponding to the central wavelength of the pulse [94]. The central angular fre-
quency ω0 is usually explicitly written in the complex field, which may be separated
as a temporal intensity function I(t) and a temporal phase function φ(t):

E(t) = √I(t) exp(iω0t) exp(iφ(t)) (3.1)

The expression of the complex electric field in the frequency domain is obtained from
the Fourier transform of E(t), and can be defined in the frequency domain:

E(ω) = √S(ω) exp(iφ(ω)) = F {E(t)} , (3.2)
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where S(ω) is the spectrum (or intensity spectral density) of the pulse, and φ(ω) is
the spectral phase. When φ(ω) is a constant, the pulse is called a bandwidth-limited
pulse, while the pulse is called a chirped pulse for a quadric phase of φ(ω). Such a
chirpmaybe induced by propagating the pulse through dispersive optics, which leads
to a temporal broadening of the pulse.

The intensity functions, I(t) and S(ω), determine the time duration and spectrum
bandwidth of the pulse. This minimum value of time-bandwidth product depends
on the definition used for the duration, and on the shape of the pulse. For a given
spectrum, the minimum time-bandwidth product, the shortest pulse, is obtained by a
transform-limited pulse, i.e. for a constant spectral phase φ(ω).

For femtosecond optics, several optical devices have been specifically designed
for ultrashort pulses, such as pulse compressors and stretchers, devices that can be
used to control the spectral phase of ultrashort pulses [95]. They are composed of a
sequence of prisms, or gratings. When properly adjusted, they can alter the spectral
phase φ(ω) of the input pulse so that the output pulse is a bandwidth-limited pulse
with the shortest possible duration. A pulse shaper can be used to make more com-
plicated alterations on both the phase and the amplitude of ultrashort pulses [96].
To accurately control the pulse, a full characterization of the pulse spectral phase is a
must in order to get certain pulse spectral phase (such as the transform-limited). Then,
a spatial light modulator (SLM) can be used in the 4-f plane to control the pulse.

Currently, several techniques are available to measure ultrashort optical pulses:
(1) intensity autocorrelation: gives the pulse width when a particular pulse shape is
assumed; (2) spectral interferometry (SI): a linear technique that can be used when
a pre-characterized reference pulse is available, also giving the intensity and phase;
(3) spectral phase interferometry for direct electric-field reconstruction (SPIDER): a
nonlinear self-referencing technique based on spectral shearing interferometry [97];
(4) frequency-resolved optical gating (FROG): a nonlinear technique that yields the
intensity and phase of a pulse, which is a spectrally resolved autocorrelation [98];
and (5) grating-eliminated no-nonsense observation of ultrafast incident laser light
e-fields (GRENOUILLE), a simplified version of FROG [99].

Since the development of ultrafast optics, intense femtosecond laser pulses have
been increasingly used formaterials processing. Currently, femtosecond laser process-
ing is not only a subject of intensive academic research but also a reliable tool for both
practical and industrial applications.

3.2.2 Principles of femtosecond laser processing

Fundamental investigations into the laser processing of materials have revealed that
the time dependence of ultrafast electron and lattice dynamics is quite different for
long and for ultrashort laser pulses. It is established that intense laser pulses with
durations of nanoseconds can be used to anneal the lattice in a manner of thermal
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Fig. 3.2: Typical timescales during interaction of ultrashort laser pulses with transparent materials.

processing. For ultrashort laser pulses in the femtosecond regime, however, the elec-
trons and the lattice are driven far out of equilibrium and disordering of the lattice
can occur. During the interaction of an ultrashort pulse with a transparent material,
the laser energy is first deposited into the electrons and then transferred to the lattice,
with several regimes of electron excitation and relaxation [12, 100]. These regimes and
the timescales of the corresponding processes are shown in Figure 3.2.

The interaction of femtosecond laser pulses with transparent materials with wide
bandgaps (e.g. 800-nm femtosecond pulses interacting with fused silica glass) is gen-
erally regarded as a multiphoton absorption (MPA) process. When a single photon
has an energy exceeding the bandgap of the material, it is absorbed by exciting an
electron from the valence band (VB) to the conduction band (CB) by single-photon
absorption, as illustrated in Figure 3.3 (a). However, when an extremely high density
of photons (i.e. extremely high-intensity light) is incident on the material, an elec-
tron can be excited by multiple photons via virtual states, even if the photon energy
is smaller than the bandgap, as shown in Figure 3.3 (b). Due to the nonlinear nature
of MPA, tightly focused femtosecond laser pulses can be strongly absorbed even by a
transparent medium. This light-matter interaction occurs only near the focal volume
where the peak intensity is sufficiently high to induce MPA with a large absorption
cross section. This is fundamentally different from the possible avalanche ionization
(AI) process that can induce breakdown in the case of interaction of long laser pulses
(typically nanoseconds) with transparent materials [101]. For the long pulses, such AI
dominated processes are mainly caused by impurities and dislocations in the focal
volume. They therefore occur stochastically and are irreproducible. In contrast, the
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Fig. 3.3: Schematic illustration of (a) single- and (b) multiphoton absorption processes. CB: conduc-
tion band, VB: valence band.

MPA dominated process induced by femtosecond lasers is deterministic in that it is
only seeded by multiphoton/tunnel ionization. This unique characteristic allows re-
producible and controllable processing to be performed using femtosecond lasers.

At high laser intensities and low frequencies, electron excitation is induced by
tunneling ionization rather thanmultiphoton absorption. In tunneling ionization, the
potential barrier formed by the valence and conduction band structures is first dras-
tically deformed by the intense electric field of a femtosecond laser before the barrier
length is reduced. When this occurs, an electron can tunnel through the barrier and
eventually easily escape from the molecule to be excited from the valence band to the
conduction band (Figure 3.4).

The probabilities of multiphoton absorption and tunneling ionization in fem-
tosecond laser interaction with transparent materials can be determined by the
Keldysh parameter [102],

γ = ω
e
√mecnε0Eg

I
, (3.3)

whereω is the laser frequency, I is the laser intensity,me is the electron effectivemass,
e is the fundamental electron charge, c is the speed of light, n is the linear refrac-
tive index, ε0 is the permittivity of free space, and Eg is the bandgap of the material.

Fig. 3.4: Tunneling ionization induced by femtosecond
laser irradiation.
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When γ is much greater than 1, multiphoton absorption is dominant and when γ is
much smaller than 1, tunneling ionization is dominant. For γ ≈ 1, photoionization is
induced by a combination of both processes. Thus, femtosecond laser scans induce
strong absorption (electron excitation) even in transparent materials, thereby allow-
ing high-quality microprocessing of glass materials.

3.2.3 Characterization of femtosecond laser processing

Compared with conventional laser fabrication techniques that use continuous wave
(CW) lasers or lasers with nanosecond pulses, femtosecond laser processing has sev-
eral distinct advantages.

(1) Elimination of thermal diffusion
The use of a focused femtosecond laser beam can significantly reduce thermal effects
duringmaterial processing, due to the fact that most of the energy associated with the
pulse can be deposited into electrons before being transferred to the lattice when the
pulse duration is shorter than the electron-phonon coupling time (typically a few to
a few tens of picoseconds), as indicated by the dark shaded region in Figure 3.5. Fun-
damental investigations into laser processing of materials have revealed that the time
dependence of ultrafast electron and lattice dynamics is quite different for long and
for ultrashort laser pulses. It is established that intense laser pulses with durations
of nanoseconds can be used to anneal the lattice in a manner of thermal processing.
For ultrashort laser pulses in the femtosecond regime, however, the electrons and the
lattice are driven far out of equilibrium and disordering of the lattice can occur. Dur-
ing the interaction of an ultrashort pulse with a transparent material, the laser energy
is first deposited into the electrons and then transferred to the lattice, with several
regimes of electron excitation and relaxation. These regimes and the timescales of the
corresponding processes are shown in Figure 3.2.

The free-electron temperature increases rapidly and becomes much higher than
the lattice temperature, a process that can be characterized by a two-temperature
model [103]. Material in the laser interaction region is then ejected in a very short time
in the form of hot dense plasma, leaving the local lattice still ‘cold.’ This effect is ob-
vious for femtosecond lasers with a low repetition rate (a few kHz or less), and even
for a high repetition rate (a few hundred kHz or more) such a process can effectively
suppress the formation of HAZ, thus enabling the fabrication of fine structures with
micro- or nanoscale features. On the other hand, for laser pulse durations significantly
longer than the electron-phonon coupling time, although the radiation energy is first
transferred to the electrons, the electrons transfer it to the lattice before the pulse has
terminated. This allows the electrons and the lattice to reach an equilibriumstate, and
the laser simply ‘heats’ the solid to its melting temperature within the duration of the
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Fig. 3.5: Schematic illustration of the interaction of (a) long and (b) ultrashort laser pulses with
transparent material. Scanning electron microscope (SEM) images of holes drilled in 100-µm-thick
steel foils by ablation using (c) 3.3 ns-pulses and (d) 200 fs-pulses.

pulse. This gives rise to significant thermal diffusion, and consequently a reduction in
fabrication quality and achievable resolution.

When the laser pulse width is shorter than the electron-phonon coupling time
in laser-matter interactions, thermal diffusion to the interior of the material can be
almost ignored. Most metals have an electron-phonon coupling time on the order of
picoseconds [104], which is sufficiently long compared with the pulse width of fem-
tosecond lasers. In this regime, when the material is heated to near the melting point
Tim by femtosecond laser irradiation, the thermal diffusion length ld is given by

ld = [128π ] 1
8 [ DCi

Timγ2C󸀠e ] 1
4

, (3.4)

where D is the thermal conductivity, Ci is the lattice heat capacity, C󸀠e is given by
C󸀠e = Ce/Te (where Ce is the electron heat capacity and Te is the electron tempera-
ture), and γ is the electron-phonon coupling constant [105]. For example, when copper
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is heated to its melting point of Tim = 1356K by a femtosecond laser, ld is calculated
to be 329 nm [106].

On the other hand, when the laser pulse width τ ismuch longer than the electron-
phonon coupling time, ld can be approximately estimated using

ld = √κτ . (3.5)

Here, κ is the thermal diffusivity. For copper, ld is estimated to be 1.5 μm for τ = 10ns.
Thus, femtosecond laser processing can clearly reduce the thermal diffusion length,
reducing HAZ formation in the processed region.

(2) Internal processing
Another important benefit of femtosecond laser microfabrication is that it can be used
to machine transparent materials in a 3D space-selective manner, because MPA only
occurs in the beam focal volume, where the light intensity is sufficiently high. It is
noteworthy that this unique 3D capability cannot be achieved using nanosecond UV
lasers since when single photon absorption is involved, modification always begins
at the surface and moves inwards, as illustrated in Figure 3.5 (a) and 3.5 (b). Even if a
nanosecond laserwith awavelength sufficiently long for thematerial to be transparent
is used, 3Dprocessing still cannot be realized because a radiation intensity sufficiently
high to induceMPAwill also lead to strong thermal effects such as cracking, due to the
long pulse duration. The ability to create arbitrary 3D structures within transparent
substrates by the use of femtosecond lasers enables the production of novel device
architectures with enhanced functionality and improved compactness.

The probability of nonlinear absorption processes such as multiphoton absorp-
tion and tunneling ionization occurring is strongly dependent on the laser intensity.
For instance, the absorption cross section for n-photon absorption is proportional to
the n-th power of the laser intensity. Therefore, nonlinear absorption canbe efficiently
induced only at laser intensity above a specific critical value that is dependent on both
the material and the pulse width. When a femtosecond laser beam is focused inside
a transparent material with adequate pulse energy, nonlinear absorption can be con-
fined to a region near the focal point inside the material where the laser intensity ex-
ceeds the critical value. In this way, internal modification of transparent materials
and fabrication of structures inside them can be performed, but only using ultrashort
pulse lasers. Internal modification is currently widely applied to TPP, photonic device
and biochip fabrication, and glass bonding, as discussed below.

(3) Subdiffraction-limited resolution
Again due to the characteristics of MPA, the effective processing profile of a femtosec-
ond laser beam can bemuch narrower than its Gaussian intensity profile, as indicated
in Figure 3.6 (a). This is because the distribution of absorbed energy for N-photon ab-
sorption is proportional to the N-th power of the laser intensity (N is the number of
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Fig. 3.6: (a) Profiles of energy absorbed during single-photon absorption, three-photon absorption
and five-photon absorption. The hole-diameter is indicated by the inner solid line. (b) SEM micro-
graph of nanometer-scale hole fabricated in glass. The dark circle indicates the 1/e2 focus spot
size [107] (Reproduced with permission from PNAS. ©2004 by the National Academy of Sciences,
U.S.A.).

photons simultaneously absorbed by the material to produce a transition from the VB
to the CB). The effective beam diameter is then given by

Deff = ω0

N 1
2
, (3.6)

where ω0 is the actual beam diameter. Meanwhile, suppression of the HAZ by fem-
tosecond laser processing restricts the laser-modified region to within a few nanome-
ters of the volume where the laser fluence is above the threshold for inducing MPA.
This makes it easy to achieve a fabrication resolution far beyond the optical diffrac-
tion limit by adjusting the intensity at the center of the Gaussian beamprofile so that it
is as close as possible to the threshold intensity for modification. For example, a res-
olution of λ/20 has been realized for both surface modification [107] (Figure 3.6 (b))
and internal modification [108], and a resolution of λ/40 has been reported for a TPP
process [109].

In principle, the threshold effect provides no limit to the fabrication resolution,
because the resolution can be significantly improved if the incident energy fluency is
set to as near to the intensity at the center of laser beam as possible. Careful stabi-
lization and control of the laser power has resulted in resolution better than 20 nm for
TPP using a 780nm femtosecond laser. However, in practice, fluctuations of the fem-
tosecond laser output power make fabrication of 3D nanostructures with such high
fabrication resolution rather difficult. Thus, the typical resolution for the fabrication
of 3D nanostructures by TPP is 100–200 nm [29].

(4) Multifunctional integration
The tightly focused femtosecond laser beam can be used to precisely modify or even
permanently change the physical and/or chemical properties of the material in a spa-
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Fig. 3.7: Conceptual illustration of hybrid integration of multifuntionalities using FsLDW.

tially selective manner. A host of exciting novel effects, including surface/bulk mi-
crostructuring [63–66], subtractive micromachining [60–62], refractive index modifi-
cation [53–59], selective metallization [110, 111], and TPP [67–72], can be achieved by
FsLDW, which enables multifunctional integration in a single substrate.

Due to the powerfulmanufacturing capability of FsLDW, these components canbe
produced in a very similar manner. A typical conceptual illustration of the hybrid in-
tegration of multifuntionalities using FsLDW is shown in Figure 3.7. The fabrication
of an optical waveguide is one of the first demonstrations of the potential of fem-
tosecond laser micromachining for photonic applications in transparent dielectrics.
Preparation of microfluidic channels can be realized by FsLDW with assisted chemi-
cal etching. Furthermore, amicroheater component can be fabricated using femtosec-
ond-laser-induced electroless plating. Detailed procedures of these processes will be
illustrated in the following sections.

3.2.4 Femtosecond laser direct writing systems

Figure 3.8 shows a schematic diagram of a typical FsLDW system. Generally, a fem-
tosecond amplifier system is required to process glass. A λ/2 plate in combinationwith
a Glan prism is used to coarsely adjust the laser power, while an additional variable
neutral density (ND) filter is used to tune the laser power more precisely. The expo-
sure time is controlled by a mechanical shutter. To monitor the stability of the input
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Fig. 3.8: Schematic configuration of general FsLDW system.

laser power during fabrication, a beam splitter is employed to split the input laser
beam into two with a fixed intensity ratio. One of the split beams is monitored using
a power meter, and an autocorrelatoris is used to evaluate the pulse duration [50]. In
the general case, the second split beam is passed through a microscope with the ob-
jective of producing a tightly focused spot. For special purposes, however, other types
of optical elements can be used, such as a cylindrical lens for line scanning during
high-volume processing [112], or an axicon for producing a nondiffractive beam for
high-aspect-ratio drilling [51]. The sample is placed on a high-precision XYZ transla-
tion stage controlled by a computer for 3D translation. A dichroicmirror and a charge-
coupled device (CCD) camera connected to the computer are installed above the fo-
cusing lens to enable the fabrication process to be monitored in real time.

In femtosecond laser processing of transparent material, laser conditions such
as the spatiotemporal beam profile [113], repetition rate [114], scanning speed [115],
and polarization [116] can have significant impacts on the fabricated microstructure.
These parameters can be precisely tuned using electrical and optical devices. A com-
bination of a wave plate and a polarizer can be used to control the polarization of the
laser beam, which is important for some types of applications [116, 117]. A ND filter or
an attenuator can be used to produce inhomogeneous illumination, which can lead
to a surprising ‘quill’ writing effect [118]. Using a programmable shutter or an exter-
nal acousto-optic modulator, a burst of pulses can be produced for single-step writ-
ing of fiber Bragg grating (FBG) structures [119]. To compensate for the low through-
put of conventional FsLDW, a point-by-point scanningmethod, a microlens array, or a
diffractive optical element can be employed to achieve parallel processing [120, 121].

A key optical component in this system is the focusing lens because it deter-
mines the focal spot size, which is directly related to the fabrication resolution. As
the femtosecond laser pulses possess a broad spectra, both spherical and chromatic
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Tab. 3.2: Parameters of typical microscope objectives.

Objective lens Numerical aperture Working distance (mm) Focal distance f (mm)

MPLN 5× 0.10 12.0 36
MPLN 10× 0.25 6.5 18
MPLN 20× 0.40 1.3 9
MPLN 50× 0.75 0.38 3.6
MPLN 100× 0.90 0.21 1.8

aberrations should be minimized when focusing them. For this reason, commer-
cially availablemicroscope objective lenses are frequently used for femtosecond laser
processing, especially when high spatial resolutions are required. The fabrication
resolution achievable with these objectives largely depends on their numerical aper-
ture (NA), as well as the lateral direction, where the focal spot diameter is given
by 1.22 λ/NA, which is inversely proportional to the NA. However, a high-NA ob-
jective lens usually has a short working distance, limiting its ability to fabricate 3D
microstructures deep in a substrate. Consequently, a tradeoff exists between the
fabrication resolution and the working distance for each specific application. Pa-
rameters of typical microscope objectives are shown in Table 3.2. As a reference,
in previous studies a relatively long working distance objective with an NA of 0.46
and a working distance of ~2mm is often employed for writing optical waveguides
and fabricating microfluidic channels in 2-mm-thick glass substrates. On the other
hand, very high NA objectives (e.g. oil-immersion objectives) are often employed for
surface nanostructuring or TPP using femtosecond pulses because these applica-
tions do not require long working distances as they involve surfaces and thin sam-
ples [122, 123].
Another important optical component in the FsLDW systems is a tunable attenuator
for externally controlling the femtosecond laser power. To ensure a stable operation
(e.g. minimizingfluctuations in the laser parameters, including the pulsewidth, pulse
energy, and pointing direction), the output energy of the femtosecond laser should
remain constant during fabrication. The pulse energy is usually varied by rotating a
half-wave plate placed in front of a polarizer. If this combination of a half-wave plate
and a polarizer does not allow the femtosecond laser pulses to be sufficiently atten-
uated because of the limited extinction ratio, neutral density filters can be inserted
after the polarizer to achieve a wider tunable range.

In addition to the basic optical components mentioned above, a device for char-
acterizing the spatiotemporal profiles of the femtosecond laser pulses is frequently re-
quired. To date, various devices have been developed for the characterization of ultra-
fast laser pulses. In the simplest case, such a device can be an autocorrelator by which
the temporal duration or structure of ultrashort pulses canbe quantitatively evaluated
with a moderate accuracy. The autocorrelator measures the femtosecond pulse dura-
tion by splitting the pulse into two replicas,mixing them in a nonlinear optical crystal,
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and recording the generated nonlinear signals (e.g. second or third harmonics) as a
function of the relative delay between the two replicas. As the intensity of the nonlin-
ear signal relies on the overlap between the two replicas, the temporal duration canbe
estimated from the autocorrelation trace by assuming a certain functional form for the
temporal shape of the pulses to be measured. The autocorrelation measurement can-
not provide information on the electric field. Extracting the complete information of
the electric field is critical for understanding the mechanisms behind the interaction
between femtosecond laser pulses and the materials, which can be achieved either by
FROGor SPIDER. For anoverviewof these commonpulse characterization techniques,
the reader can refer to some review articles [124, 125]. Fortunately, the pulse charac-
terization devices based on the above-mentioned techniques have all been commer-
cialized today, and can be purchased depending on the requirements of the specific
applications.

Most current pulse characterization techniques, including autocorrelation, FROG,
andSPIDER, can only be used tomeasure the temporal characteristics of the femtosec-
ond pulses with a uniform temporal profile over the cross section of the laser beam.
However, for investigating the microscopic processes involved in the FsLDW in vari-
ous transparent materials, the direct characterization of the spatiotemporal profiles
of the electric field of the tightly focused femtosecond laser pulses is sometimes more
desirable. As in the focal volume, the spatiotemporal distortion of the pulses can eas-
ily occur due to the imperfection in the optical path alignment and/or the aberrations
of the focusing systems. Such distortion can alter the laser-matter interaction at the
microscopic scales, as discovered by Kazansky et al. [126]. In ambient air, the char-
acterization of the femtosecond laser pulses at the focus can be realized by replacing
the bulk nonlinear crystals used in the traditional techniques such as the FROG and
SPIDERwith nonlinear nanoprobes [127, 128]. However, techniques enabling the char-
acterization of the femtosecond laser pulses focused on transparent materials are yet
to be developed.

One drawbackof the FsLDW is that it has a low throughput as it is a serial process.
Fortunately, compact, high-power, high-repetition rate ultrafast laser systems have
recently been demonstrated, although their pulses are much broader than the pulses
generated by the Ti:sapphire systems [91, 92]. With these lasers, the scan speed in
direct writing can be dramatically increased by replacing the XYZ motion stage with
a galvo scanner [129].

3.2.5 Overview of beam/pulse shaping methods

Most of the FsLDW processes have displayed the manner of transverse direct writing,
i.e. the writing direction is perpendicular to the laser propagation direction. Since
there is a tradeoff between the fabrication resolution and the working distance in a
commercially available objective lens (e.g. an NA of 0.46 corresponding to a working
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Fig. 3.9: Schematic of spatial and/or temporal beam shaping methods typically used in FsLDW:
(a) conventional focusing (CF), (b) slit beam shaping, (c) temporal pulses shaping.

distance of ~2mm), and a relatively longer distance is required for deep processing
of bulk material, the focal spot produced by an objective lens typically has an asym-
metrical shape elongated in the direction of propagation, resulting in unbalanced lat-
eral and axial resolutions, i.e. the lateral size of the focal spot is given by 1.22 λ/NA
while the axial size is 4λ/NA2. Efforts have therefore been made in solving this prob-
lem [130–133], of which the slit beam shaping method has been widely employed due
to its simplicity. As shown in Figure 3.9 (b), a narrow slit with a width of ~500 µm can
beplaced right above a 20× objective lens, thus formingmicrostructureswith symmet-
rical cross sections when the laser direct writing direction is parallel to the orientation
of the slit.

The temporal characteristics of ultrashort pulses such as the pulse duration and
temporal profile of the pulse also show significant effects in some special process-
ing [113, 134]. The developed pulse shaping methods in ultrafast technology [96] can
be borrowed by femtosecond laser processing, and used in improving the fabrication
quality as well as high efficiency. As shown in Figure 3.9 (c), a typical optical system
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for temporal pulse shaping consists of a pair of gratings and a pair of focusing lenses,
which are arranged in a 4-f configuration for zero dispersion. A pulse-shaping mask,
which can be a SLM, a deformable mirror, or an acoustic-optical modulator, is placed
in the Fourier plane for tuning the spectral phase and/or amplitude. This device can
generate almost arbitrary pulse profiles with a resolution (e.g. finest temporal feature)
that is limited only by the spectral width of the pulses, enabling photoionization and
electron-electron impact ionization to be controlled even on an intrinsic time and in-
tensity scale.

Among different laser processing techniques, photoinscription employing ultra-
short laser pulses has demonstrated increased potential for three-dimensional op-
tical functionalization of bulk transparent materials. The resulting refractive index
changes can be viewed as building blocks for embedded optical functions, used for
example in wave guiding applications. The requirements of a desired photonic re-
sponse involve precise adjustments of the refractive index, which usually depend on
the material relaxation paths. Mechanisms with distinct characteristic timescales are
involved, such as defect creation or thermomechanical compaction, and by adjusting
irradiation conditions, a certain control of their competition may be established, re-
sulting in a better design of the material transformation. Advanced strategies are then
necessary to improve the irradiation results.

Recently, beammanipulation concepts have been developed, which allow amod-
ulation of the energy feed according to material transient reactions, thus enabling a
synergetic interaction between light and matter and, therefore, optimal results. The
emerging idea is that suitable light time delivery can enable the control of the excita-
tion and relaxation processes with consequences for the finalmodification. The photo
writing techniquemay therefore be conveniently tuned to determine suitablematerial
behaviors, i.e. positive refractive index changes in materials of optical interest, with
both fundamental and technological consequences.

This emphasizes a fundamental question; namely, how irradiation results can be
improved, taking into account various criteria for quality processing. Considering the
complexity of processes occurring between the initial excitation and the final struc-
tural transformation, the task of defining the possible improvement factors is rather
difficult, requiring more efficient optimization procedures. We consequently discuss
structuring approaches based on adaptive spatiotemporal pulse manipulation using
automated light modulators capable of influencing ultrafast laser-induced processes
inside transparent materials to achieve better processing results. Two strategies for
gaining impact on material transformations under light exposure will be presented:
adaptive temporal tailoring techniques and spatial beam forming, together with their
integration in feedback-driven approaches. These strategies are discussed in the con-
text of optical functionalization for delivering specific designs of the refractive in-
dex, accompanied by concepts of efficient processing approaches. This also involves
an engineering aspect related to the simultaneous processing of structural modifica-
tions in 3D arrangements where a feasible solution is represented by dynamic spatial
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beam shaping techniques. The approach has a dual aspect and includes corrections
for beam propagation errors and spatial intensity distributions in desired forms for
parallel processing, mastering both the nonlinearity and the geometry of interaction.
Photowritten structures can be arranged in patterns generating complex propagation
effects. Offering then multiple opportunities for upgrading laser interactions and re-
sponding ‘intelligently’ tomaterial reactions, adaptive schemes in spatiotemporal do-
mains can have an extended range of action, enabling applications that can largely
benefit from light-matter synergies.

More recently, a technique termed spatiotemporal focusing has been proposed
as a very attractive new choice [135, 136] in femtosecond laser microfabrication. The
hope is that by focusing a spatially dispersed pulse, the duration manifests itself as
a function of the distance away from the focus, allowing for a significant reduction of
the peak intensity of the pulse out of the focus. Compared with CF, this approach is
advantageous in the achievement of 3D isotropic resolution and suppression of non-
linear effects out-of-focus in the materials. Details of this technique will be further
described in Section 3.3.

3.3 Spatiotemporal focusing of femtosecond pulses for
materials processing

3.3.1 Introduction

In 2005, simultaneous spatial and temporal focusing (SSTF), also named ‘spatiotem-
poral focusing,’ ‘space-time focusing’ or ‘temporal focusing (TF),’ was first developed
by the bio-imaging community for suppressing the background signal in two-photon
fluorescence microscopy, thus improving the axial resolution, as well as achieving
high speed imaging [137, 138]. The core of this technique involves directing the laser
pulse through an optical dispersive element (e.g. prisms, gratings) to produce an an-
gularly dispersive beam. In this situation, the spectral components that comprise the
ultrashot pulse are not spatially overlapped, and thereby cannot add together to pro-
duce a transform-limited pulse in time. The spatially separated frequencies can be
recombined together through an objective lens, producing a shortest pulse only at the
focal plane while the out-of-focus pulse is stretched. This focusing mode can local-
ize the peak intensity in both space and time domains, thus achieving an improved
axial resolution. In 2010, the spatiotemporal focusing method was implemented into
3D femtosecond lasermicromachining, leading to tremendous advances in improving
fabrication resolution, eliminating nonlinear self-focusing (Figure 3.10), and increas-
ing fabrication efficiency [135, 139–141].

Compared with CF, this approach is advantageous in that: (1) the axially localized
peak intensity of the pulse can substantially suppress self-focusing out of focus, while
providing a 3D isotropic fabrication resolution for FsLDW or offering the ability for
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Fig. 3.10: Schematic illustration of femtosecond filamentation in air using (a) CF and (b) simultane-
ous spatiotemporal focusing (SSTF).

low-NAmicromachining of bulk transparent materials, which has unique advantages
in femtosecond laser processing of nonlinear crystals and bio-tissues; (2) it allows
operation at a wide-field laser exposure scheme, thus enabling high-throughput 3D
lithographic microfabrication [136, 142]; (3) the suppression of out-of-focus nonlinear
interaction, together with preciselymanipulating the spatiotemporal characteristic in
a wide range, facilitate unraveling the fundamentals behind a couple of exotic ultra-
fast optical effects in light-matter interaction, such as the enhancement of clamped
intensity in femtosecond filamentation, second harmonic generation (SHG) in cen-
trosymmetric gas, and the intensity plane tilt (IPT) effect at the focal plane [143, 144].

In the field of micromachining, we categorize typical SSTF systems according to
their specific configurations and applications into two types: (1) wide-field SSTF, com-
prising a single grating and a 4-f system, and with the grating arranged right at the
focal plane of the objective lens; and (2) focusing-mode SSTF, consisting of a paral-
lel grating pair, an objective lens, and a chirp compensator to compensate the neg-
ative chirp introduced by the grating pair. The wide-field SSTF technique was orig-
inally proposed for high-speed depth-resolved microscopy [137, 138], and has since
been extensively studied in optogenetic control of neuronal activities [145, 146]. By
transferring the pattern into the substrate (e.g. photoresist) with this wide-field SSTF
illumination, high-throughput 3D lithographymicrofabricationbased on the TPPpro-
cessinghasbeendemonstrated [136], and ismeanwhile capable of optically sectioning
the fabricatedmicrostructures in a 3D inspectionmanner [142]. On the other hand, the
focusing-mode SSTFhas beenwidely used for cross-sectional shape control of FsLDW,
e.g. by focusing this spatially dispersed laser beamwith a 20× (0.46NA) objective lens
an approximately spherical focal spot can be created, enabling FsLDW of 3D optical
waveguides or microfluidic channels with isotropic circular cross-sections [136, 139].
It is also reported that by using a low NA parabola mirror (f = 25 mm, NA = 0.05),
this technique can be applied to the fabrication of microfluidic devices by ablation
through the back surface of 6mm-thick fused silica substrates [140]. Recently, fabri-
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cation of nonlinear material such as biotissues using this very similar setup has been
successfully demonstrated, promising some previously inhibited surgical implemen-
tations [147].

Another characteristic of SSTF is that it can inherently induce the pulse front tilt
(PFT) [141, 148], accompanied with an intensity plane tilt bizarrerie when arranged in
a focusing mode [149]. For FsLDW applications, it is also demonstrated that SSTF can
be used for ‘quill writing,’ i.e. the laser-induced modifications in homogeneous mate-
rials show a remarkable change when the writing direction is reversed. Moreover, the
tilting angle can be precisely controlled in a wide range by adjusting the spatial chirp
of the incident beam at the entrance of the focal lens, which may find potential in
controlling nanotexture formation such as polarization-sensitive devices fabrication,
superhydrophobic/hydrophilic surface processing, and so on. Themechanism under-
lying this effect has not yet been fully understood, though it has long been considered
to be closely linked to the structure existing in the electronplasma. A recently revealed
IPT effect brings this exotic phenomenon a step closer to being deciphered [149].

Finally, this temporally focused femtosecond pulse can be considered a special
case of the ultrafast laser beam in high field laser physics research, and has hastened
a variety of novel ultrafast optical phenomena. When implemented into femtosecond
filamentation investigations, significant enhancement of the peak intensity beyond
the conventional clamped intensity has been demonstrated [143], which would be of
great interest in remote sensing for achieving better spatial (longitudinal) resolution
and high signal-to-noise ratio. Meanwhile, it has recently been shown that unexpect-
edly strong SHG can be produced in a centrosymmetric argon gas by use of temporally
focused femtosecond laser pulses, which may originate from the gradient of nonuni-
form plasma dynamically controlled by such a special laser field [144]. Although these
experiments are carried out in air, we expect a similar effect can occur in glass, which
can lead to stronger modification inside glass materials. These novel effects may en-
able fascinating possibilities in the synthesis of new materials by femtosecond laser
induced shock wave.

3.3.2 Principles of spatiotemporal focusing methods

Currently, focusing-mode SSTF has been widely adopted in materials processing due
to its flexibility for FsLDW. In the following discussion, we refer to spatiotemporal fo-
cusing as this scheme. Figure 3.11 shows a schematic configuration of this spatiotem-
poral focusing, where a single-pass compressor G1-G2 is used to disperse the spectrum
components of the input pulses in space, before which the pulse should be prechirped
to compensate the negative chirp induced by G1-G2. Recombination of the spectrum
components is then achieved by a lens L, and thus the pulses can only reach the short-
est duration at the focus of the lens while being broadened out of the focus.
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Fig. 3.11: Schematic configuration of spatiotemporal focusing; G1&2: grating, L: lens.

Theoretically, calculation of the spatiotemporally focused femtosecond laser beam
propagation can be achieved using Fresnel–Kirchhoff’s diffraction theory [135, 139,
149]. Assuming that the temporal chirp of the incident pulse is precompensated, and
that the input spectral phase is φ(ω) = 0, the normalized light field of a spatially
dispersed pulse E1 at the entrance aperture of the lens thus can be expressed as:

E1(x, y, ω) =
A0 exp[−(ω − ω0)2

∆ω2 + i 12φ2in (ω − ω0)2] exp{−[x − α(ω − ω0)]2 + y2
w2
in

} , (3.7)

where A0 is the constant field amplitude, ω0 is the carrier frequency, ∆ω is the band-
width (1/e2 half width) of the pulses, and win is the initial beam waist (1/e2). φ2in is
the initial second-order phase, α(ω−ω0) is the linear shift of each spectral component
at the entrance aperture of the lens, with a detailed derivation of α in the Appendix in
this section.

After passing through the lens and propagating a distance z from the lens, the
light field can be written as:

E2(x, y, z, ω) =
exp(ikz)

iλz ∫ ∞∫
−∞

E1(ξ, η, ω) exp(−ik ξ2 + η22f ) exp[ik (x − ξ)2 + (y − η)22z ] dξdη ,
(3.8)

where k is the wave vector and f is the focal length of the lens. The intensity distribu-
tion in the time domain can be obtained by performing an inverse Fourier transform
of E2(x, y, z, ω) as:

ISSTF(x, y, z, t) = |E2(x, y, z, t)|2 = 󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
∞∫
−∞

E2(x, y, z, ω) exp(−iωt)dω󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
2

. (3.9)

The intensity distributions of the focused spatially dispersed beam in both the XZ
and YZ planes can be obtained according to equation (3.9). In the numerical simu-
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Fig. 3.12: Theoretical calculations of laser intensity distributions at the focus produced by an ob-
jective lens with (a) CF and with (b, c) spatiotemporal focusing technique in the XZ and YZ planes,
respectively.

lation, the pulse duration and the spectrum bandwidth are 40 fs, 30nm respectively.
The distance between the gratings (1200 l/mm, blazing at 45°, which is also the inci-
dent angle of the laser beam) is set to be ~180mm. The beamwaist of the input laser is
2win = 5mm. The intensity distribution of the CF laser beam can be obtained by sub-
stituting α = 0 into equation (3.7). As shown in Figure 3.12, one can clearly see that a
nearly spherically shaped intensity distributionhasbeenobtainedwith the spatiotem-
poral focusing.

In order to obtain an analytical expression of the peak-intensity distributions near
the focus for the SSTF beam, the calculations are simplified by employing the slow
varying envelope approximation (SVEA) to equation (3.9), namely, assuming that the
wave vector k for each frequency is approximately the center wavelength of the pulse
k0, which is valid for a pulse width of more than 100 fs. The peak intensity can then
be expressed as

ISSTF(x, y, z, t) ∝ 󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨R(z) exp(− x2 + y2Q ) exp[− ∆ω2

2(1 + ψ) (t + fαx
P )2]󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨2 , (3.10)

where

ψ = i (z − f)α2∆ω2

P , (3.11)

R(z) = 1
1 − z

f + i z
kW2

in

1√1 + ψ , (3.12)

P = zf
k + i(z − f)W2

in , (3.13)

Q = ( zf
k2W2

in
+ i z − fk )/(1 − if

kW2
in
) . (3.14)
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At the focal plane, where z = f , the spatiotemporal intensity becomes

ISSTF(x, y, z = f, t) ∝ exp(− x2 + y2
f 2/2k2W2

in
) exp [−∆ω2 (t + kαx

f )2] . (3.15)

Obviously, there is a time shift t0 = kαx/f along the x-direction, which indicates that
the shortest pulses arrive at the focal plane at different times in the x-direction but ar-
rive simultaneously in the y-direction. This effect is termed as PFT, the origin of which
will be further discussed below.

There is also a growing interest in the mathematical characterization of the spa-
tiotemporally focused laser beam, including both its free-space propagation and the
nonlinear interaction with materials. Early theoretical models are mostly based on
the Fresnel diffraction integral calculations, in which a paraxial approximation is re-
quired, as depicted above. By use of the SVEA (i.e. the spectral bandwidth of the pulse
is a small fraction of the carrier frequency for 100-fs pulses typically used in two-
photon microscopy applications) or neglecting the high-order chirp, analytical ex-
pressions for a 4D spatiotemporal profile of the pulses and even the varying pulse
duration can be intuitively described [139, 150]. By taking into account the refractive
index of the material, a generalized Huygens–Fresnel integral (i.e. Collins integral)
method can be employed by describing each optical element (including the propaga-
tion medium) with an ABCD matrix [149]. By considering each spectral component of
the spatially dispersed laser pulses as Gaussian beamlets and incorporating the spec-
tral phase information, a double-ABCDmethod is developed todescribe the spatiotem-
poral structure of this kind of beam, in which analytical expressions for the varying
pulse duration, the longitudinal intensity profile, PFT, and IPT can be derived [151].
To precisely characterize temporally focused ultrashort pulses with large bandwidth
and/or ones focused with a high NA objectively, a vector TF theory is employed to
analyze the nonparaxial case of this technique, revealing that the analytic solution
of the paraxial approximation gives an axial resolution almost twice that of the vec-
tor case [152]. Meanwhile, a Rayleigh–Sommerfeld diffraction process with low-order
Zernike modes considered is performed to analyze the effects of aberrations in spa-
tiotemporal focusing of ultrashort laser pulses [153]. In addition to the above theoret-
ical models on the beam propagation characterization of temporal focusing, several
works have been completed on more complicated beam propagation through scatter-
ing media [154] or nonlinear interaction with material [155], which can be potentially
used for predicting temporal focusing characteristics in practicalmicromachiningap-
plications, and getting a full understanding of this burgeoning technique.

3.3.3 3D isotropic fabrication resolution using spatiotemporal focusing

Intuitively, improving the axial resolution can be used to match the lateral resolution,
thus realizing a symmetrical cross sectional shape of microstructure when using fem-
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Fig. 3.13: Experimental setup of femtosecond laser micromachining using spatiotemporal focusing
technique.

tosecond laser direct writing. A schematic of the experimental setup for spatiotem-
porally focused laser direct writing is shown in Figure 3.13. The femtosecond lasers
(Libra-He/Rega-9000/Legend-Elite; Coherent Inc.) employed for the direct writing are
the chirped pulse amplification (CPA) systems, with pulse durations of 40~200 fs and
center wavelengths of 800 nm, which have been described in detail elsewhere [135,
139, 149]. In this experiment, the input laser beam size is controlled by an adjustable
circular aperture. A pair of parallel gratings (blazing at 800nm) is used to separate
the spectral components of the incident pulse in X coordinates; that is, to produce a
spatial dispersion that is different from the grating-lens setup used in spatiotemporal
focusing bio-imaging systems.

To precompensate all the chirps through the optics, the input pulse is positively
prechirped by decreasing the distance between the grating pair of the CPA pulse com-
pressor. The best precompensation of dispersion can be achieved when the strongest
ionization (i.e. the brightest plasma) of the air is observed at the focus of the objective.
The power of the spatial dispersed pulse is adjusted by neutral density (ND) filters,
before being focused by an objective lens (20×, 0.46 NA, f = 8 mm; BX-51, Olympus
Inc.) into a glass sample. The glass can be arbitrarily translated by a PC-controlled
XYZ stage (P-545; Physik Instrumente Inc.).

Experimental proofs of the cross sectional shape control by comparing the CFwith
the SSTF beam are also demonstrated. To do this, 3D microfluidic channels are fabri-
cated in fused silica by FsLDW followed by chemical wet etching. The laser power and
scanning speed are chosen to be 3.5mW and 50µm/s respectively. Other parameters
are chosen according to the above simulation. After the laser irradiation, the sample is
subjected to a 150-min wet chemical etching in a solution of 10% HF diluted with wa-
ter in an ultrasonic bath. The cross sections of the channels are examined by cutting
and polishing the sample. The optical micrographs of the cross sections of microflu-
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Fig. 3.14: (a) Configuration of 3D microfluidic channels fabricated using the temporal focusing
method. The arrows indicate the translation directions of the stage. (b)–(i) Optical micrographs of
cross sections of microfluidic channels fabricated with different beam sizes and laser powers.

idic channels, shown in Figure 3.14, are clearly evident of the validity of these shape
control methods.

It should be specifically noted that the threshold intensity of femtosecond laser
fabrication of the transparent materials not only strongly depends on the peak inten-
sity but also can be affected by the ultrashort laser pulse duration. In addition, the
axial resolution would also be affected by the order of optical nonlinearity of the in-
teraction between the femtosecond laser pulse and the transparent material (e.g. the
n-th-order optical nonlinearity means the simultaneous absorption of n photons dur-
ing the light-matter interaction in this situation). Therefore, since the order of optical
nonlinearity of the interaction between the femtosecond laser and fused silica is not
clearly defined in this experiment, quantitative reproduction of the experimental re-
sults by theoretical simulation is difficult.

3.3.4 Spatial and temporal characterization of spatiotemporally focused spots

3.3.4.1 Characterization of pulse front tilt of spatiotemporally focused pulses
The PFT, the dependence of the arrival time of the pulse on the transverse coordi-
nate, is controlled by the combination of angular or lateral spatial chirps and spectral
chirps [156]. In the present case of SSTF, the temporal chirp is precompensated and the
PFT is introduced by the angular dispersion alone. In the above experimental config-
uration, the pulse is only spatially chirped before the lens, and the lens converts this
spatial chirp to an angular chirp. The Gaussian beamwritten in term of the amplitude
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and phase is
E(x, y, z, ω) = A(x, y, z, ω) exp (iφ(x, y, z, ω)) . (3.16)

A particular frequency component is then treated as an individual beamlet. After be-
ing focused by the lens, the amplitude function for the beamlet propagating at a fre-
quency-dependent angle θx can be written as

A(x, y, z, ω) = A(ω)w0
w(z) exp [−(x−z tan θx)2 + y2

w2(x) ] , (3.17)

and the phase function, under the paraxial approximation can be written as

φ (x, y, z, ω) =
n(ω)k0x sin θx + n(ω)k0z (1 − 1

2 sin2 θx) − η (z) + n(ω)k0 (x − z sin θx)2 + y22R(z) ,

(3.18)

where R(z) is the radius of the curvature of the beam’s wavefront and η is the Gouy
phase shift. The frequency dependence of the beamlet angle is defined as

sin θx ≈ θx = α(ω − ω0)
f . (3.19)

For future reference the spatial chirp rate is related to the angular chirp rate α through

β = α∆ω
win

= 2α
τ0win

. (3.20)

Expanding to the first order spectral phase of equation (3.18) with the frequency-de-
pendent angular chirp, we can obtain the position-dependent group delay:

φ1(x, z) = z
c + αω0x

cf (1 − z
R(z) ) + x2

2cR(z) . (3.21)

The first term is the arrival time of the pulse, and the last term, which is present even
without the spatial chirp, represents a pulse front curvature that results from the di-
vergence of the beam away from the focal plane. The middle term corresponds to the
PFT. When equation (3.21) is evaluated at the focus, z = 0, the PFT reduces to what we
found earlier in equation (3.15).

Although the spatiotemporal focusingmethodwasoriginally proposed to improve
axial resolution, it can also yield interesting applications in nonreciprocalwriting. Re-
cently, Vitek et al. [141] have reported that the spatiotemporally focused laser beam,
which naturally creates a focal spot with several orders of magnitude larger PFT, can
induce nonreciprocal writing in glass more quickly and efficiently. To gain a deep in-
sight of nonreciprocal writing, quantitative characterization of the PFT of SSTF in the
focal spot is necessary.

Tomeasure the tiltingangle of front-tiltedpulses, an interferometricmeasurement
scheme has recently been proposed, which can be used for the characterization of
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Fig. 3.15: Schematic illustration of the concept of interferometric characterization of PFT of spa-
tiotemporally focused femtosecond laser pulses.

spatiotemporally focused pulses generated in either air or bulk transparent materi-
als [148]. The concept of this technique is illustrated in Figure 3.15. It is known that
when focusing a femtosecond laser pulse with a CF system (i.e. an objective lens), no
PFT effect will be induced. This pulse will be used as a reference pulse in the exper-
iment. However, spatiotemporal focusing of a femtosecond laser pulse will lead to a
sweep of the focal spot across the focal plane at a sweeping velocity, which is inversely
proportional to the degree of the PFT. The sweepingdirection depends on the direction
of the spatial chirp of femtosecond laser pulses before they enter the objective lens.
Thus, by intentionally varying the timedelay between the reference pulse and the spa-
tiotemporally focused femtosecondpulses, the intersection of twopulseswill induce a
line-shaped interference pattern,which shifts linearlywith the timedelay between the
two pulses, as illustrated in Figure 3.15. The line-shaped interference pattern formed
in the focal plane of the lens can then be directly imaged onto a CCD using a second
objective lens. By plotting the shift of the interference fringe as a function of the time
delay between the two pulses, the tilting angle of the spatiotemporally focused pulse
can be retrieved.

Figure 3.16 schematically illustrates the experimental setup. The femtosecond
laser system (Legend-Elite, Coherent Inc.) consists of a Ti:sapphire laser oscillator
and amplifier, and a grating-based stretcher and compressor, which delivers ~6mJ,
~40 fs pulses centered at 800 nm wavelength at a 1 kHz repetition rate. Before the
amplified laser beam is recompressed, it is split into two using a 1:1 beam splitter.
One beam, which is used to produce the spatiotemporally focused pulse, is spatially
dispersed along the x-direction by a pair of 1500 lines/mm gratings (blazing at ~53°),
which are arranged to be parallel to each other. The distance between the two gratings
is adjusted to be ~780mm to compensate for the temporal dispersion of pulses. After
being dispersed by the grating pair, the laser beam is measured to be ~40mm (1/e2)
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Fig. 3.16: Schematic of the experimental setup; BS: beam splitter, G1-2: gratings (1500 l/mm), L:
lens (f = 75 cm), OL: objective lens (20×, NA=0.40), VF: variable neutral density filter.

along the x-axis and ~10mm(1/e2) along the y-axis, as indicated in Figure 3.16. The
other beam is compressed by passing through the compressor to generate the refer-
ence beam. The spatially dispersed beam and the reference beam are then collinearly
recombined using another 1:1 beam splitter. A delay line is inserted into the optical
path of the reference beam to adjust the time delay between the two beams. These two
beams are then focused using a plane-convex lens with a focal length of f = 750mm
and a diameter of 100mm. The interference patterns are imagedwith an objective lens
(20×, NA=0.4) on the CCD camera (Wincamd-ucd23) with an integration time of 5ms.
The average power of each beam is individually controlled using a variable neutral
density (ND) filter for optimizing the contrast of the interference fringes.

The measurement results are shown in Figure 3.17. The laser pulse energy is suffi-
ciently low toavoid anynonlinear propagation effects under such focusing conditions.
Figure 3.17 (a) and 3.17 (b) present the images of the focal spots generated with the CF
and SSTF systems on the focal plane captured by the CCD camera, respectively. Both
the images show circular focal spots with a Gaussian-like profile. In Figure 3.17 (c)–
(g), the images formed by simultaneously focusing the two pulses with both the CF
and SSTF systems are presented, in which the time delays between the two pulses are
−66.8, −33.4, 0, 33.4, and 66.8 fs, respectively. Here, the positive time delaymeans that
the pulse focused by the SSTF system arrives earlier than the pulse focused by the
CF system, and vice versa. Interference fringes have been formed due to the coherent
superposition between the two pulses. Due to the fluctuation in the lengths of the op-
tical paths for the two pulses, the interference between the two pulses can be either
destructive or constructive. The sweeping velocity of the interference fringe indicated
by Figure 3.17 (c)–(g) directly maps out the sweeping velocity of the front-tilted focal
spot in the focal plane, i.e. the degree of PFT.
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Fig. 3.17: Intensity distribution of the focal spot of the pulses focused with (a) SSTF, and (b) CF sys-
tems in the focal plane in air. Intensity distributions of the focal spots formed in air by superposition
of the two beams are shown in (c)–(g) with different time delays of the two pulses (h)–(l) being the
interference fringes extracted from (c)–(g), respectively. (m) Displays the linear fitting of the position
of the interference fringe as a function of the relative time delay.

Interference fringes from the images in Figure 3.17 (c)–(g) by which the center of the
fringes can be unambiguously determined by removing the background signals, can
be attributed to the incoherent superposition between the two pulses (i.e. the coherent
superposition between the two pulses occurs only in the intersection of the two pulses
as illustrated in Figure 3.15). The images of Figure 3.17 (a) and 3.17 (b) are subtracted
from each image in Figure 3.17 (c)–(g).

The image processing may generate negative values for some pixels particularly
when the destructive interference occurs between the two pulses. Therefore, after
the subtraction, the value of each pixel is squared. The reproduced images in Fig-
ure 3.17 (h)–(l) are generated by performing the above-mentioned image processing
on Figure 3.17 (c)–(g), respectively. In Figure 3.17 (h)–(l), the center of interference
fringes can be rather precisely determined by looking for the locations of the high-
est intensities in the fringes, as indicated by the white dots. By plotting the central
locations of the interference fringes as a function of time delays between the pulses
generated with CF and SSTF systems in Figure 3.17 (m), the data is fitted with a linear
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Fig. 3.18: Calculated intensity distribution of the focal spot in the focal plane produced in air with
(a) STF and (b) CF systems. Calculated intensity distributions of the focal spots formed by superposi-
tion of the two beams are displayed in (c)–(g) with different time delays; (h) displays the calculated
PFT of the focal spot produced in air with the STF system.

function whose slope provides the sweep velocity of the focal spot on the focal plane.
The measured result of the PFT is inversely proportional to the sweep velocity, which
is calculated to be −2.95 fs/µm.

The measured sweeping velocity of focal spot needs to be examined by theoret-
ical simulations using the same parameters as the experimental ones. To obtain the
intensity distribution of the focal spot formedby the coherent superposition of the two
pulses at various time delays, we canmake theoretical calculations based on Fresnel–
Kirchhoff’s diffraction theory as depicted in Section 3.3.2. The results are presented in
Figure 3.18 (c)–(g), where the relative time delays between the two pulses are −66.8,
−33.4, 0, 33.4, and 66.8 fs, respectively. It can be seen in Figure 3.18 that the theoretical
results reasonably reproduce the experimentally measured results in Figure 3.17 (c)–
(g). Again, it can be seen that the interference fringe shifts linearly as a function of the
relative time delay, which results from the PFT effect. The simulation result of PFT is
presented in Figure 3.18 (h). The slope of the tilt angle of intensity distribution in x-t
domain shows that the degree of PFT is ~3.06 fs/µm, which is in good agreement with
the experimental measurement with a slight difference of only ~4%.

The optical nonreciprocal writing, or optical ‘quill’ writing, is referred to as the
effect that the characteristics of the modification change when the scan direction of
laser direct writing is reversed, which was initiated by Kazansky et al. [46, 126] and
has become another hot topic in femtosecond laser micromachining. They also theo-
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rized that the intensity gradient established across the focal spot by the presence of
PFT acts to displace electrons in the plasma by virtue of the ponderomotive force. In
practice, PFTmaybe imposed on the laser beamby tuning the laser’s grating compres-
sor. However, any adjustment to the parallelism of the gratings produces an angular
dispersion that necessarily results in spatial and temporal distortions at focus. Conse-
quently, the conditions for generating PFT are not easily translated between systems,
so that deciphering the effect of PFT on nonreciprocal writing is confounded.

At first sight, this phenomenon is completely understandable as PFT has long
been regarded as the major cause responsible for the nonreciprocal writing process.
However, recently several groups have also shown that if the focal spot has only an
asymmetric intensity distribution but no PFT, it can also induce nonreciprocal writ-
ing. This discovery raises the question on the origin of nonreciprocal writing, which is
still hotly disputed. It should be stressed that a complete characterization of the spa-
tiotemporally focused spot is critical for gaining deeper insight behind this question,
which so far has not been done. This issue will be addressed in the following section.

3.3.4.2 Characterization of peak intensity distribution of spatiotemporally
focused pulses

In this section, we attempt to characterize the spatiotemporally focused femtosecond
laser beambased on the two-photon fluorescence excitation (TPFE) process. In such a
manner, insteadof examining thefluencedistribution in the focal volume, thepeak in-
tensity distributionwill be examined, since it ismore relevant to the nonlinear absorp-
tion processes during irradiation of femtosecond laser in glass. A theoretical analysis
to reveal the origin of such tilted peak intensity distribution will then be performed.
Finally, it is shown that the tilted intensity distribution alone is sufficient for inducing
the well-known nonreciprocal writing effect by use of a new direct writing scheme in
which the optical axis of the objective lens deviates from the normal incident direc-
tion. These results suggest that the role of PFT in inducing the nonreciprocal writing
effect observed in glass should be re-examined because of the intrinsically tilted in-
tensity distribution within the spatiotemporally focused spot.

The experiment setup is similar to that employed in Figure 3.13, except that no
aperture or slit is used. The incidentGaussian beam is shrunk to a 1mmdiameter, so as
to increase the spatial chirp rate. To visualize the spatiotemporally focused spot, a lens
with a focal length of ~500mm is employed to focus the spatially chirp beam into a
0.12mg/mL sodium fluorescein diluted with water. The total volume of the fluorescein
is ~1200mL, which is contained in a 240mm ×160mm × 160mm cuvette. The laser
power measured after the ND filter is ~20mW. The TPFE image can be captured by a
digital camera from both the top view and side view.

Figure 3.19 (a) and 3.19 (c) show digital camera captured images of TPFE using the
spatiotemporal focusing scheme, observed from the XZ and YZ planes, respectively. It
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Fig. 3.19: TPFE images (a)–(d) with temporal focusing and (e)–(f) without temporal focusing (lens
f = 500mm). (a) and (c) are TPFE images captured in the XZ and YZ planes respectively, and (b), (d),
(f) are corresponding numerical simulation TPFE signals. The gradient bar is shown at the bottom.
Notice that the horizontal and vertical scale bars in (e) and (f) are different.

can be seen that the fluorescence intensity distribution in the XZ plane is tilted while
in the YZ plane it appears symmetrical. Such tilted intensity distribution in the XZ
plane has never been reported before, with characteristics fundamentally different
from those of the well-known PFT.

For comparison, the femtosecond laser beam with a CF system, namely without
use of the spatiotemporal focusing to perform the similar TPFE experiment, is em-
ployed. In this situation, the incident beam has a diameter of 12mm while the laser
power and the focal lens are the same as that used above. The TPFE image is shown
in Figure 3.19 (e), which demonstrates a much longer focal depth than that obtained
with the spatiotemporal focusing. The result is consistent with the observation of a
highly localized focal spot in a thick glass sample enabled by use of spatiotemporal
focusing with a low numerical aperture lens.

Theoretically, simulation of the two-photon excitation of dye with a spatiotem-
porally focused femtosecond laser beam can be achieved using Fresnel–Kirchhoff’s
diffraction theory, as equation (3.9). The TPFE intensity distribution at the focus of
the spatiotemporally focused beam, in both the XZ and YZ planes, can be obtained
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with

I2P (x, y, z) ∝ ∞∫
−∞

I2SSTF (x, y, z, t) dt = ∞∫
−∞
󵄨󵄨󵄨󵄨󵄨F−1 {E2 (x, y, z, ω)}󵄨󵄨󵄨󵄨󵄨4 dt . (3.22)

The numerical simulations are shown in Figure 3.19 (b) and 3.19 (d), respectively. On
theother hand, TPFE intensity distributionobtainedwithoutusing the spatiotemporal
focusing can be calculated by substituting into equation (3.7). One can clearly see that
the theoretical results are in good agreement with the experiment results. It should be
noted that the long focal length of the lens used in the experimentmakes it reasonable
to use Fresnel–Kirchhoff’s diffraction theory for our simulation.

When the spectral phase is expanded to the second order, and thematerial disper-
sion of air and water is neglected, we can obtain the spatial dependence of the pulse
chirp:

φ2(x, z) = ( x
w0

τ0β
ω0

− z
zR

τ20β2

4 )( n
1 + z2/z2R) , (3.23)

where τ0 = 2/∆ω is the transform limited pulse duration. This spectral phase origi-
nates from the evolution of the wavefront curvature of each of the beamlets. It is evi-
dent in this expression that there is a line in the XZ plane where this geometric phase
is zero. Solving for where φ2 = 0 we can get

z (x) = 2
β

x
w0

∆ω
ω0

zR = 2nf
αω0

x , (3.24)

where the focal spot size is w0 = λ0 f/(πwin), and the beamlet Rayleigh range is
zR = πnw2

0/λ0. Thus the value of the IPT angle θt, defined as the angle between
the tilted intensity plane and the positive z-axis (indicated in Figure 3.20), can be
evaluated as:

tan θt = αω0
2nf . (3.25)

For a position close to z = 0, the denominator of the second parenthesis in the
right side of equation (3.28) can be neglected. Working for this linear approximation
again, we can obtain the GVD coefficient of this spatiotemporally focused pulse, as
k2x = ∂ϕ2/∂z and k2z = ∂ϕ2/∂z are GVD coefficients in the x and z directions re-
spectively. Hence, the pulse duration of this spatiotemporally focused beam can be
analytically expressed as:

τ (x, z) = τ0√1 + (k2xx + k2zzτ20
)2 ≈ τ0√1 + 1

τ40

α2
c2f 2 (x − z tan θt)2 . (3.26)

It is obvious that the pulse duration in this situation is dependent on both the propa-
gation distance z and the lateral distance x away from the geometrical focus.

Intuitively, the slope of IPT is proportional to the angular chirp rate and inversely
proportional to the focal length of L3. In the experiment, the IPT angle is calculated to
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Fig. 3.20: Illustration of the relative orientations of the spatial chirp (top), PFT (lower left), and inten-
sity plane tilt with the IPT angle indicated (lower right). The PFT is represented as a snapshot so that
the leading edge of the pulse is larger at z = ct.

be ~26° by using equation (3.25). Obviously, for CF (α = 0), it should result in θt = 0
since no IPT effectwill occur. It should be specifically noticed that in the tight focusing
case, the IPT angle will be approximated to be ~90° by using equation (3.25). Such a
large tilt angle will also mask this IPT effect.

It is instructive to compare the IPT to the PFT. The PFT, i.e. the tilt in x-t in the focal
plane, arises from the calculation of the variation of the group delay with respect to
position. At z = 0, we can write φ1(x) = αω0x/(cnf) = βτ0x/w0, whereas in [151]
τ0∆ω = 2, and w0 = 2cnf/(ω0win) are used to simplify the expression. The temporal
shift of the pulse at the spot radius is βτ0. For positions x > 0 in the focal region,
the pulse arrives later (larger group delay) and the z position of maximum intensity is
farther from the lens (z > 0). Figure 3.20 illustrates the relative orientations of the tilt
in the peak intensity plane in the XZ plane.

To add to the evidence about the mechanisms behind the nonreciprocal writing
with femtosecond laser pulses, we performed an experiment to test for nonreciprocal
writing where the beam is tilted with respect to the sample, but with CF, the beam
is inspected at the focus to ensure that it does not have a spatial chirp. This is easily
accomplished by simultaneously rotating the incident beam and the objective (20×,
NA = 0.46) at an angle of θ = 15° in the YZ plane, as illustrated in Figure 3.21. In this
experiment, another femtosecond laser (Libra-He, Coherent Inc.) is used that emits
800 nm, 50 fs pulses with a maximum pulse energy of 4.5mJ and a repetition rate of
1 kHz. The laser beam is linearly polarized along the Y axis. The material used in the
experiment is commercially available fused silica (JGS1), cut to small coupons with
dimensionsof 10mm× 5mm× 2mm, andwith six sidespolished. The sample is placed
on a XYZ stage with a resolution of 1 µm. The laser power and the scanning speed are
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Fig. 3.21: Schematic of femtosecond LDW using a tilted focal plane (left) and optical micrographs
of fs direct-writing structures in fused silica glass using (a, b) normal and (c, d) oblique incident
beams. The polarization is along x and y directions in (a, c) and (b, d) respectively. The arrows de-
note the laser writing directions.

1.5mW and 20 µm/s respectively. The location of the focal plane is ~300 µm beneath
the surface of the sample.

When the beam is at normal incidence, no nonreciprocal writing effect is ob-
served, as shown in Figure 3.21 (a) and 3.21 (b). While in the oblique incident scheme
as depicted above, nonreciprocal writing structures are observed when the orienta-
tion of the electric field E is arranged perpendicular to the laser scanning direction
(S polarization), as shown in Figure 3.21 (c). In contrast, when the electric field E is
arranged to be parallel to the laser scanning direction (P polarization), no reciprocal
writing effect is observed, as shown in Figure 3.21 (d). It is noted that for P-polariza-
tion there is a component of the electric field that is perpendicular to the surface,
allowing for resonance absorption in the plasma gradient. The more effective energy
absorption in this case may play a role in the difference between Figure 3.21 (c) and
3.21 (d). If we consider the intensity distribution tilting in a spatiotemporally focused
laser beam, the results in Figure 3.21 (c) and 3.21 (d) are consistent with that reported
in [143]. In that experiment, the change in incident angle is accomplished by displac-
ing the beam from the center of the lens, so there is the potential for spatial chirp
owing to the prismatic effect of the lens. More importantly, this simple experiment
shows that a PFT relative to the surface may be sufficient for inducing the nonrecip-
rocal writing effect. Thus, the role of PFT in inducing the nonreciprocal writing will
require re-examination with further experimental and theoretical investigations.

This finding is a big step in the understanding of this exotic phenomenon, and
suggests that for achieving a complete understanding on the nonreciprocal writing ef-
fect in glass observed with spatiotemporally focused laser pulses, the roles of the PFT
andpeak-intensity distribution tilting should be separately investigated andweighed,
which requires thedevelopmentofmore sophisticatedbeammanipulation techniques
in both space and time domains.
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3.3.4.3 Control of the intensity plane tilt by tuning the temporal chirp of the pulses
Since the IPTgives rise to anasymmetric focal spot shape, it is generally undesirable in
many applications, suchas ultrafast lasermaterial processing, nonlinear fluorescence
microscopy, two-photon optogenetic applications, and so on. As shown above, the IPT
results from the intrinsically varying chirp of the local light field in the focal plane,
and thus one may expect that manipulation of IPT could be achieved by tuning the
temporal chirp of the output laser pulses from the amplifier. Unfortunately, as we will
show below, this idea is not completely correct. Nevertheless, the following results
also show that by taking into account the fanning out of the beamlets over the depth
of focus, the IPT can be reducedwith sufficiently large initial chirps of the output laser
pulses from the amplifier.

To vary the chirp of the output laser beam, two flipping mirrors FM1 and FM2 are
switched to the positions that enable the amplified pulses to pass through the com-
pressor. The compressor is composed of a single grating and a mirror is currently em-
ployed to adjust the temporal chirp of the initiated pulses, which can be achieved by
translating the gratingmounted on amotor. For the grating compressor/stretcher sys-
tem, the amount of the second-order phase is given in [95] as

ϕ2 = − λ3dσ2πc2
[1 − (λσ − sin i)2]−3/2 , (3.27)

where L is the distance of the beam propagation between gratings. According to the
specification of the compressor from Coherent Inc., the estimated value of SOP can be
obtained as

ϕ2in ≈ 5.3∆d × 106 fs2 , (3.28)

where ∆d is the distance of the grating away from its chirp-free position in this setup.
The corresponding theoretical analysis involving SOP canbedeveloped by varying the
parameter φ2in in equation (3.7).

By increasing the temporal chirp of the incident pulses in the experiment, it is no-
ticed that the TPFE signals become weak, so the exposure time of the digital camera
is increased to 1 s, which is longer than that used in former cases. Figure 3.22 shows
TPFE images using SSTFwith different input temporal chirp values. It is observed that
the temporally focused spot shifted its position away from the geometrical focal point
as the SOP increased, which was proven earlier in the two-photon bio-imaging exper-
iment with the temporally focused beam [157, 158]. When the initial temporal chirp of
the incident laser beam becomes sufficiently large, i.e. ϕ2in > 4000 fs2, the tilt angle
of the focal intensity plane starts to decrease with the increasing SOP. This trend is
also evidenced by the corresponding simulation results, as shown in Figure 3.22.

The experimental observations in Figure 3.22 can be understood following the
above analysis. With the SOP, the second order spectral phase can be expressed as:

φ2 (x, z) = ( x
w0

τ0β
ω0

− z
zR

τ20β2

4 )( n
1 + z2/z2R) + φ2in , (3.29)
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Fig. 3.22: TPFE images using temporal focusing with input SOP values of (a) ϕ2in = 0, (c) ϕ2in =
500 fs2, (e) ϕ2in = 1000 fs2, (g) ϕ2in = 2000 fs2, (i) ϕ2in = 4000 fs2, and (k) ϕ2in = 6000 fs2. (b), (d),
(f), (g), (j) and (l) are corresponding numerical simulation TPFE signals. The gradient bar is shown at
the bottom.
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where z = 0 is set to be the axial position of the geometric focal plane. The input
second-order phase φ2in can balance the geometric phase at an axial position zd away
from the geometric focal plane.Workingwith equation (3.29), we can solve for on-axis
positions with the zero second-order phase: φ2(x = 0, z = zd) = 0. There are two
solutions for zd; the position closer to z = 0 results in a higher intensity because there
is a larger bandwidth and smaller focal spot size. Neglecting the denominator term in
the second parentheses in equation (3.29), and making use of βτ0 = 2α/win we find:

zd ≈ φ2in
w2
in

nα2
zR = φ2in

∆ω2

nβ2
zR , (3.30)

where in the second formwemakeuse of the time-bandwidth relation τ0∆ω = 2. In the
present investigation, we can use equation (3.30) to evaluate the results in Figure 3.22.
For comparison, we also estimate the values of zd with respect to φ2in from the experi-
mental andnumerical simulation in Figure 3.22, respectively. The experimental values
of zd can be obtained by directly measuring the distance shift of the peak position of
the TPFE signals away from this peak position with zero-SOP input (Figure 3.22 (a)).

One can find that for relatively small values of SOP (i.e. φ2in < 2000 fs2), the sim-
ple expression equation (3.30) reproduces both the experimental and the numerical
simulation results. This calculation precisely describes the relation between the axial
shift of the temporally focused spot and the chirp of the incident laser beam. When
φ2in > 2000 fs2, the temporal focus will shift farther away from the geometric focal
point of the lens along z-axis and be located out of the depth of focus (1.3mm), thus
the paraxial approximation fails and equation (3.30) becomes invalid. For φ2in = 0,
the temporal focused spot and the geometrical focus overlap.

The change of the focal plane tilting angle with the varying SOP can be obtained
by calculating the slope of the zero-SOP curve φ2(x, z) = 0. In such circumstances, we
have

z󸀠 (x) |x=0 ≈ 1
tan θt

⋅ 1
1 − 2z2d/z2R . (3.31)

The focal plane tilting angle as a function of the SOP is obtained as

tan θT = (1 − 2z2d/z2R) tan θt . (3.32)

Again, equation (3.32) is only valid when zd ≪ zR. Under this condition, for small
input chirps, the change in the focal plane tilting angle will be negligible using equa-
tion (3.32), which is evidenced in Figure 3.22. To increase the value of zd, the incident
laser pulses should be strongly temporally chirped before they reach the external grat-
ing pair, whereas for very large chirp values the approximation involved in the deriva-
tion of equations (3.30)–(3.32) would be inappropriate. In such a case, the experimen-
tal results and calculations based on the paraxial Fresnel diffractionmodel show that
the IPT can be reduced with a sufficiently large initial chirp of the output laser pulses,
whichmay benefit some applications such as femtosecond laser microprocessing and
two-photon fluorescence bio-imaging.
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3.3.5 Novel nonlinear effects induced by spatiotemporal focusing

3.3.5.1 Enhanced femtosecond laser filamentation using spatiotemporally focused
beams

We extend the application of spatiotemporally focused ultrafast laser pulses from 3D
micromachining to femtosecond laser filamentation. It is well known that the peak in-
tensity in the filament core is inherently limited by the intensity clamping effect during
femtosecond laser filamentation. We experimentally demonstrate the significant en-
hancement of the peak intensity beyond the clamped intensity using spatiotemporally
focused femtosecond laser pulses. The experimental setup is similar to Figure 3.14.
Laser pulses at a center wavelength of 800 nm with a spectral bandwidth of ~30 nm
are derived directly from the amplifier without compression. A cylindrical convex lens
and a cylindrical concave lens are employed to reduce the beam size by five times in
the horizontal direction. Then the beam is dispersed by a parallel pair of gratings in
the horizontal direction. The distance between the gratings is optimized to compen-
sate for the temporal dispersion of different spectral components. It is then focused
with a 1000mm focal length lens into the air. The fluorescence from the filament is
imaged to the entrance slit of the spectrometer in a 4-f geometry configuration. For
comparison, the fluorescence spectrum of the filamentation generated without using
the spatiotemporal focusing is also measured.

Figures 3.23 (a) and 3.23 (b) show the filament profiles generated with andwithout
the spatiotemporal focusing technique captured by a digital camera from the side of
the filaments. When using the 1000mm focal lens to focus the 40 fs laser pulse with-
out spatiotemporal focusing directly, the length of the filament is ~100mm. However,
when the spatialtemporal focusing technique is employed, the length of the filament

Fig. 3.23: Filamentation profiles captured by a digital camera (a) with and (b) without using spa-
tiotemporal focusing. Please note the scale change from (a) to (b). Insets show the corresponding N2
fluorescence spectra. (c) Indicates the energy diagram of a nitrogen molecule.
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decreases to less than 4mm. The shortened filament implies that the peak intensity of
the pulse decays quickly away from the focus. The rapid decrease of the peak inten-
sity beyond the focus is due to two reasons. First, as different spectral components of
the beam are separated spatially, only at the focus will all the spectral components
converge to form an ultrashort intense pulse. Meanwhile, before or after the focus
different spectral components of the beam diverge spatially, resulting in a spatially
chirped narrow spectral bandwidth, thus a longer pulse. Secondly, as different spec-
tral components are spatially dispersed, only in the geometric focus is the pulse chirp
free, while before the focus the pulse is highly positively chirped and after the focus
the pulse is highly negatively chirped. The large chirp elongates the temporal pulse
duration. Both these two effects ensure that the shortest pulse duration can only be
achieved in the focus, while away from the focus, the pulse duration grows quickly.

To investigate the clamped intensity in the filament, the fluorescence of nitrogen
molecules and ions generated by focusing the laser beam into the air with a 100 cm
focal lens (both with and without a spatiotemporal focusing configuration) is mea-
sured. Two representative spectra are demonstrated in the insets of Figure 3.23 (a) and
3.23 (b). Both spectra in the insets feature the ‘continuum free’ quality as reported
previously. In particular, the 337 and 391 nm lines in the spectra can be assigned to
the second positive band of N2(C3Πu → B3Πg) and the first negative band system of
N+2 (B2Σ+u → X2Σ+g ), respectively. The strength ratio between the two nitrogen fluores-
cence lines is given by the following:

R ≡ S391
S337

= aIn1

k(aIn1 + bIn2) ∝ 1
1 + (b/a)In2−n1 . (3.33)

From equation (3.33), it is known that higher laser intensity will give rise to a larger
ratio, since n2 < n1 in view of higher ionization potential of the inner electrons.

The experimentally measured strength ratios of the 391 nm and the 337 nm lines is
plotted inFigure 3.24 as a functionof the laser energywith andwithout spatiotemporal

Fig. 3.24: Experimentally measured intensity ratio of the 391 and 337nm lines as a function of the
laser energy with (solid cycles) and without (open squares) using spatiotemporal focusing.
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focusing. It can be seen that in the case without using spatiotemporal focusing, the
ratio shows a first rapid rise with the increase of the input laser energy. While the
energy is higher than 1mJ, the ratio remains almost constant since the peak intensity
does not increase due to the intensity clamping. However, when the spatialtemporal
focusing technique is employed, the intensity ratio of the 391 nm to the 337 nm first
grows with the increase of the incident energy, and then reaches a plateau at ~0.15
when the laser energy is larger than 4.5mJ,which indicates that the intensity clamping
occurs at a higher energy level with higher intensity.

The peak intensity can then be calculated by the empirical formula [143]

I0 = 79 × (2.6/R − 1)−0.34 × 1012 W/cm2 . (3.34)

According to equation (3.34), thepeak clamped intensity in thefilament is estimated to
be enhanced by ~50%using spatiotemporal pulses as compared to compressed pulses
when using the 100 cm focal length lens. Although this experiment was carried out in
air, we expect a similar effect can occur in glass, which can lead to stronger modifi-
cations inside glass materials. This effect may enable new applications such as the
synthesis of new materials by femtosecond laser induced shock wave.

3.3.5.2 Second harmonic generation in air using spatiotemporally focused pulses
When an electron in a potential energy environment interacts with a laser field, the
electron will be pushed side to side by the force of the laser field. In a harmonic poten-
tial energy environment, the motion of the electron will be sinusoidal, and there will
be no SHG. But in a harmonic potential energy environment, the motion of the elec-
tion will not be sinusoidal. Therefore a second harmonic can be generated because
the symmetry is broken.

When the laser field is strong enough, the coulomb potential is distorted, gen-
erating a barrier. The electron in a bound state can escape easily and become a free
electron. The free electron exposed in the optical field will quiver by the force of the
laser field. Supposing a driver laser field with frequency ω, the quivering velocity ν of
the electron can be calculated by − iωmν = − e

m
E . (3.35)

At the same time, electron density n will fluctuate at the same frequency of the laser
field,

n = − 1
4πe

∇ ⋅ E . (3.36)

The generated electric current J will oscillate with double the frequency of the laser
field,

J = neν ∝ E(∇ ⋅ E) ∝ exp (−i2ωt) . (3.37)

This electric current will be the source of SHG [144]

P (2ω) = J−i2ω = e
8πmω2 E(∇ ⋅ E) . (3.38)
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Fig. 3.25: (a) Calculated Gaussian electron density profile generated by x-polarized laser field in
a traditional focusing scheme; for electrons at positions A and B, the electron density it feels is
different when it quivers, while for those at positions C and D, the electron density is still symmetric
when it quivers. (b) The generated second harmonic profile.

Fig. 3.26: (a) Calculated Gaussian electron density profile generated by a y-polarized laser field
in a traditional focusing scheme; for electrons at positions C and D, the electron density it feels is
different when it quivers, while for those at positions A and B, the electron density is still symmetric
when it quivers. (b) The calculated second harmonic profile.

In traditional focusing, a Gaussian laser spot at the focus will generate a Gaussian
electron density profile. If the polarization of the laser field is along the x axis, the
electron will quiver along the x direction. For electrons at the gradients of the profile
on the x axis, the electron density it feels will not be the same when it quivers from
one side to the other side. In this sense, symmetry is broken and a second harmonic
canbe generated. However, for those at the gradients on the y axis, a second harmonic
cannotbegenerateddue to asymmetry. Consequently, the spot of the secondharmonic
generated due to broken symmetry will have two lobes located along the x direction,
as illustrated in Figure 3.25.

Similarly, when the polarization of the laser field is along the y direction, we will
have a second harmonic spot with two lobes in the y direction, as demonstrated in
Figure 3.26.
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Fig. 3.27: Schematic of the experimental setup.

But what happens when it comes to SSTF? To investigate this, an experiment is car-
ried outwith a commercial Ti:sapphire laser system (LegendEliteDuo, Coherent, Inc.),
which delivers ~6mJ pulses with a center wavelength at ~800nmand a spectral band-
width of ~30nmat a repetition rate of 1 kHz. The experiment setup is illustrated in Fig-
ure 3.27. The amplified but uncompressed laser pulses emitted from the laser system
are first spatially dispersed along the horizontal direction (i.e. the x axis as shown in
Figure 3.27) by a pair of 1500 lines and mm gratings parallel to each other (blazing
at ~50°). The distance between the two gratings is adjusted to be ~80 cm to compen-
sate for the temporal dispersion of different spectral components of the uncompressed
laser pulses. A half-wave plate is inserted before the gratings to adjust the polariza-
tion direction of the fundamental beam. The laser pulse of ~1.0mJ is then focused by
a 75-cm-focal-length lens into a chamber filled with Ar gas at a pressure of 1 bar. The
generated second harmonic radiation is recorded by a spectrometer (Shamrock 303i,
Andor Corp.) after its beam size is approximately reduced by half with a combination
of a convex lens and a concave lens (Lens 2 [f = 25 cm] and Lens 3 [f = −12 cm]). The
spatial profile of the second harmonic beam in the focal plane is imaged by a convex
lens (Lens 4: f = 20 cm) on an area CCD camera (Wincamd-ucd23) with an integra-
tion time of 2ms. Three dichroicmirrors (DM1, DM2, and DM3) with high reflectivity at
400nm and high transmission at 800 nm, are used to separate the fundamental beam
from the second harmonic radiation. A Glan–Taylor prism before the spectrometer is
used to measure the polarization of SHG. For comparison, a SHG experiment with a
CF scheme is also carried out by removing the grating pair while keeping all the other
conditions unchanged.

Figure 3.28 shows various properties of the second harmonic beam from Ar gas
by use of SSTF femtosecond laser pulses. When the polarization direction of a fun-
damental laser is set along the y axis (SSTF–PY), the focus of the SHG beam, which
is obtained from the CCD in Figure 3.28, shows two lobes separated from each other
along the y axis, which is coincident with previous investigations in traditional focus-
ing schemes. Nevertheless, when the polarization direction of the fundamental laser
is set along the x axis (SSTF–PX), i.e. the spatial dispersion direction of the incident
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Fig. 3.28: Spatial patterns of SHG by the SSTF scheme with the fundamental laser linearly polarized
(a) along the y axis (SF–PY) and (b) along the x axis (SF–PX). (c) The second harmonic spectra ob-
tained in SF–PY (dashed–dotted line), SF–PX (dashed line) and the CF (dotted line) schemes. The
fundamental wave spectrum is shown by the solid curve. (d) The measured polarization property of
SH for the SSTF–PX case (circle) and the fit (line) with sin2 θ.

beam before the focal lens, the second harmonic beam profile becomes a Gaussian-
like distribution without any splitting, as shown in Figure 3.28 (b).

The second harmonic spectra of Figure 3.28 (a) and 3.28 (b) are also illustrated in
Figure 3.28 (c) by the dash-dotted anddashed curves respectively. For comparison, the
spectrum generated by the CF scheme with the fundamental laser polarization along
the x axis (CF–PX) is also shown in Figure 3.28 (c) by the dotted line. It is found that
for the experimental conditions inFigure 3.28 (c), themeasured spectra are centered at
~400 nm, which confirms that the second harmonic of the fundamental laser pulse is
indeed generated. Note that the narrow peaks appearing in Figure 3.28 (c) are fluores-
cence emissions fromAr and a very small amount of N2 in the chamber due to the leak-
age [144]. Furthermore, it is found that by only changing the fundamental laser polar-
ization, as shown in Figure 3.28 (c), the efficiency of SHG is significantly enhanced by
about five times of that obtainedwith the pump laser polarized along the y axis.Mean-
while, it can be seen fromFigure 3.28 (c) that the SHGwith the CF scheme (dotted line)
is too weak to be distinguished from the tail of a strong supercontinuum white light,
which has been generated in the filamentation process, due to self-steepening and
self-phase modulation [159]. Since the white light develops progressively along the
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plasmafilament, themuch shorter filament length of ~1.5mmproducedwith the SSTF
scheme results in the dramatically reduced (almost unobservable) white light spectra
as shown by the dashed and dashed-dotted curves in Figure 3.28 (c). As a result, the
SSTF laser pulses can generate a second harmonic efficiently with an extremely high
signal-to-noise ratio, especially when the pump laser is linearly polarized along the
direction of the spatial chirp (i.e. along the x-axis direction).

To clarify the origin of difference in second harmonic properties in traditional fo-
cusing schemes and spatiotemporal focusing schemes, a theoretical simulation is per-
formed. In spatiotemporal focusing, the laser field in the focal plane can be described
by [139]:

E(z = f, t) ∝ exp [−Ω2 (t + αxk
f )2 /4] , (3.39)

where α represents the spatial chirp and √2Ω is the spectral bandwidth at 1/e2.
Equation (3.39) shows that the laser field with SSTF schemes can give rise to a

significant PFT along the x-axis direction (i.e. shortest pulses arrive at different times
with a time shift t0 = αxk

f along the x direction).
The influence of the ponderomotive force on the plasma dynamics is greatly en-

hanced by the PFT, forcing the major part of electrons to be distributed at the edge
of the spatiotemporally focused spot. Therefore, in the calculations, we simply as-
sume that the initial electron density produced by photoionization is uniform (n0 ≈
2.7 × 1019 cm−3 estimated from the experimental condition) [160, 161], and the pon-
deromotive force is responsible for the inhomogeneity of the plasma density by taking
the electron dynamics in account as:

dv⃗
dt = k∇I (r, t) , (3.40)

where k is a constant. Then, we can obtain the electron density variation δn based on
the continuity equation [162]

dδn
dt = −n0∇ ⋅ v⃗ . (3.41)

Since the light field in the femtosecond laser pulses changes with time, the calculated
δn is also a function of time. Here, to provide a clear physical picture, we only show the
calculated δn in the focal plane at the end of the driving pulse, i.e. at t = 100 fs. It can
be clearly seen that in Figure 3.29 (b), the calculated δn is centrosymmetric and the
minimum is at the central part, which can be easily understood by the ponderomotive
force driven by the CFGaussian laser field. In the central area of the CF laser beam, the
laser intensity is nearly uniformly distributed; thus, there is almost no gradient in the
plasma density. Surprisingly, with the SSTF scheme, electrons are strongly pushed to
one side along the x axis by the ponderomotive force, as evidenced in Figure 3.29 (a).

With the calculated electron density variation δn, the source of SHG, i.e. the cur-
rent density ⃗J2ω of all the quivering electrons can be expressed as ⃗J2ω = δne ⃗v, where
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Fig. 3.29: Calculated normalized electron density variation driven by linearly polarized laser with
(a) SSTF scheme and (b) CF scheme.

v⃗ is the velocity of the quivering electrons and δn is the charge perturbation by the
quivering electrons. The SHG can be calculated using the following expression:

P⃗ (2ω) = ⃗J2ω−2iω = e3

2im2ω3 (∇δn ⋅ E⃗) E⃗ . (3.42)

Based on equation (3.42), we can theoretically calculate the SHG in the focal plane
using the experimental parameters, and the results are shown in Figure 3.30. It is
noteworthy that the SHG results are averaged temporally over the whole pulse du-
ration. It can be seen in Figure 3.30 that the simulations successfully reproduce all
the major features of the experimentally measured second harmonic patterns (Fig-
ure 3.30 (a) and 3.30 (b)); that is, the SSTF laser polarized along the y axis produces a
double-lobe second harmonic beam separated in the y direction (Figure 3.30 (a)) and
the SSTF laser polarized along the x axis generates amain lobe of a Gaussian-like sec-
ond harmonic beam accompanied by a much weaker satellite second harmonic beam
(Figure 3.30 (b)). The satellite second harmonic signal is unobservable in themeasure-
ment due to the limited sensitivity of the CCD detector.

With this calculation, the SHG efficiency obtained with the two-pump laser polar-
ization directions in the SSTF scheme are also compared, as illustrated in Figure 3.30.
It can be observed that the SHG efficiency with the SSTF laser polarized along the x-
axis is more than two times higher than that with the SSTF laser polarized along y
axis. In comparison, the SH signals obtained with the CF scheme employing different
polarizations of pump laser aremuchweaker. This qualitatively agrees with the exper-
imental observations as shown in Figure 3.28 (c). The quantitative difference should
result from the fact that in the calculation, only the SHG at the focal plane is con-
sidered, i.e. all the propagation effects have been ignored. To include these effects,
a complete modeling of the laser propagation in the plasma should be carried out,
which will be considered in future work.
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Fig. 3.30: Spatial SH patterns simulated (a) in SSTF–PY, (b) SSTF–PX, (c) CF-PX, and (d) the calcu-
lated second harmonic spectra with SSTF by the fundamental light polarized along the x axis (solid
line) and along the y axis (dashed line and simulated SH spectra obtained with the CF scheme for
different polarizations).

3.3.6 Conclusions

To summarize, this work focuses on 3D femtosecond laser materials processing with
spatiotemporally focused laser pulses. Previously, in the femtosecond laser materials
processing, major efforts were made in the development of spatial and/or temporal
beam shaping methods. With the introduction of simultaneous spatial and temporal
focusing of femtosecond laser pulses, we show that several long-standing difficulties
in femtosecond laser micromachining can be resolved, including achieving true 3D
isotropic resolutions, avoiding nonlinear self-focusing in thick samples, and enhanc-
ing the peak intensity at the focus spot by overcoming intensity clamping. Specifically,
we further reveal anunexpected tilted peak intensity distribution at the focus of a spa-
tially chirped femtosecond laser beam,whichwill play important roles in applications
such as femtosecond laser micromachining and bioimaging.

The implementation of the spatiotemporal focusing technique in the field of fem-
tosecond laser micromachining provides us with new and exciting opportunities to
manipulate the ultrashort pulse for 3D laser material processing. It will offer great op-
portunities for further fundamental research as well as technological applications in
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3D laser-material processing. On the other hand, enhancement of the peak intensity of
femtosecond filamentation and second-harmonic generation (SHG) in air can be also
realized using this spatiotemporal focusing scheme. Futureworkwill lie in developing
methods towards measuring the spatiotemporal characteristics as well as optimizing
the intensity profile of these temporally focused laser pulses.

Appendix

(1) Derivation of the spatial chirp rate α
The configuration of the gratings pair is shown in Figure 3.31, where i is the incident
angle, γ the −first order diffractive angle, d the distance between the gratings and σ the
groove density of the gratings. The −first order diffraction must satisfy the following
equation:

sin γ = sin i − λσ . (3.43)

The left and right sides of equation (3.43) can be written using the Taylor expansion to
the first order as

sin γ = sin γ0 + ∆γ cos γ0 + ⋅ ⋅ ⋅ , (3.44)
sin i − λσ = sin i − λ0σ + ∆λσ + ⋅ ⋅ ⋅= sin i − λ0σ + λ0σ

ω0
∆ω + ⋅ ⋅ ⋅ , (3.45)

where λ0 and ω0 are the center wavelength and center frequency respectively. It is
noted that in equations (3.44)–(3.45) the approximation ∆λ ≈ −λ∆ω/ω is used. Com-
bining equations (3.43)–(3.45), it can be derived that

∆γ ≈ λ0σ
ω0 cos γ0

∆ω . (3.46)

Fig. 3.31: Configuration of the gratings pair used in the spatiotemporal focusing scheme for dispers-
ing and collimating different spectral components of the laser pulses.
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The position of different spectral components along the x direction is given as

x = d sin(i + γ)
cos γ

. (3.47)

Both sides of equation (3.47) can be written using the Taylor expansion as

x = x0 + ∆x + ⋅ ⋅ ⋅ , (3.48)
d sin(i + γ)

cos γ = d(sin i + cos i tan γ)
= d(sin i + cos i tan γ0) − d cos i

cos2 γ0
∆γ + ⋅ ⋅ ⋅ . (3.49)

Substituting equation (3.48) into equation (3.49), we obtain

∆x = − dλ0σ cos i
ω0 cos3 γ0

∆ω + o(∆ω) + ⋅ ⋅ ⋅ . (3.50)

Hence the coefficient
α = − dλ0 cos i

σω0 cos3 γ
. (3.51)

(2) Derivation of the expression of the tilt angle of the temporal focus θt for
equation (3.25)
Instituting βτ0 = 2α/win into ϕ2(x, z) = 0 for equation (3.29), we can obtain

2α
ω0winw0

x − α2

zRw2
in
z + ϕ2in

nz2R
z2 + ϕ2in

n = 0 . (3.52)

Taking the first-order derivation of z with respect to x for equation (3.52), we have

z󸀠󵄨󵄨󵄨󵄨󵄨x = 2winzR
αω0w0

⋅ 1

1 − 2ϕ2in ⋅ z
nzR ⋅ w2

in
α2

= 1
tan θt

⋅ 1
1 − 2zdz/z2R . (3.53)

Considering the derivation at x = 0 and from equation (3.29), we have z(x)|x=0 ≈ zd.
Thus, the first order derivation of z(x) at x = 0 can be written as

z󸀠 (x)󵄨󵄨󵄨󵄨󵄨x=0 ≈ 1
tan θt

⋅ 1
1 − 2z2d/z2R . (3.54)

3.4 Femtosecond laser fabrication of microfluidics

3.4.1 Introduction

Microfluidics is a rapidly emerging technology that enables miniaturization and in-
tegration for biological, chemical, and medical applications. Integration of fluidic
functions such as valving, metering, mixing, transport, and separation on a single
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substrate has enabled construction of microfluidic systems that can control and ma-
nipulate tiny volumes of liquids with high precision, leading to downsizing of both
chemical and biological analysis [163, 164]. Most current microfluidic systems are pri-
marily two-dimensional. Extension of these devices to three dimensions would allow
for full integration of a broad range of different types of components and enable po-
tential high-value applications. However, it is still a challenge to realize complex 3D
microfluidic structures with current planar photolithography technologies, which re-
quiremultilayer andmultistep processing procedures to form 3D structures, including
stacking, bonding, sealing, and so on.

FsLDW is the main technique currently used to modify the interior of transparent
materials in a spatially selective manner [165, 166]. This is possible due to the nonlin-
ear interaction between the tightly focused femtosecond laser beam and the transpar-
ent material, since the interaction is effectively confined to the vicinity of a focal point
where the laser intensity exceeds the threshold for multiphoton absorption. In combi-
nation with wet chemical etching, FsLDWhas also been used to fabricatemicrofluidic
structures, including microchannels and chambers [60, 167], microvalves [168], and
micropumps [169].

Currently, there are two main strategies for fabricating 3D microfluidic channels
embedded in glasses using femtosecond lasers. The first strategy employs femtosec-
ond laser modification inside glass materials followed by chemical wet etching [167].
Unfortunately, with this technique the length of the microfluidic channel that can be
fabricated is usually limited to a few millimeters, due to the limited etching ratio be-
tween the areas with and without femtosecond irradiation. Another strategy is to per-
form femtosecond laser 3D drilling from the rear surface of the glass in contact with
distilled water, in which the water introduced into the microchannel can help to re-
move the ablated debris [170]. However, when the length of the channel increases,
the debris can no longer be ejected from the microchannel, which in turn causes clog-
ging and the termination of the microchannel. So far, the microchannels fabricated
by these methods often suffer from their insufficient lengths for practical microfluidic
applications.

Another challenge of fabricating 3D fluidic structures by FsLDW is the limited fab-
rication resolution mainly caused by the optical diffraction limit. So far, by inducing
theTPPof photosensitivematerialswith femtosecond laser pulses, 3D fabricationwith
a resolution of sub-100 nm has already been achieved by choosing a laser intensity
slightly above a threshold value [69]. However, the TPP technology is intrinsically lim-
ited to polymermaterials, inwhich direct formation of thinmicrofluidic channels can-
not be easily achieved due to the difficulty in removing the nonphotopolymerized ma-
terials contained in the thin channels. Currently, the thinnest microfluidic channels
are obtained by liquid-assisted femtosecond laser 3D drilling, resulting in channel di-
ameters ranging from 500 to 700 nm [171].

Glass is considered to be a good candidate of substrates for microfluidics fabrica-
tion by FsLDW because of its wide optical transparency, low thermal expansion, and
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Fig. 3.32: Femtosecond laser modification inside glass materials followed by heat treatment and
chemical wet etching.

good chemical inertness and biocompatibility. Although a wide variety of glass has
been explored for femtosecond laser processing (particularly for optical waveguide
writing), fused silica and a kind of photosensitive glass termed Foturan are the most
common materials used for microfluidic sensors, since they exhibit a selective chem-
ical etching ratio of 30:1 or greater in HF acid and other solutions following laser pro-
cessing.

Themechanismof femtosecond laser processingq of fused silicawill be discussed
below, while Foturan glass exhibits similar selective etching characteristics but with
a mechanism quite different from that of fused silica. The selective etching ratio en-
hancement in Foturan glass is the result of a photochemical reaction, while in fused
silica, it is caused by a photophysical process. More specifically, femtosecond laser
irradiation of Foturan glass reduces Ag dopant ions to Ag atoms due to the genera-
tion of free electrons by MPA, and during subsequent annealing, Ag nanoclusters are
formed by diffusing Ag atoms. These nanoclusters then act as seeds for the formation
of crystalline lithium metasilicate, which has an etching rate in HF that is about 50
times higher than that of the unirradiated glass matrix. Thus, the typical method for
fabricating microfluidic structures in Foturan glass involves FsLDW, heat treatment
in a programmable oven, and wet chemical etching in an ultrasonic bath. Figure 3.32
shows the typical processing procedures of microfluidics fabrication in Foturan glass
using FsLDW.

Recently, a novel porous glass has been proposed as an exciting new substrate
material for the fabrication of micro- and nanofluidic structures [172–175]. It is pro-
duced by removing the borate phase from phase-separated alkali-borosilicate glass in
a hot acid solution. The composition of the porous glass is approximately 95.5SiO2 −
4B2O3 − 0.5Na2O (wt.%). The pores have a mean diameter of about 10 nm, and are
uniformly distributed in the glass, occupying about 40% of its volume. These pores
form a 3D connective network, which allows liquid to flow through the entire glass
volume. Interestingly, by annealing the glass substrate at about 1150 °C, the meso-
porous glass can be consolidated and the pores sealed. Compared with fused silica
and Foturan, this glass offers the advantage of enabling fabrication of 3D microflu-
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Tab. 3.3: Typical properties and applications of fused silica, Foturan glass and porous glass [166].

Glass Properties related to FsLDW Applications

Fused silica Composition: amorphous SiO2
Refractive index: 1.46 (550nm)
Melting temperature: 1665 °C
Annealing temperature (for surface smoothing):
1200 °C [207]
High optical transparency, low background
fluorescence, biocompatible.
Selective etching ratio: ~1:30 (HF), ~1:200
(KOH) [182]

Photonic devices [53–59]
Microfluidics [41]
Optofluidic integration [41]
Micro-optics
Micromechanics [176, 177]
Microelectronics
Surface/bulk nanostructur-
ing [63–66]

Foturan Composition: lithium-potassium glass dotted with
small amounts of silver and cerium oxides
Refractive index: 1.52 (550nm)
Annealing temperature (for surface smoothing):
570 °C
Melting temperature: 660 °C
Selective etching ratio: ~1:50 (HF)

Microfluidics
Micro-optics
Optofluidic integration
Micromechanics
Microelectrodes
Electrofluidics

Porous glass Composition: 95.5SiO2 − 4B2O3 − 0.5Na2O (wt.%).
Mean pore size: ~10nm
Relative pore volume: 40%
Annealing temperature (for sealing): 1120 °C
Microfluidic channels with arbitrary 3D geometries
and unlimited length
Feature size approaching ~λ/20

Micro and nanofluidics
Bulk nanostructuring

idic channels with arbitrary geometries and unlimited lengths, with feature sizes far
beyond the optical diffraction limit. In addition, the fabrication procedure is simple
and contamination-free, involving only femtosecond laser ablation in water and sub-
sequent annealing to seal the pores.

Typical properties and applications of the three kinds of glass are listed in Ta-
ble 3.3. This section focuses primarily on recent efforts to tackle the two issues asmen-
tioned above. By use of FsLDW in fused silica, followed by chemical etching as well as
glass drawing, centimeter microfluidic channels with an aspect ratio as high as 1000:1
is demonstrated, with an inner wall roughness lower than 1 nm. By using FsLDW in
porous glass immersed in water followed by postannealing, microfluidic channels
with nearly unlimited lengths and arbitrary 3D geometries are demonstrated [173]. By
controlling the laser peak intensity and polarization, a single nanocrack with a sub-
50-nm feature size could be achieved inside porous glass [108]. Based on these strate-
gies, several functional devices and their applications are demonstrated, including
large-volume hollow chambers [178], 3D passive microfluidic mixers [174], and an in-
tegrated micronanofluidic system for single DNA analysis [175]. Finally, future oppor-
tunities and current challenges for this novel approach are highlighted.
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3.4.2 Microfluidics fabrication in fused silica

Fused silica is conventionally regarded as a nonphotosensitive material in the visible
region. It is an ideal substratematerial due to its excellent physical and chemical prop-
erties, such as chemical inertness, low thermal expansion coefficient, low autofluo-
rescence, exceptional transmittance over a wide spectral range, and so on. Misawa’s
group pioneered the fabrication of 3D micro-fluidics in fused silica using a femtosec-
ond laser in 2001, although they obtained a low etch selectivity [167]. Later in 2004,
Bellouard et al. formed high-aspect ratio microchannels with arbitrary lengths that
are open on the top surface of fused silica by femtosecond-laser-assisted wet chemi-
cal etching [179].

The fabrication procedure for microfluidic structures in fused silica generally in-
volves FsLDW followed by wet chemical etching [167]. The laser-modified regions ex-
hibit an enhanced etching rate, which is thought to be due to a reduction in the Si-O-Si
bond angle, although this is still a subject for debate. A substantial breakthrough in
fabrication in fused silica was achieved in 2005 when Hnatovsky et al. discovered
that the etch rate and selectivity strongly depend on the polarization of the writing
pulses [180]. This is due to the formation of periodic nanograting-like structures that
are always oriented perpendicular to the polarization of the laser beam [43, 181]. As
shown in Figure 3.33, these nanogratings consist of alternating regions with high and
low etching rates. If the nanogratings are oriented perpendicular to the microchan-
nel (Figure 3.33 (c)), the alternating regions prevent the HF solution from entering the
microchannel, resulting in the lowest etch rate. Therefore, to achieve the highest etch

Fig. 3.33: (a)–(c) Top-view (XY -plane) SEM images of long-range periodic nanostructures formed
along the writing direction for different polarizations for Ep = 300nJ (the polarization is parallel to
the writing direction when θ = 0°) and (d) Ep = 900nJ. The structures are revealed after etching
for 20min in a 0.5% aqueous solution of HF. (Reproduced with permission from OSA. ©2005 by the
Optical Society of America).
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rate, the nanogratings must be oriented parallel to the microchannel; this has the po-
tential to enhance the etch rate by nearly two orders of magnitude relative to that ob-
tained when the nanogratings are oriented perpendicular to the microchannel.

Themost commonly used etchant has beenHF,which offers a selective etching ra-
tio of up to about 30:1. However, it was recently found that very highly selective etch-
ing could be achieved using KOH, allowing for the fabrication of microfluidic chan-
nels with an aspect ratio of about 200:1, although the etching rate is extraordinarily
low compared to that for HF [182, 183]. In Figure 3.34 [182], it is clearly shown that
the channels formed using KOH have much more uniform diameters. Kiyama et al.
recently used a KOH etchant to fabricate a 1-cm-long through channel that had a di-
ameter of less than 60µm near its ends and a much smaller diameter at its middle.
Since it was produced without using an ultrasonic bath, it may be possible to further
improve the microchannel homogeneity.

Using the above technique, microfluidic channels can be easily fabricated as
shown in Figure 3.35 (a). However, the fabricated channels typically are strongly ta-
pered due to the limited etching selectivity, and their cross-sectional shapes are highly
elliptical, as shown in Figure 3.35 (c) and 3.35 (d). Furthermore, the surface roughness
of the sidewall of the microchannel can reach a level of ~500 nm, which is too high
for many fluidic applications. To solve these problems, He et al. performed an addi-
tional glass drawing step after the etching of the sample. Namely, the glass sample
is heated with an oxyhydrogen (OH) flame until it is softened. Then the glass sample
is slightly drawn in the direction parallel to the channel. After the drawing process,
a homogeneous channel with perfectly circular cross sectional shapes throughout is
obtained, as shown in Figure 3.35 (b), 3.35 (e), and 3.35 (f). In addition, an inner sur-
face roughness of ~0.2 nm was achieved. These improvements were achieved owing
to the surface tension in the molten glass during the glass drawing. The glass drawing
technique also allows for creating centimeter-long microfluidic channels in complex
fluidic networks with a diameter of only ~10mm, as shown in Figure 3.35 (g)–(j).

3.4.3 Microfluidics fabrication in porous glass

Figure 3.36 schematically shows a typical experimental setup used for FsLDWin
porous glass, which consists of a femtosecond laser amplifier system (Coherent,
Inc., Santa Clara, CA, USA, center wavelength: ~800 nm, pulse width: ~50 fs, rep-
etition rate: 1~250 kHz), a charge-coupled device (CCD) imaging system, a computer-
controlled XYZ translation stage, beamcontrol devices, anddelivery optics. TheGaus-
sian laser beam with an initial 8.8mm diameter is passed through a ~3mm-diameter
aperture for ensuring a high beamquality (i.e. only the central part of the beam is used
because of its high homogeneity). A long-working-distance water-immersed objective
is employed for focusing the beam into the porous glass sample, which is fixed in a
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Fig. 3.34: Optical micrographs for comparison of etching profiles in a 9.2-mm-long silica substrate
produced by etching by 10 M (35.8%) aqueous KOH (20mL) and 2.0% aqueous HF (20mL). (a)–
(e) Channels fabricated after soaking for 60 h in KOH at 80 °C after FsLDW focused by a 40× objec-
tive lens (NA: 0.65) for pulse energies of (a) 500, (b) 400, (c) 300, (d) 200, and (e) 100nJ. (f)–(h) Two
images of each set of etching fronts, which represent the time evolution of channel formation in
aqueous HF solution at ambient temperature. (i)–(k) SEM pictures of cross-sections of the microflu-
idic channels (Reprinted with permission from ACS. Copyright 2009 American Chemical Society).

petri dish filled with distilled water. The petri dish is placed on the translation stage,
as shown in Figure 3.36. Since the high-repetition-rate laser pulses could also lead to
temporary evacuation of water in the laser action zone by semicontinuous irradiation,
a chopper is used to modulate the femtosecond laser pulse train during the ablation
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Fig. 3.35: Optical micrographs of the Y-branched channels (a) before and (b) after the glass draw-
ing process; (c)–(f) cross sections of the channels at the locations indicated by the cutting lines;
(g) schematic illustration and (h) digital-camera-captured image of a 12-mm-long microchannel;
(i) close-up view and (j) the cross section of the microchannel in (h). Scale bars in (c)–(f): 50 µm.

process, so that the water can always fill the ablation zone by infiltration through the
porous network.

Figure 3.37 (a) and 3.37 (b) show the schematic view of the experimental setup and
the flow diagram for the fabrication process respectively. The main fabrication pro-
cess includes two steps: (1) direct formation of 3D microchannels from one side of
a porous glass substrate immersed in water by FsLDW and (2) postannealing of the
glass substrate at ~1150 °C by which the porous glass can be consolidated. The inset
SEM image in Figure 3.37 (a) clearly shows that the size distributions of nanopores are
homogeneous. After the consolidation process, all the nanopores in the porous glass
disappeared; however, the fabricated microchannels could survive due to their large
diameter. Moreover, the porous structure is consolidated into a clear impervious glass
known as Vycor brand 96% SiO2 glass, which is similar to fused silica in its thermal
properties and light transmittance [172].
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Fig. 3.36: Schematic of the setup used for FsLDW in porous glass.

Fig. 3.37: (a) Schematic view of experimental setup; (b) flow diagram for the fabrication process.

3.4.3.1 Fabrication of multicentimeter-long microchannels
For laser direct writing of microchannels in porous glass, relatively high laser inten-
sity is required for inducing laser ablation inmicrochannel. Typically, a 50× objective
(NA 0.80) is employed for focusing the 1 kHz femtosecond laser pulses at a depth of
300 µmbelow the sample surface. The laser pulse energy is chosen to be 60µJ, and the
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Fig. 3.38: Optical micrographs of microchannels in porous glass fabricated by (a) single scan and
(b) multiple scans.

translating speed is set to be 20 µm/s. Figure 3.38 (a) shows a section of microchannel
inside porous glass immersed in water, wherein the dark segments consisted of gas
bubbles produced when focusing femtosecond laser pulses on the silica/water inter-
face. The discontinuous bubble segments indicate that some parts of the channel are
blocked by debris created by laser ablation. By repeatedly scanning, the water could
disperse and flush away clogged segments, until a homogeneous and continuous hol-
low channel is obtained. The continuous bubble section shown in Figure 3.38 (b) indi-
cates that the channel is homogeneous and debris-free, after one slow scan at 20 µm/s
followed by repeatedly scanning the whole microfluidic channel six times at a higher
translation speed of 1mm/s.

Figure 3.39 (a) shows a top view micrograph of the homogeneous square-wave-
like microchannel embedded in porous glass with a total length of ~1.6 cm, which is

Fig. 3.39: (a) Optical micrograph of a 1.6-cm-long microchannel embedded in porous glass before
postannealing; (b) optical micrograph of postannealed microchannel filled with red ink; (c) close-up
view of (b) (Reproduced with permission from OSA. ©2010 by the Optical Society of America).
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obtained by multiple scans with a total machining time of ~15min. However, the mi-
crofluidic channel embedded in porous glass cannot be directly used for microfluidic
application, because the liquid in the channel tends to permeate into the surrounding
pores. To collapse all the pores, the sample is further annealed at 1150 °C for 1 hr. Fig-
ures 3.39 (b) and 3.39 (c) show optical micrographs of the postannealed microchan-
nel filled with red ink. It is clear that the ink is well confined in the microchannel,
which indicates that the microchannel is completely sealed because the pores have
been closed after postannealing.

It should be specifically mentioned that after the consolidation process, the glass
substrate shrinks in all the three directions. The initial length of ~1.6 cm of the mi-
crofluidic channel decreases to ~1.4 cm after the postannealing. Furthermore, we
compare the cross sections of microchannels before and after the postannealing by
breaking up the microfluidic channels, as shown in Figure 3.40 (a), (b). Table 3.4
gives geometric sizes of the microchannel before and after annealing, which indi-
cate the shrinkage factors in three directions are almost equal. The corresponding
volume shrinkage factor is ~39%, approximately equal to the 40 vol% porosity of
porous glass. Note that there are some cracks along the laser propagating direction
around the microchannels as shown in Figure 3.40 (a),(b), which could have resulted
from inhomogeneous axial intensity distribution of the incident laser due to both the
self-focusing effect and the spherical aberration effect [184].

Fig. 3.40: Cross-sectional views of the cleaved microchannel (a) before and (b) after the postanneal-
ing [173] (Reproduced with permission from OSA. ©2010 by the Optical Society of America).

Tab. 3.4: Geometric sizes of microchannel before and after annealing

Description Cross section size Cross section size Channel length
(transverse) (vertical)

Before annealing 74µm 114µm 9.50mm
After annealing 63µm 97µm 8.00mm
Shrinkage factor 14.9% 14.9% 15.8%
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Fig. 3.41: (a) The porous glass before (left) and after (right) postannealing; (b) transmission spec-
trum of the consolidated glass.

Moreover, the porous glass substrate, which is opaque due to the scattering of nano-
pores, becomes highly transparent after the consolidation process, as shown in Fig-
ure 3.41 (a). Figure 3.41 (b) gives a transmission spectrum of the consolidated glass,
which shows superior transmission ranging from ultraviolet radiation (UV) to near
infrared radiation (NIR). This facilitates the future incorporation of optical functions
in the glass for optofluidic applications.

3.4.3.2 Mechanism for efficient removal of debris
In this section, we discuss the dominant mechanism that is responsible for the re-
moval of debris from the microchannel during the FsLDW in porous glass. Actually,
in previous studies of fabrication of microfluidic channels in fused silica by water-
assisted femtosecond laser drilling [185], it has been observed that the drilling process
relies heavily on water circulation in the microchannel, which is a bidirectional mass
transfer process including both the water flowing into the laser ablation zone from the
inlet of the microchannel driven by capillary force and bubbles ejecting through the
inlet driven by the shock wave produced by the femtosecond laser, as schematically
shown in Figure 3.42 (a). The water plays two key roles for producing hollow struc-
tures: (1) dispersing the debris produced by laser ablation; and (2) producing bubbles
to expel the debris from the channel through the inlet, which in turn promotes the
water circulation. Unfortunately, as the length of the channel increases in solid glass,
once the bubble and debris build up to the extent that water inflow is blocked, the
drilling process will terminate. However, for porous glass, the water can continuously
infiltrate into the ablation zone through the porous network, as schematically shown
in Figure 3.42 (b), even if the microchannel is blocked. Therefore, the repeated back
and forth writing can always disperse debris and produce bubbles independent of the
length of the microchannel.
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Fig. 3.42: Schematic illustration of water-assisted direct-writing process in (a) solid glass and (b)
porous glass.

In the right panels of Figure 3.42, the resistance forces of bubble ejection when the
microchannel is blocked by bubbles are illustrated for a solid glass case and porous
glass case. For the porous glass case, it is much easier to drive the bubbles out from
the channel because the capillary force exerted by the water surrounding the bubbles
is balanced out. In the experiment of FsLDW in porous glass, the microchannel could
be temporarily blocked somewhere if some of the bubbles in the channel do not have
enough time to escape from the channel before the new debris is produced. However,
we can easily expel the bubbles from the channel by scanning the femtosecond laser
beam along the channel repeatedly.

In addition, due to the porosity of the sample, the amount of debris produced by
the femtosecond laser ablation would be less than that of traditional water-assisted
drilling inside dense glass. Furthermore, the porosity of the sample will also allow
for the direct creation of hollow space by localized solidification and the collapse of
the nanopores, which has been verified by the formation of hollow nanogratings in
porous glass.

3.4.3.3 High-aspect-ratio 3D microchannels
For the direct writing of high-aspect-ratio (length-to-diameter) microchannels, both
high-repetition-rate femtosecond laser pulses and tight focusing are desirable. Here,
the 250-kHz femtosecond laser pulses with a pulse energy of ~2 µJ are tightly focused
by a water-immersed objective (NA = 1.0). Under such conditions, a peak laser inten-
sity of ~8 × 1015W/cm2 can be reached in a tiny focal volume with a diameter of
~0.8 µm, which is sufficiently strong for inducing nonlinear optical absorption and
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ablation of the glass material. The significant amount of heat and strong shockwaves
generated by the femtosecond laser ablation can facilitate water circulation and help
to remove the debris from the outlet of the microchannel. Since the high-repetition-
rate laser pulses could also lead to the temporary evacuation of water in the laser
action zone by semicontinuous irradiation, a chopper operated at 1 kHz with a duty
of 50/50 is used (Figure 3.36) to modulate the femtosecond laser pulse train during
the ablation process, so that the water can always fill the ablation zone by infiltration
through the mesoporous network [186].

The 3D nature of the FsLDW offers unique flexibility for constructing complex
microfluidic networks [187]. Figure 3.43 (a) shows a 3D helical microchannel with a
total length of ~1 cm and a diameter of ~16 µm (i.e. corresponding to an aspect ra-
tio of > 600). The coil radius and the pitch of the helical channel are 100 µm and
50 µm respectively. The homogeneous and debris-free helical channel is produced in-
side the porous glass by performing one slow scan (10 µm/s) followed by three fast
scans (100 µm/s) over the whole microfluidic channel. The total fabrication time is
less than 30min. Figure 3.43 (b) shows several overpass structures consisting of spiral-
like bends along microfluidic channels, by which one microchannel can cross over
the others. The fluorescence micrograph presented in the inset of Figure 3.43 (b) indi-
cates that indeed, the twomicrochannels donot intersect each other. The insets in Fig-
ure 3.43 (a),(b) present fluorescence microscopy images of the fabricated microchan-

Fig. 3.43: Optical micrographs of (a) a 3D helical microchannel and (b) 3D microfluidic channels
crossing over each other embedded in consolidated glass; insets: fluorescence microscopy image
of the microchannel filled with fluorescein solutions [174] (Reproduced with permission from RSC.
©2012 by the Royal Society of Chemistry).
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Fig. 3.44: (a) Optical micrograph of a two-layer microfluidic channel in porous glass with a length up
to 6.6 cm (b) Fluorescence microscopy image of the postannealed microchannel filled with a solution
of fluorescein.

nels filled with fluorescein solutions. The confined fluorescent solution provides proof
that the nanopores have all collapsed to form the consolidated substrate.

Many microfluidic applications such as electrophoresis require long channels
compactly deployed in a tiny space. Compact microfluidic systems not only reduce
the sizes of micro-analysis systems but also promote device performance qualities
such as sensitivity. Toward this goal, a 3D two-layer microfluidic channel structure in
porous glass with a length up to ~6.6 cm is fabricated. Such a channel length can be
sufficient for electrophoresis-based chemical analysis [188, 189]. Figures 3.44 (a),(b)
shows microchannels with an aspect ratio of ~5500 fabricated in porous glass and
consolidated glass, respectively. The total length of the microchannel is 6.6 cm and its
diameter is ~12µm, while the distance between the two layers is ~30 µm. In this case,
femtosecond laser pulses with a pulse energy of ~3.5 µJ are tightly focused into the
porous glass substrate using a water-immersed objective (NA = 1.0). The debris-free
microchannel is written back and forth at a low translation speed, and the total fab-
rication time is ~3 h. To our knowledge, this is so far the longest microfluidic channel
with the highest aspect ratio produced in a glass substrate by FsLDW. In fact, there is
no limit on the channel length with this technique if one spends enough time on the
fabrication of the structure.
3.4.3.4 Large-volume hollow chamber
Recently, the 3D cell culture system has attracted wide attention from researchers
ranging from the engineering of tissues for clinical delivery to the development of
models for drug screening, where both gene expression and other biological activities
more closely mirror what happen in living organisms [190]. To build 3D microfluidic
devices for cell culture, hollowmicrofluidic chamberswith relatively large volumeand
arbitrary 3D configurations are desirable.
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Fig. 3.45: Schematic illustration of the fabrication process for a large-volume hollow chamber.

Figure 3.45 shows the fabrication process of a large-volume chamber inside glass by
femtosecond laser direct writing. Two straight channels are first fabricated inside the
porous sample for the inflow of water and ejection of debris. Along with the straight
channels, a chamber is fabricated by translating the sample in a line-by-line and layer-
by-layer manner. The scan of the chamber started from its bottom in order to avoid
the extra aberration created by the previously formed hollow layers. After the laser
direct writing, a postannealing process is applied to the sample foremoving all the
nanopores in the glass. After postannealing, geometric sizes of the annealed hollow
chamber decrease to 85% of the original one, while its shapes remain unchanged (Ta-
ble 3.4).

Figure 3.46 (a) shows a large-volume chamber connected to four microchannels
embedded in the porous glass. Here, the 250-kHz femtosecond laser pulses with a
pulse energy of ~6.5 µJ are tightly focused by an objective lens (NA = 0.90). First, the
microchannels are fabricatedwithone slowscanat a translation speedof 20 µm/s. The
diameter of the microchannels is approximately 20 µm. Secondly, the microchamber
is fabricated in a line-by-line and layer-by-layer manner at a higher translation speed
of 100 µm/s. The interval between the adjacent lines in the horizontal plane is 3 µm,
and the vertical interval between the adjunct layers is 5 µm. The size of themicrocham-
ber is 1mm × 1mm × 100 μm defined by the number of adjacent lines, and the total
scanning process for fabricating the chamber took ~20 h because of its large volume.
The thick black curve in Figure 3.46 (b) shows the boundary of air and water in the
chamber, providing clear evidence of the hollow structure. The technique allows for
the fabrication of arbitrary 3D hollow structures embedded in glass.
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Fig. 3.46: (a) Overview image of a 1mm × 1mm × 100 μm chamber connected to four microchannels.
(b) Enlarged view of the large volume chamber.

3.4.3.5 3D microfluidic mixers
Fluidmixing is an essential function required bymost microfluidic systems. However,
quick and efficient fluid mixing inside microchannels is usually difficult to achieve
due to the laminar nature of microflows, characterized by low Reynolds numbers.
Recently, various passive mixers have been developed to achieve efficient mixing by
utilizing 3D geometric structures to induce disturbance in the fluids [191–194]. Never-
theless, the fabrication of 3Dmicrofluidicmixerswith arbitrary geometries is still chal-
lenging. Here, we demonstrate the rapid fabrication of a passive microfluidic mixer
consisting of geometrically complex 3D microchannels by FsLDW in porous glass.

According to the chaotic theories, a passive micromixer based on the baker’s
transformation concept could provide an ideal mixing performance [195]. However,
such kinds ofmixers usually require complicated 3Dgeometries, thus they are difficult
to fabricate through the conventional planar fabrication process. By using FsLDW, a
passive micromixer consisting of symmetrical 3D units as theoretically proposed by
Carrière [196] is fabricated. Figure 3.47 (a),(b) presents the schematic illustrations
of the designed 3D mixer which is composed of a Y-shape microchannel embedded
400µm below the surface of chip and a string of mixing units, connected to two
opening inlets and one outlet. The inlets and outlet are all on the backside of the
chip. Three circular slots surrounding the inlets and the outlet are also fabricated
by femtosecond laser ablation, which are used as connection interfaces with plastic
pipes of a diameter of 0.9mm. Figure 3.47 (c) presents an overview of a 3Dmicromixer
consisted of six mixing units. The length of all the horizontal and vertical channels in
each mixing unit is 150 µm, as shown in Figure 3.47 (d) (top view) and (e) (side view).
It also can be observed from Figure 3.47 (e) that the cross section of the channel is
elliptical with a width of ~50µm and a depth of ~75 µm. Figure 3.47 (f) shows the inner
surface of the microchannel for evaluation of the surface roughness.
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Fig. 3.47: Schematic diagrams of the 3D passive microfluidic mixer: (a) overview and (b) close-up
view images; (c) overview optical micrograph of the microfluidic mixer, (d) top view optical mi-
crograph of two mixing units, and (e) cross sectional optical micrograph of the 3D microchannels;
(f) SEM images of the inner wall of the fabricated microchannel. The dark sections in (e) are caused
by the bubbles. (Reproduced with permission from RSC. ©2012 by the Royal Society of Chemistry).

Figure 3.48 (a),(b) shows the experimental results of mixing the two fluorescent dye
solutions (fluorescein sodium and Rhodamine B) in the 1D and 3D microfluidic mix-
ers fabricated under the same direct writing conditions, respectively. Clearly, the mix-
ing behaviors in these two structures agree well with the simultion results. For the
3D mixer, after passing through three mixing units (i.e. a length of 0.9mm), the two
fluids are well mixed, corresponding to a mixing time of ~10ms. For comparison, Fig-
ure 3.48 (a) shows that in the 1Dmicrofluidic channel, efficient mixing is not achieved
after a propagation distance of ~1300 µm. The insets in Figure 3.48 (a),(b) show the nu-
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Fig. 3.48: Fluorescence microscopy images of the (a) 1D and (b) 3D microfluidic mixing experiments,
where two fluids (light gray and dark gray) are mixed at Reynolds number (Re) = 5.3. Scale bars =
150µm. Insets: numerical simulations of mixing in (a) 1D and (b) 3D microfluidic mixers; Re= 5.3.

merical simulations of mixing in 1D and 3Dmicrofluidicmixers, respectively. It can be
clearly seen that the experimental results and the computational results are in good
agreement.

3.4.4 Nanofabrication in porous glass

3.4.4.1 Direct writing of nanochannels
Recently, nanofluidics has attracted increasing attention due to its unique fluid trans-
port properties and great potential to handle and probe individual biomolecules [197].
The incorporation of nanofluidic elements into microfluidic devices enables further
downsizing of micro-analysis systems and enhancement of their functionalities, both
ofwhich are highly desired for LOC applications [198]. Both fundamental investigation
and practical application of nanofluidics heavily rely on fast and simple nanofabrica-
tion techniques [199–201]. Here, we show that by uniquely employing the porous glass
as the substratematerial, nanogratings consisting of an array of elliptical-shaped hol-
low nanovoids elongated in the direction of laser propagation can be formed in glass
using a linearly polarized writing beam. By reducing the peak intensity of the laser
pulses close to a threshold value, only a single hollow nanovoid in the central area
of the focal spot can survive, serving as the basic element for the construction of 3D
nanofluidics inside glass.

Previously, it has been reported that nanogratings can be formed in glass with
femtosecond laser irradiation, which consist of alternating regions of high and low
etch rates periodically distributed in a direction perpendicular to the laser polariza-
tion [180]. We found that the nanograting-like structures can also be induced in the
porous glass by femtosecond laser irradiation, whereas the gratings are composed of
an array of hollow nanovoids, as schematically shown in Figure 3.49.
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Fig. 3.49: Schematic diagram of inducing nanograting structures inside water-immersed porous
glass by femtosecond laser pulses. The sample is translated in the x-y plane, the writing polariza-
tion is aligned to the x-axis, and the laser incident direction is along the z-axis. (Reproduced with
permission from OSA. ©2013 by the Optical Society of America).

Amazingly, we found that a single nanochannel could still be induced in the central
area of the focal volume at a very low laser intensity, while other nanograting-like
channels vanish. The cross sections of the nanogratings induced by FsLDW at differ-
ent pulse energies (with a samewriting speed of 10 µm/s) are shown in Figure 3.50 (a)–
(c). The direction of laser polarization is perpendicular to the translating direction. At
a relatively high pulse energy of 90 nJ, the number of the elliptical nanovoids in the
grating is large, as shown in Figure 3.50 (a). By reducing the pulse energy to 70 nJ, the
number of nanovoidsdecreases to only four. It is noteworthy thatunder this condition,
theperiodicity of thenanogratingapparently increases as evidenced inFigure 3.50 (b),

Fig. 3.50: (a)–(c) Evolution from nanovoid ar-
ray to single nanovoid with decreasing laser
intensity. The laser incident direction (k),
polarization (E), and writing direction (S)
are indicated. (Reproduced with permission
from OSA. ©2013 by the Optical Society
of America.) (d)–(f) Principle schematic
diagrams to achieve a single nanocrack.
(Reproduced with permission from Springer.
©2014 by Springer.)
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which also helps reduce the number of nanovoids. Finally, by reducing the pulse en-
ergy to 60nJ, only the central nanovoid survives, showing an extremely narrowwidth
of ~37 nm as presented in Figure 3.50 (c).

Figure 3.50 (d)–(f) presents a principle schematic diagram to achieve a single
nanocrack by combining the threshold effect and the formation of periodic nanograt-
ing. Conventionally, the surface nanostructuring of glass beyond the diffraction limit
could be achieved by taking advantage of a threshold effect, i.e. by bringing the laser
intensity down to a level approaching a threshold laser intensity only above which
the ablation of glass induced by multiphoton absorption occurs [107, 202]. In theory,
there is no limit on the fabrication resolution when the threshold effect takes place,
because the ablation linewidth can always be reduced if one keeps on reducing the
difference between the chosen laser intensity and the threshold intensity. However,
in practice, due to the fluctuation of the output power of the femtosecond laser, the
fabrication process will become extremely unstable when the laser intensity is near
the threshold intensity [52]. In fact, reliable sub-100nm fabrication linewidths are
extremely difficult to achieve for surface ablation. Moreover, a sub-100nm fabrication
linewidth has never been demonstrated for 3D nanostructuring in bulk transparent
materials so far due to the different physical mechanism involved in bulk machin-
ing [203]. In this case, the formation of a single nanocrack is much less sensitive to
the fluctuation of the laser intensity by combining the threshold effect and the for-
mation of a periodic nanograting. As shown in Figure 3.50 (f), when the femtosecond
laser intensity is intentionally reduced to a level at which only the intensity in the
light gray oval region is higher than the threshold intensity, one will be able to select
only one nanocrack in the central area of the focal volume. Note that the single nanoc-
rack is much narrower than the above-threshold-intensity region. So there exists a
window (a range of laser intensity) for inducing a single nanocrack,which is between
the threshold laser intensity of emergence of a single nanocrack and the minimum
laser intensity for inducing two nanocracks in porous glass.

The induced single nanovoids can be connected into a continuous structure for
construction of 3D nanochannels in glass. This is achieved by slowly scanning the
focal spot of the femtosecond laser at a translation speed of 5–10 µm/s in the porous
glass immersed inwater. The nanochannel is connected to a prefabricatedmicrochan-
nel throughwhich thedebris canbedrivenout from thenanochannel by bubble gener-
ation. Figure 3.51 (a) presents a zoomed-in viewof the cross sectionof thenanochannel
surrounded by small nanopores. The top view image gives direct evidence of the for-
mation of a single continuous nanochannel, as shown in Figure 3.51 (b). After the laser
writing, the sample is annealed at a high temperature of 1120 °C for 2 hr. Figure 3.51 (c)
shows a fluorescence microscope image of the postannealed nanochannels filled with
fluorescent dyes, indicating that there are no clogs and leakage in the nanochannels.
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Fig. 3.51: (a) Cross section view and (b) top view SEM images of a continuous nanocrack written in
the porous glass; (c) fluorescence microscope image of the postannealed nanofluidic channels filled
with fluorescent dyes as an evidence that these nanochannels are through structures without clog-
ging and leakage (Reproduced with permission from OSA. ©2013 by the Optical Society of America).

3.4.4.2 Rapid prototyping of 3D nanofluidic chips
The unique 3D capability of FsLDW allows fabrication of nanochannels at arbitrary
depths inside the glass substrate with a high axial resolution. Moreover, the dimen-
sions of the channel can easily be controlled by adjusting the machining parameters,
such as the laser pulse energy, the translation speed and the number of repeated
scans. In combination with 3D microfluidics we have demonstrated in the previous
sections, it is now possible to produce integrated micro-nanofluidic systems of com-
plex 3D geometries and configurations in glass in a single continuous step.

Figure 3.52 shows a schematic diagram of the process flow chart for fabricating
integrated 3D micronanofluidic structures by FsLDW in porous glass, showing four
major steps: (1) fabricationof reservoirs by femtosecond laser directwritingablationof
porous glass immersed in water with a low-NA objective (NA = 0.45) at a pulse energy
of ~10 µJ, as shown in Figure 3.52 (a); (2) direct writing of microchannels connecting
the reservoirswith a long-working-distancewater-immersedobjective (NA = 1.10) at a
pulse energy of 0.5–3 µJ, as shown in Figure 3.52 (b); (3) directwriting of a nanochannel
array bridged between two microchannels with the same objective used in (2) but at a
reduced pulse energy of 125–200 nJ, as shown in Figure 3.52 (c); and (4) postannealing
of the glass substrate at ~1120°C for 120min, by which all the nanopores in porous
glass can be collapsed to form a consolidated glass substrate, while the fabricated
nanochannels survive due to their larger diameter than the pores.

Figure 3.53 (a) schematically illustrates an integrated micronanofluidic structure,
which contains an array of two-layer nanochannels connected to two microfluidic
channels. Figure 3.53 (b) shows the optical micrograph of the fabricated nanochan-
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Fig. 3.52: Schematic diagram of process flow chart for fabricating 3D integrated micro-nanochannels
by FsLDW.

nel arrays. The nanochannels are directly written at the depths of about 200 µm be-
low the porous glass surface, and the difference in the depths of the two layers of the
nanochannels is only ~1.5 µm. All the nanochannels are directly written by a single
scan at a translating speed of 10 µm/swith pulse energy of 128 nJ. Note that aswe have
examined prior to the writing process, the threshold pulse energy for inducing opti-
cal breakdown in porous glass immersed in water is ~108 nJ. Therefore, the peak laser
intensity chosen for writing the nanochannel is approximately ~20% higher than the
threshold intensity. The direction of laser polarization is perpendicular to the trans-
lating direction. During the fabrication of the nanochannel in porous glass immersed
in water, it is observed that the bubbles are continuously ejected from the inlet of
the fabricated nanochannel into the thickmicrochannel, which can efficiently remove
the debris produced by laser ablation. The continuous bubble flow in turn indicates
that an unclogged nanochannel has been formed with a single scan (it was observed
previously that once clogging occurred, there would be no more bubbles coming out
from the outlet). After collapsing the nanopores by postannealing, the size of each
nanochannel is reduced by ~14% isotropically in all three dimensions, resulting a to-
tal channel length of ~40µm, a width in the range of 30–50 nm, and a height in the
range of 1–1.5 µm, as shown in Figure 3.53 (b),(c). The cross section of the nanochannel
appears highly elliptical, showing a typical depth-to-width ratio up to 25, as evidenced
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Fig. 3.53: (a) Schematic diagram of an array of double-layer nanochannels to bridge two microchan-
nels; (b) top-view optical micrograph of double-layer nanochannels after postannealing; (c) cross-
sectional SEM micrograph of the nanochannels cleaved along the dashed line in (b). The laser is
incident from bottom of the figure, and the arrows indicate some tiny occasional protrusions on the
edges of the nanochannels, which are formed due to the cleaving process. (d) Close-up SEM mi-
crograph of cross section of a nanochannel. (Reproduced with permission from RSC. ©2013 by the
Royal Society of Chemistry).

in Figure 3.53 (d). Such highly elliptical shapes resemble the cross section of an indi-
vidual nanoplane in a nanograting, indicating a relatively low fabrication resolution
in the axial resolution.

To demonstrate the applications of the fabricated nanochannels in investigating
single molecular behaviors, a complex 3Dmicro-nanofluidic device is fabricated as il-
lustrated in Figure 3.54 (a), performing an experiment of DNA stretching using the fab-
ricated device. It is noteworthy that recently, nanochannel-based DNA stretching has
attracted enormous attention because of its potential use in DNA analysis, whereas
until now direct fabricating nanochannels and realizing 3D micro- and nanofluidic
integration within bulk glass have not yet been achieved [204]. The device consists
of two nanochannel arrays with different dimensions (i.e. widths and lengths) at
different depths embedded in a single glass substrate. The nanochannels are con-
nected to the four common reservoirs through two microchannels with a diameter of
~50 µm. Such a device allows for simultaneously observation of the stretching of DNA
molecules in the two nanochannel arrays of different dimensions.

Figure 3.54 (b) presents a top view of the fabricated two nanochannel arrays,
in which the short nanochannels have a length of ~30 µm and a cross section of
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Fig. 3.54: (a) Schematic diagram and (b) top-view optical micrograph of the fabricated 3D nanofluidic
device for DNA analysis, and fluorescent images showing the stretching of λ DNA in two arrays of
nanochannels with different widths: (c) 50nm and (d) 200 nm. (Reproduced with permission from
RSC. ©2013 by the Royal Society of Chemistry).

~50nm × 1 μm, whereas the long nanochannels have a length of ~100 µm and a
cross section of ~200nm ×1.2 μm. After an aqueous buffer solution of stained λ DNA
is pipetted into a reservoir, the DNA molecules can be readily transported into the
nanochannels by capillary force. Figure 3.54 (c),(d) is a typical image of the stretch-
ing of λ DNA in the nanochannels. In the thin nanochannels with a cross section of
50nm × 1 μm, the average stretched length of DNA is ~6.4 ± 1.0 μm (~30% of the
dye-adjusted contour length). In the thicker nanochannels with a cross section of
~200nm × 1.2 μm, the average stretched length of DNA is ~2.8±0.6 μm (~13% of the
dye-adjusted contour length). The apparent lengths of some stretched DNAmolecules
in Figure 3.54 (d) can reach as long as ~15 µm,which canbe attributed to the clustering
of the DNA molecules. As shown in these images, the continuous flow and uniform
stretching of the DNA molecules in the nanochannel arrays also verify the continuity
of the nanochannels and the repeatability of the direct writing process.

3.4.5 Conclusions

In this section, we mainly demonstrated the strategies of the fabrication of microflu-
idic structures in several glass materials using FsLDW. In particular, we have shown
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that the fabrication of 3D homogeneous microchannels with large sizes and complex
geometries can be achieved using water-assisted FsLDW in porous glass followed by
a postannealing for the consolidation of the porous glass. By further manipulating
the laser pulse energy and polarization, nanofluidic channels with a width of ~30 nm,
which is less than λ/25 (here λ = 800nm, which is the wavelength of the writing
beam), and an aspect ratio above ~1000 can be directly written in the porous glass,
enabling the straightforward integration of microfluidics and nanofluidics in a single
platform. Interestingly, two extreme nonlinear effects, namely the femtosecond-laser-
induced nanograting formation and the threshold effect in femtosecond laser induced
optical breakdown in glass, play important roles in fabrication of the nanochannels.
Based on this technique, several functional devices built in glass that cannot be pro-
duced by any previous laser direct writing techniques, including a 3D passive mi-
crofluidic mixer, an integrated DNA analysis chip, etc. have been demonstrated. This
technique will open a broad spectrum of opportunities for micro- and nanofluidic
applications.

Currently, however, this emerging field is still in its infancy from both fundamen-
tal and applied points of view. First of all, the underlying physical mechanisms be-
hind the formation of nanogratings as well as water-assisted FsLDW in porous glass
are quite complicated and not yet fully understood. Secondly, the roughness of mi-
crofluidic structures fabricated by laser direct writing needs to be further improved
for in vivo and optofluidic applications. Thirdly, the fabrication efficiencies for large-
volume and high-aspect-ratio microfluidic devices are still quite low. Lastly, the cross
section of the nanochannel appears highly elliptical and asymmetrical, indicating a
relatively low fabrication resolution in the axial resolution. It is expected that future
advances in 3Dmicro-/nano-fluidic applied researchwill strongly promote the further
development and optimization of this technique.

3.5 Femtosecond laser fabrication of micro-optical components

3.5.1 Introduction

Fabrication of optofluidic and optoelectronic systems always requires synergetic in-
corporation of micro-optical components in microfluidic networks. It is not easy to
incorporate optical functions in microfluidic systems and electronic chips. The main
difficulty is that most microfluidic/electronic systems are currently fabricated using
lithography-based planar technologies, which lack the flexibility and/or capability to
form three-dimensional (3D) micro-optical elements. Although some optical elements
have been successfully incorporated in microfluidic/electronic chips by postassem-
bling, this increases the fabrication complexity and cost. Ideally, a technology will be
realized that can simultaneously fabricate 3D microfluidic/electronic and 3D micro-
optical structures in a single substrate. FsLDW is the only method that has demon-
strated the compatibility and high flexibility to fulfill this requirement.
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As essential building blocks for optofluidic/optoelectronic devices, opticalwaveg-
uides and free-spacemicro-optical components are frequently implemented for signal
generation, propagation, and detection. Their fabrication technique as well as their
3D assembling in a single chip have become big challenges. It is a straightforward
process to fabricate optical waveguides by use of FsLDW, as femtosecond laser irradi-
ation can change the refractive index of glass through multiphoton absorption in the
focal volume. This technique has been developed since 1996, with details reviewed
elsewhere [53–59]. Free-space micro-optical components such as micromirrors and
microlenses can be fabricated using femtosecond-laser-assisted wet chemical etching
to form hollow structures with planar or curved surfaces in glass that serve as optical
interfaces. However, the etched structures exhibit a surface roughness of a few tens
of nanometers, thus hampering their usability for optical applications. To solve this
problem, several postprocessing heat treatments, including oxygen/hydrogen flame
polishing [205, 206], annealing in an oven [207], and CO2 laser reflow [208] have been
proposed. Using these methods, the surface roughness can be substantially reduced
to a few nanometers, opening up new possibilities for the design of useful devices. A
host of on-chip optical elements such asmicrolenses, hollow optical waveguides, and
optical microresonators, have been developed in this way [205–208].

Procedures for fabricating micro-optical components in Foturan glass mainly in-
volve the following four steps: (1) direct writing of a latent image in the sample by
a tightly focused femtosecond laser beam, (2) baking the sample in a programmable
furnace to form modified regions, (3) etching the sample in 10% hydrofluoric acid in
an ultrasonic bath to selectively remove the modified regions, and (4) postannealing
the sample at 570°C for 5 h to smooth the etched surface. Step (4) is very important
for fabricating high-performance optics, as discussed below. Details of this technique
can be found in some other books and chapters [60–62].

In this section, we discuss the technical details of fabricating several key optical
components in fused silica and crystals using FsLDW, including microlenses, hollow
optical waveguides and optical micro resonators. Beyond conventional FsLDW tech-
nique, water assisted back side femtosecond laser etching and several postprocessing
techniques, includingheat treatment andFIBpolishing, are also employed. Thus, con-
structing integrated optofluidic sensing devices will be straightforward, as discussed
in Section 3.7.

3.5.2 Fabrication of micro-optical components in glass

3.5.2.1 Fabrication of microlenses in fused silica
As discussed in Section 3.4, 3D hollow microfluidic structures can be formed in glass
by femtosecond-laser-assisted wet chemical etching. This approach can be extended
to fabricate 3D micro-optical components such as optical micromirrors, microbeam
splitters [209], and cylindrical and sphericalmicrolenses in Foturanglass [210, 211], as
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well as spherical microlenses in fused silica that can realize nearly diffraction-limited
focusing [206, 212].

The latest progress in this area is the use of fused silica instead of Foturan. This is
advantageous since fused silica has superior optical properties to Foturan (e.g. awider
transmission range and lower autofluorescence), which are highly desirable for chip-
based optical sensing applications. The excellent homogeneity of fused silica also re-
sults in the formation of smooth, regular surfaces over a large area, leading to a nearly
diffraction-limited optical performance.

Figure 3.55 shows the process for fabricating micro-optical lenses in fused silica.
A layer-by-layer annular scanning method is used to inscribe the contour of the mi-
crolens, as shown in Figure 3.55. To impart the hemispherical lens with a high surface
homogeneity, dynamic delta Z scanning is performed from bottom to top [213]. After
laser irradiation, the sample is etched for ~80min in an ultrasonic bath containing
10% HF (Figure 3.55 (b)), until a microlens is formed. The sample is then polished by

Fig. 3.55: Schematic showing process for fabricating a microlens in fused silica.
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Fig. 3.56: SEM images of fabricated micro-optical lens (a) before and (b) after flame polishing.

surface reflowwith anOHflame (JD90, Zhengzhou, China), as shown in Figure 3.55 (c).
By adjusting the flame flow, the temperature of the glass sample could be controlled to
be close to the melting point of fused silica (1730°C). At such a high temperature, the
glass surface melts slightly and forms a thin layer of a liquid-like phase. The surface
tension of this thin liquid layer causes the microlens surface to become smooth.

Figures 3.56 (a) and 3.56 (b) show the fabricated micro-optical lens before and
after flame polishing respectively. They show that the surface roughness is greatly re-
duced by the flame polishing. Themicrolens is thus capable of producing two-photon
fluorescence images of biotissues with a quality comparable to that obtained by a
commercially available objective lens [214], which will be discussed in the following
section.

3.5.2.2 Fabrication of hollow optical waveguide in fused silica
Hollow optical waveguides have become one of the key elements in high-field laser
physics experiments, including pulse compression [215–217], high-order harmonic
generation [218, 219], laser particle acceleration [220, 221], and so on. With the hol-
low waveguides, the confinement of high intensity optical beams can be maintained
over a distance significantly longer than the Rayleigh length, thereby boosting the
efficiency of nonlinear interactions in gas media through the extension of interac-
tion length and/or improved phase matching conditions. Currently, hollow waveg-
uides are frequently fabricated by the glass drawing technique, which is inherently
a one-dimensional (1D) technique. In some cases, hollow waveguides or capillaries
fabricated by stacking two open microgrooves separately formed on the surfaces of
substrates by femtosecond laser ablation are also used; however, usually the cross-
sectional shapes of such capillaries are difficult to precisely control and the roughness
of the laser ablated inner surface is relatively high. Recently, it has been demonstrated
that the above-mentioned issues can be overcome by the fabrication of hollow waveg-
uides using 3D femtosecond laser microfabrication.

The fabrication of hollow structures buried in glass materials by femtosecond
laser essentially consists of two key steps: (1) spatial-selectivemodification of the etch-
ing property of glass by scanning a tightly focused femtosecond laser beam inside
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glass; and (2) preferential removal of the material in the laser modified regions by
chemical etching for creating the hollow structures. For obtaining a smooth surface,
an OH flame is employed as described above. However, the OH flame polish technique
can only be used for an open structure with its surface exposed. Therefore, postan-
nealing in an oven at a predetermined temperature is currently the only solution to
achieve the sufficient inner-surface smoothness for optical applications.

Fabrication of the hollow waveguides involves three steps: (1) inscription of the
waveguide inside fused silica chipswith temporally focused femtosecond laser beam;
(2) etching of the samples in a solution of 20 M/L KOH diluted with water in ultrasonic
bath for selective removal of the modified areas; and (3) baking of the sample in a
programmable furnace for smoothening of the surface. To achieve a circular cross-
section for the hollow waveguide, a spatiotemporal focusing method is used. With
this technique,we can fabricate not only one-dimensional straight opticalwaveguides
but also curved waveguides with arbitrary geometries. More details of the experiment
setup with spatiotemporally focused femtosecond laser beams can be found else-
where. Thewaveguide pattern is inscribed ~500 µm beneath the surface, and the total
length is 100mm. For achieving a higher etching ratio, the waveguide is scanned
three times with a speed of 100 µm/s. Since the contrast ratio of etching selectivity
for a KOH solution between the laser exposed and unexposed regions is typically
limited to 100~200, 21 short vertical channels with an equal interval of 5mm between
each other along the waveguide are fabricated, as illustrated by the schematic in
Figure 3.57 (a). The reason for fabricating the 21 vertical outlets is to ensure a homoge-
nous diameter of the hollow channel by reducing the taper caused by the limited
selectivity of the etch ratio. On the other hand, increasing the number of vertical out-
lets along the channels will give rise to stronger light scattering for guiding the optical
beam.

After femtosecond laser irradiation, the sample is subjected to wet chemical etch-
ing in a solution of 20M/L KOH diluted with water in an ultrasonic bath. The tempera-
ture of the solution is kept to 95 °C constantly during the etching process. The hollow

Fig. 3.57: (a) Schematic of the hollow waveguide; (b) overview image of a 62mm-long hollow wave-
guide captured by digital camera and (c) optical micrograph of the cross section of hollow wave-
guide.
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channel is formed after ~20 h, while its average diameter is merely ~30 µm. To achieve
a hollow channelwith a diameter of ~250µm,which is a typical size of the hollow fiber
used formanyhigh-field physics applications, the sample is further etched for another
~150 hrs. Since some reaction productsmay contaminate the channel during the etch-
ing process, the etched sample is ultrasonically cleaned in distilled water for ~ 15min.
At this time, the roughness of the inner surface is very poor, which is unfavorable for
optical applications.

To improve the surface smoothness of the sidewall of channel, the sample is an-
nealed in a box-type furnace (HMF 1700-20, Shanghai, China). The furnace can pro-
vide an annealing temperature as high as 1700 °C. The postannealing protocol for
smoothening the inner-surface of fused silica is as follows: first, the temperature is
ramped to 600 °C at 5°C/min and then held at this temperature for 1 h, then the tem-
perature is ramped from 600 to 1200 °C at 5°C/min and held at 1200 °C for 5 h, and
finally the sample is cooled down to room temperature at 5°C/min. Figure 3.57 (b) and
3.57 (c) show overview images captured by digital camera and an optical micrograph
of the cross section of the channel respectively. The circular cross section should be at-
tributed to the spatiotemporal control of ultrashort pulses during the laser irradiation
process.

To quantitatively investigate the roughness improvement, two hollowmicrostruc-
tures with a rectangular cross section under the same experimental conditions are
fabricated. One of the samples undergoes the above-mentioned postannealing for
inner-surface smoothening, while the other does not. The samples are then broken
up to have the laser-fabricated inner surfaces exposed, so that the surface roughness
values can be measured with optical microscopy and scanning–probe microscope
(SPM). Even from the optical micrographs of the surfaces of these two samples (Fig-
ure 3.58 (a) and 3.58 (b)), a dramatic improvement of inner-surface smoothness can
be observed. Scanning–probe micrographs of the inner surfaces fabricated without
and with the postannealing process are compared in Figure 3.58 (c) and 3.58 (d), re-
spectively. The root-mean-square (RMS) roughness (Rq) of the inner surface is greatly
reduced from 120.2 to 5.2 nm with the annealing process.

To characterize the optical properties of the waveguide, a He-Ne laser beam at a
wavelength of 632.8 nm is ejected into the waveguide. In this study, an optical lens
with a focal length of 400mm is used to achieve an optimal coupling. The diameter
of the laser beam at the front surface of the lens is measured to be ~4mm. The input
of the waveguide is placed 490mm from the lens. The laser power measured after the
lens (but before the waveguide) is ~18.53 µW, while the output power measured af-
ter the waveguide is 16.56 µW. Thus the total transmission of the waveguide reaches
~89.4%, whereas the theoretically calculated maximum transmission is ~95%. Both
the near-field and far-field modes of the waveguide using a CCD camera are shown in
Figure 3.59. One can clearly see that the output beam has a single-mode profile.
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Fig. 3.58: Optical micrographs of inner surface (a) before and (b) after annealing, and SPM images of
inner surfaces (c) before and (d) postannealing.

Fig. 3.59: (a) Near- and (b) far-field profiles of the He-Ne laser beam exiting from the hollow wave-
guide.

Furthermore, variouskindsofwavywaveguideswith the samediameter of ~250µmus-
ing the above-mentioned process are also demonstrated. Figures 3.60 (a) and 3.60 (b)
show digital camera-captured pictures of two sinusoidal hollow fibers. The ampli-
tude andperiod of the waveguide in Figure 3.60 (a) are 125 µm and 10mm respectively;
whereas for the waveguide in Figure 3.60 (b), its amplitude and period are 125 µm and
50mm respectively. The total length of the two waveguides is 50mm.
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Fig. 3.60: Overview images of two wavy hollow waveguides corresponding to an amplitude of 125 µm
and periods of (a) 10mm and (b) 50mm.

3.5.3 Fabrication of optical micro-resonators in various dielectrics

3.5.3.1 Fabrication of high-Q microresonators in glasses
High-quality (high-Q) factor whispering-gallery-mode (WGM) microresonators can
efficiently confine light in small spaces by total internal reflection. The combina-
tion of low absorption loss in the volume of microresonators and low scattering loss
at their smooth peripheries leads to long photon lifetimes, which makes the WGM
microresonators excellent candidates for low threshold nonlinear optics [222–224],
quantum physics [225–227], and biosensing [228, 229]. Today, most on-chip WGMmi-
croresonators, such as microdisks [230], microtoroids [231], and deformed microcav-
ities [232] are fabricated based on planar lithographic approaches. The lithographic
techniques frequently rely on selective material removal by chemical wet etching,
which limit the choices of materials that constitute the WGM microresonators. Since
the 2010s, femtosecond laser micromachining has been employed for fabricating
high-Q WGMmicroresonators in various dielectric materials.

First, the fabrication of 3D high-Q microresonators with either arbitrary tilting
angles or non-uniform heights on fused silica substrate using FsLDW is described.
Such microresonators can enable out-of-plane light coupling at arbitrary angles with
respect to the substrates [208]. The process flow of fabrication mainly consists of:
(1) FsLDW followed by selective chemical etching of the irradiated areas to create free-
standing microdisk structures, and (2) reflow of the silica microdisk by CO2 laser an-
nealing to improve the Q factors, as shown in Figure 3.61 (a). In the laser directwriting,
the fused silica glass is scanned by a tightly focused femtosecond laser pulses for se-
lectivelymodifying a predesigned area, and then glassmaterial in themodified area is
preferentially removed by wet chemical etching. The femtosecond laser pulses with a
pulse energy of ~0.2 µJ are tightly focused by a 100× objectivewith a NA of 0.9 into the
glass sample, which is fixed on the XYZ translation stage with a resolution of 1 µm.
A layer-by-layer annular scanning method with the lateral scanning step of 1 µm is
adopted to form the 3D microdisk supported by a thin pillar. After the laser writing,
the sample is subjected to a ~20min etching in a solution of 5% HF diluted with wa-
ter, leaving behind an on-chip microdisk, as shown in Figure 3.61 (b). Lastly, a CO2
laser reflow step is adopted by which the surface tension of the melted glass creates
a smooth surface (Figure 3.61 (c)). The 3D capability of the FsLDW offers flexibility for
fabricating 3D microresonators with controllable tilting angles and variable heights,
as shown in Figure 3.61 (d)–(e).
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Fig. 3.61: (a) Procedures of fabrication of 3D microresonator by FsLDW. Optical microscope images of
a tilted fused silica microdisk fabricated by femtosecond laser micromachining and HF wet etching
(b) before and (c) after CO2 laser annealing. Insets in (b) and (c): top views of the microresonator.
SEM images of (d) the tilted microresonator, and (e) two microtoroidal resonators with different
heights after CO2 laser annealing.
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Fig. 3.62: (a) SEM image of a microresonator with a diameter of ~39µm fabricated on fused silica
substrate. (b) An optical micrograph of the microresonator coupled with a fiber taper. (c) Transmis-
sion spectrum of a microresonator with a diameter of 66.9 µm coupled with the fiber taper. The free
spectral range (FSR) of 7.88 nm agrees well with the numerical calculation result. (d) Lorentzian
fit (solid line) of measured spectrum around the resonant wavelength at 1557.70nm (dotted line),
showing a Q factor of 3.58 × 106.

A fiber taper coupling method [233] is chosen to measure the Q factor and character-
ize the transmission spectrum of the microresonator, as shown in Figure 3.62 (a) and
3.62b. The resonance transmission spectrum of the fiber taper coupled to themicrores-
onator is presented in Figure 3.62 (c). Figure 3.62 (d) shows an individualWGM located
at 1557.70 nm wavelength with a Lorentzian-shaped dip with a linewidth of 0.435pm.
The Q factor for the microresonator is then calculated to be 3.58 × 106, which can no
doubt be improved in the future by replacing the current motion stage with a stage
of higher translation resolution and by replacing the wavelength tunable laser with
a laser source of narrower linewidth. The result indicates that femtosecond laser 3D
micromachining on glass substrates enables the fabrication of high-QWGMmicrores-
onators.

The above-mentioned method for the fabrication of high-Q microresonators in
fused silica relies on chemical wet etching and thus is intrinsically limited to a few
kinds of materials that can be modified by femtosecond laser irradiation for selec-
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Fig. 3.63: Procedures for fabrication of a Nd:glass microresonator by water-assisted femtosecond
laser ablation, followed by CO2 laser reflow.

tively promoting the etch rate in the irradiated region. To extend the range of substrate
materials, water-assisted FsLDW is employed for fabricating 3D microresonators, as
schematically illustrated in Figure 3.63. In principle, the technique can be used for
fabricating microresonators in all kinds of amorphous transparent materials whose
surfaces can be smoothed using thermal reflow.

The fabricated Nd:glass microlaser shows a pump threshold as low as 69 µW un-
der free space CW excitation [234]. For generating lasers at 1064 nm wavelength, the
microresonator is optically excited by a CW laser diode operating at 780 nm, as illus-
trated in the upper inset of Figure 3.64 (a). The emission spectra collected from the
microresonator at different pump powers are presented in Figure 3.64 (b). Two bright
spots located in both ends of the equatorial ring are observed, as indicated by the ar-
rows in the lower inset of Figure 3.64 (a). This indicates the nature of WGM emission,
since light stored in the resonator could only escape tangentially from the edge of the
microresonator. At the lowest excitation power, only a broad-spectrumphotolumines-
cence (PL) emission is detected. As the pump laser power is increased, discrete peaks
start to appear in the recorded spectra. The intensity of these periodic peaks increases
dramaticallywhen the pump laser intensity exceeds a threshold. Figure 3.64 (a) shows
the measured output laser power as a function of pump power, where the lasing ac-
tion occurred at a pump power of only 69 µW. Considering the mismatch between the
pump wavelength and absorption peak of the gain medium (808 nm), the threshold
could be further reduced by changing the pump laser source.
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Fig. 3.64: (a) Laser output power as a function of the pump power, showing a lasing threshold of
69 µW. The upper inset in (a) is a schematic of the laser experimental setup. The lower inset in (a)
shows laser spots on the edges of microresonator captured with the 2D CCD array detector mounted
on the spectrometer. (b) Evolution of the emission spectrum with the increasing pump power.

3.5.3.2 Fabrication of high-Q crystalline microresonators
WGM microresonators fabricated on crystalline substrates based on semiconductor
lithography approaches have been frequently employed in nonlinear optical applica-
tions, in which either the second (χ(2)) or third order (χ(3)) nonlinear optical process
has been demonstrated with pronounced conversion efficiency [223, 235]. The dielec-
tric crystallineWGM resonators have shown great promise as the next generation non-
linear sources of both classical andnonclassical light, owing to their unique character-
istics including high nonlinear optical coefficients, low intrinsic absorption loss, and
large transparent windows [236, 237]. In particular, as an important ferroelectric non-
linear crystalline material, lithium niobate (LN) crystal has received significant atten-
tionbecauseof its high secondorder nonlinear andelectro-optic coefficients [238]. Un-
fortunately, owing to the technical difficulties related to the material growth and the
lithographic fabrication on LN substrate, high-Q LN resonators are now typically real-
ized using mechanical polishing whose sizes are limited to the millimeter-scale [239].
Realization of high-Q on-chip submillimeter LN resonators remains a challenge [240].

Here, we develop a novel technique to fabricate high-Q on-chip submillimeter
LN microdisks based on femtosecond laser micromachining, followed by focused ion
beam (FIB) polishing and thermal treatment to reduce the scattering loss at the bound-
ary [241].

In the experiment, commercially available ion-sliced LN thin films bonded by sil-
ica on a LN substrate are used to fabricate freestanding microresonators, where the
thicknesses of the z-cut single crystal LN thin film and silica layer are 0.7 and 2 µm re-
spectively. The procedure of fabrication consists of (1) a femtosecond laser ablation
of the sample, which is immersed in water to form cylindrical posts with a height
of ~15 µm, (2) smoothing the sidewalls of the cylindrical post by focused ion beam
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Fig. 3.65: Procedures of fabrication of a LN microresonator by water-assisted femtosecond laser
ablation, followed by FIB milling, chemical etching, and annealing.

(FIB) milling, (3) chemical etching to form the freestanding LN microdisk on a silica
pedestal by underetching the silica layer, and (4) high temperature annealing of the
sample to reduce defects generated by FIB, as schematically illustrated in Figure 3.65.
Themicrostructures obtained in the different stages of fabrication of the LNmicrodisk
resonator are shown in Figure 3.66 (a)–(c). In particular, the inset of Figure 3.66 (c)
shows the smooth edge of the freestanding LN microdisk, which ensures the high-Q
factor of the microresonator. The Q-factor of a LN microresonator with a diameter of
82 µm is measured as 2.5 × 105, as shown in Figure 3.66 (c).

To demonstrate the nonlinear optical functionality of the LN WGM microres-
onator, the SHG experiment is carried out in the LN microresonators with two kinds
of pump laser sources. The first pump source used in the experiment is a broad band-
width femtosecond laser at a centralwavelength ~800nm, a repetition rate of 88MHz,
andwith a linewidth (full width halfmaximum) of ~40nmand a pulse width of ~30 fs.
The laser is coupled into the fiber taperwith awaist of ~ 1 µm,which is in direct contact
with (i.e. over coupling condition) the sidewall of the microresonator to increase the
efficiency and stability of the coupling of the pump light into the microresonator. An
online polarization controller is used to adjust the polarization of the pump light. The
second harmonic generated in the microresonator is collected and directed into the
grating spectrometer (TriVista, Princeton Instruments Inc.) by the same fiber taper.
The width of the entrance slit of the spectrometer is set to be ~50µm. The conversion
efficiency of SHG is measured with a 55 µmmicroresonator.
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Fig. 3.66: (a) SEM image of a cylindrical post formed after femtosecond laser ablation; (b) SEM im-
age of the cylindrical post after the FIB milling; (c) SEM image (top view) of the microresonator after
the chemical etching and postannealing. Insets in (c): side view of the microresonator. (d) Lorentz-
ian fit (solid line) of the measured transmission spectrum of microresonator (diameter ~82µm) af-
ter annealing around the resonant wavelength at 1553.83nm (dotted line), showing a Q factor of
2.5 × 105.

Figures 3.67 (a) and 3.67 (b) plot the transmission spectra of the fundamental light and
SHG respectively. During the frequency conversion, the energy conservation condi-
tion should be fulfilled, requiring that λP = 2λs, where λP and λs are the pump and
signal wavelengths measured in a vacuum. Additionally, the phase-matching condi-
tion should also be satisfied to gain efficient conversion. Thanks to the relatively high
mode density supported by the resonator and broad excitation spectrum, a strong sec-
ond harmonic signal without any tuning can be observed. The peakwavelength of the
second harmonic wave is measured to be λs = 397.14nm (Figure 3.67 (b)), and the
corresponding fundamental wavelength at λP = 794.28 nm is on resonance, as indi-
cated in Figure 3.67 (a). The side-view optical microscope image of the microresonator
is shown in Figure 3.67 (c), where the second harmonic signal is clearly visible. Fig-
ure 3.67 (d) plots the measured second harmonic conversion efficiency (η = PSH/Pf ,
where PSH and Pf are the powers of the second harmonic and the pump laser respec-
tively) as a function of the power of pump laser coupled into the fiber taper. The fitting
slope in Figure 3.67 (d) shows that the power of the second harmonic is proportional
to the square of the pump laser power, i.e. PSH ∝ P2f . The normalized conversion ef-
ficiency (ηN = η/Pf = PSH/P2f ) is determined to be 2.3 × 10−6/mW. Further increase
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Fig. 3.67: (a) The transmission spectrum of broad-bandwidth femtosecond pump lasers collected
from the output port of the fiber taper; (b) second harmonic (SH) spectrum collected from the output
port of the fiber taper; (c) optical microscope side view image of the 55µm microresonator pumped
with the femtosecond laser, showing the second harmonic beam scattering out from the microres-
onator; (d) conversion efficiency of SHG as a function of the pump power. The normalized conversion
efficiency is determined to be 2.3 × 10−6/mW.

of the pump laser power would lead to a decrease of conversion efficiency, because of
the saturation effect [236].

SHG experiment is carried out using a CW tunable single-longitudinal mode Ti-
sapphire ring laser (Mantisse TX-light, Spectra Physics, Inc.) as the pump source,
which has a spectral linewidth of ~60 kHz. By tuning the pump laser wavelength, it
is found that the optimum conversion efficiency is observed at a pump wavelength
of 799.884nm. Figures 3.68 (a) and 3.68 (b) plot the spectra of both the pump light
(λP = 799.884 nm) and second harmonic signal (λs = 399.922 nm) collected from
the output port of fiber taper respectively. The side-view optical microscope image of
the microresonator is shown in Figure 3.68 (c), where the second harmonic is clearly
visible after removing the pump light with the filters. Figure 3.68 (d) plots the mea-
sured SHG conversion efficiency as a function of the power of the pump laser coupled
into the fiber taper. The normalized conversion efficiency, which can be obtained
from the slope of the fitting line in Figure 3.68 (d) (i.e. the solid line in Figure 3.68 (d)),
reaches 1.35 × 10−5 /mW. The linear fit also indicates that the power of the second
harmonic signal is proportional to the square of the pump laser power. The result is
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Fig. 3.68: (a) The typical spectrum of CW pump laser for efficiently generating second harmonic;
(b) the spectrum of the generated SH signal; (c) side-view image of the 82 µm microresonator under
the irradiation of pump laser, showing the second harmonic beam scattering out from the microres-
onator; (d) SHG conversion efficiency as a function of pump power. The slope indicates a normalized
conversion efficiency of 1.35 × 10−5/mW.

consistent with the theoretical prediction, and provides direct evidence that the SHG
signal is not contaminated by other noise signals.

It is observed that the normalized conversion efficiency measured with a broad-
bandwidth femtosecond pump laser is lower than that of the CW tunable single-lon-
gitudinal-mode pump laser. This is reasonable because the majority of the bandwidth
of the femtosecond pump laser cannot fulfill the resonance conditions required by
SHG, which causes a significant loss of the pump energy and leads to the reduction of
conversion efficiency.

FsLDW can also be used for fabricating high-Q microresonators on other crys-
talline substrates [242]. Figure 3.69 (a)–(b) are the top-view and side-view images
of a CaF2 microdisk resonator with a diameter of ~88µm. Figure 3.69 (c) shows the
transmission spectrum of the CaF2 microresonator. Figure 3.69 (d) shows an indi-
vidual WGM located at 1546.51 nm wavelength with a Lorentzian-shaped dip. The
linewidth obtained by a Lorentzian fitting is 36.74pm, as shown by the solid curve in
Figure 3.69 (d). The Q-factor for the microdisk is then calculated to be 4.2 × 104.
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Fig. 3.69: (a) Optical micrograph of the microdisk coupled with a fiber taper (top view); (b) SEM
image of the fabricated microdisk (side view), showing the tilting of the sidewall; (c) transmis-
sion spectrum of the fiber taper coupled with the microdisk; (d) Lorentzian fit (solid line) of mea-
sured spectrum around the resonant wavelength at 1546.51 nm (dotted line), showing a Q factor of
4.2 × 104.

3.5.4 Conclusions

To summarize, FsLDW has been used to fabricate various free-space optical compo-
nents, such as high quality microlenses, hollow optical waveguides, and optical mi-
croresonators, in fused silica glass and several crystals. In these processes, femtosec-
ond-laser-assisted wet chemical etching and subsequent heat treatment (to smooth
the surfaces to optical quality through surface reflow) are employed. Typically, micro-
optical lenses fabricated by femtosecond-laser-assisted wet chemical etching can pro-
duce nearly diffraction-limited focal spots and realize high-quality two-photon fluo-
rescence imaging of biotissues.

The unique flexibility offered by laser direct writing allows us to precisely tailor
the geometry of the hollow waveguide, as evidenced by the wavy waveguide. In addi-
tion, it is also possible to control the other parameters of the waveguides in a spatial-
selective manner, namely each portion of the waveguide can be individually tailored
by tuning the laser parameters during laser direct writing. With the above technique,
several hollow waveguides can be simultaneously fabricated and fused to form com-
plex photonics networks, such as beam-splitters and couplers, etc. These possibilities
make this technique attractive for high-field laser physics research.
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Finally, 3Dmicroresonators on various glasses (either passive or active glassmate-
rials) and nonlinear optical crystals using FsLDW are demonstrated. Despite the short
history of fabricating dielectric high-Q microresonators using femtosecond laser 3D
micromachining, the initial results are encouraging. Further refinement and improve-
ment of the technique will benefit a broad spectrum of applications ranging from
nonlinear optics and quantum information processing to high-sensitivity biosensing,
which will be discussed in Section 3.7.

3.6 Femtosecond laser fabrication of metallic structures

3.6.1 Introduction

In addition to the fabrication of microfluidics and micro-optical components, the
incorporation of microelectronic components is further desired to enhance the func-
tionalities of many LOC and µ-TAS devices. Such microelectronic components can
be realized by the selective metallization of glass substrates. Conventional metal-
lization process for dielectric materials largely depends on metal deposition by vac-
uum evaporation [243], sputtering [244], and chemical vapor deposition [245], which
are widely utilized in the microelectronic industry today. Due to the inherently pla-
nar nature of the lithographic process, this technology is limited in its capability
to produce 3D structures. Laser direct writing is a reliable alternative technique for
directly patterning thin metal films without using photolithography. For example,
laser-induced plasma-assisted ablation (LIPAA) [246, 247] and laser-induced forward
transfer (LIFT) [248, 249] using a nanosecond laser are attractive techniques for the
selective metallization of transparent materials. However, they can treat only the sur-
faces of glass substrates and cannot metallize the interiors of microfluidic systems.

Currently, FsLDW has proven to be a powerful tool even for the selective metal-
lization of insulators, and brings several unique advantages compared with nanosec-
ond laser metallization. First, when the femtosecond laser intensity is well-controlled
near the threshold of the ablation, selective metallization of insulators can be real-
ized at nanoscale spatial resolution, since tiny microstructures (i.e. nanometer-sized
holes and grooves) have been reliably produced in dielectrics using a femtosecond
laser [250, 251]. Second, one can fabricate the metallized microstructure deeply em-
bedded in the substrate by combining femtosecond laser ablation and selective met-
allization, which is a desirable characteristic for many novel microdevices requiring
3D configuration. Lastly, this technique offers the ability to directly incorporatemicro-
electric elements into micro-optic and/or microfluidic circuits in a single glass chip.
Further development of this technique has great potential for rapid and cost-effective
fabrication of monolithic 3D microelectro-optofluidic devices.

In this section, an approach to integrate electric functions using selective met-
allization of insulators by femtosecond laser modification combined with electroless
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chemical plating is proposed [111]. The mechanism of selective metal deposition and
its applications in the integration of electronics and photonics are investigated [252].
Additionally, embedded microelectrodes with controllable cross section by explor-
ing the 3D-structuring ability of FsLDW are demonstrated, allowing for the control
of the electric field inside a transparent substrate [253]. Moreover, these metalliza-
tion techniques can be utilized to manufacture surface-enhanced Raman scattering
(SERS) platforms potentially used for highly sensitive analysis of biochemical sam-
ples [254, 255].

Thus, the selective metallization of glass can be used to incorporate microelec-
tronic components in microfluidic systems, making it an important technique for fur-
ther enhancing the functions of biochips. Both femtosecond-laser-assisted electroless
plating and femtosecond laser surface modification combined with electroless plat-
ing can be used to selectively deposit thin metal films only on laser irradiated regions,
even on the internal walls of microfluidic structures, which is desirable for fabricating
highly functional biochips.

3.6.2 Selective metallization on glass surfaces and its mechanism

The laser system consists of a Ti:sapphire oscillator (Coherent, Inc.) and a regenerative
amplifier, which emits 800 nm, 40 fs pulses with a maximum pulse energy of ~2.5mJ
at a 1-kHz repetition. To ensure a high beam quality, the 8mm-diameter output laser
beam is reduced to 5mm by an aperture in front of the focusing system. Inmost of our
experiments, the focusing system is a 20× microscope objective (NA 0.45). The pulse
energy of the beam is controlled by a half-wave plate and a polarizer. The samples
can be arbitrarily translated three dimensionally by a PC-controlled XYZ stage with a
resolution of 1 µm. A CCD camera connected to PC is used to monitor the fabrication
in real time.

Commercially available microscope slides (borosilicate glass) and MgO-doped
x-cut lithium niobate (LiNbO3) crystal are used in this work. The substrates are
polished on four sides and cleaned with acetone in an ultrasonic bath before use.
The composition of the electroless copper plating solution is CuSO4 ⋅ 5H2O(5.0 g/L),
C10H16N2O8(EDTA; 14.0 g/L), with HCHO (5.0 g/L) as a reducing agent, 2,2’-dipyridine
(2mg/L) as a stabilizer, and polyethylene glycol (4000Mw 50mg/L) as surface activa-
tors. The pH of the plating bath is adjusted to approximately 12.5 using tetramethyl-
ammonium hydroxide (TMAH) and the bath temperature is maintained at 40 °C.

A field-emission scanning electron microscope (FESEM, Hitachi S4700) equipped
with an energy-dispersive X-ray detector (EDX, Oxford INCA300) is used to investi-
gate the morphology and composition in the femtosecond laser irradiated areas on
the glass surfaces. Before FE-SEM observation, the samples are sputter-coated with
gold to avoid charge-up during the observation. An X-ray photoelectron spectrometer
(XPS, Kratos AXIS UltraDLD) is employed to determine the composition in the laser ir-
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Fig. 3.70: Schematic illustration of the fabrication process for the selective metallization of insula-
tors: (1) formation of silver nitrate thin films on insulator substrates, (2) modification of insulator
surfaces by FsLDW, (3) removal of unirradiated silver nitrate films by acetone, and (4) copper coating
by selective electroless plating.

radiated areas on the glass surfaces. A reflection optical microscope is used to capture
the images of copper microstructures.

For the purpose of realizing selective metallization on the surfaces of dielectric
materials, a modified FsLDW is developed. The fabrication process mainly consists of
four steps illustrated in Figure 3.70, including (1) formation of silver nitrate thin films
on insulator substrates; (2) modification of insulator surfaces by FsLDW; (3) removal
of unirradiated silver nitrate (AgNO3) films by acetone; and (4) selective copper coat-
ing by electroless plating. As a photosensitive layer, the AgNO3 films are prepared by
immersing the substrates into a 0.5mol/l AgNO3 solution and withdrawing the sub-
strates at an approximate speed of 1mm/s. Subsequently, the substrates are naturally
dried in the dark at room temperature for 12 h. The thickness of the AgNO3 films could
be controlled by adjusting the withdraw speed. When the femtosecond laser beam is
focused on the insulator surfaces coated with silver nitrate films, Ag particles can be
formed from thedecompositionof silver nitratefilms in the irradiated area. TheFsLDW
has high spatial resolution and a small heat affected area, facilitating the selective de-
position of the Ag particles in the irradiationarea. In the successive electroless plating
process, these particles can serve as seeds for in-situ selective copper deposition. Be-
fore electroless chemical plating, the substrates are cleaned with distilled water in an
ultrasonic bath for the removal of unirradiated AgNO3 films.

Figure 3.71 show optical micrographs of the copper microstructures selectively
deposited on the glass surface with a laser scanning speed of 60µm/s. One can see
that continuous metal lines with smooth edges are deposited on the glass substrates,
and the linewidths of deposited Cu films are approximately 6 µm and 5 µm when the

 EBSCOhost - printed on 2/13/2023 9:33 PM via . All use subject to https://www.ebsco.com/terms-of-use



3 Three-dimensional integration of hybrid functionalities in transparent dielectrics | 205

Fig. 3.71: Optical micrographs of selectively deposited copper microstructures on glass surfaces at
the scanning speed of 60 µm/s: (a) pulse energy: 5 µJ, (b) pulse energy: 3 µJ.

laser powers are set at 5 and 3mW respectively. In particular, it should be noted in
Figure 3.71 (a) that there is a defect (as indicated in the dashed circle) right above
the metal line fabricated by FsLDW that is not metallized, providing clear evidence
of the good selectivity. In fact, even when the laser power is reduced to as low as
1mW, the Cu line can still be fabricated by this technique. Basically, the features of
the fabricated microstructures can be controlled by FsLDW parameters such as the
laser power, scanning speed, focal conditions, and so on. The thickness of copper
microstructures mainly relies on the electroless plating process, which has been de-
scribed elsewhere [256]. In addition, the thickness of the coated silver nitrate films
before laser irradiation is also important for selective copper deposition.

To examine the electrical properties of copper microstructures, microcircuits are
further integratedon theglass substrates as shown inFigure 3.72 (a). The resistances of
pattern (I) andpattern (II) are approximately 15 and6 Ω respectively. These results con-
firm that the copper microstructures formed on the glass substrates have good elec-
trical conductivity. In addition, these copper lines selectively deposited on the glass
surface show good adhesion to the glass substrates, as they can remain intact after
a cleaning process with distilled water in an ultrasonic bath. The good adhesion is
further confirmed by a peel test using scotch tape.

The mechanism of femtosecond laser selective metallization on glass surfaces is
investigated by XPS and EDX analyses. A glass substrate coated with AgNO3 film is
modified by femtosecond laser irradiation and then ultrasonically cleaned in distilled
water to remove unirradiated AgNO3 film. When the femtosecond laser beam is fo-
cused on the surface, Ag particles can be formed from the decomposition of AgNO3
films in the irradiated area [257, 258]. The decomposition reaction formula of silver
nitrate is as follows:

2AgNO3 → 2Ag + 2NO2↑ +O2↑ . (3.55)

As a result of the multiphoton absorption process, the FsLDW has high spatial resolu-
tion and a small heat affected area, facilitating the selective deposition of the Ag parti-
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Fig. 3.72: Photographs of metal patterning on the glass when laser pulse energy is 8 µJ: (a) Electric
circuits fabricated on glass surface; (b) Cu lines in pattern (I); (c) Cu lines in pattern (II).

cles in the irradiation area. Moreover, after the laser irradiation, although the sample
is ultrasonically cleaned in distilled water for 10min for the removal of unirradiated
AgNO3 films, selective electroless copper plating still can be achieved. It is speculated
that the femtosecond laser mayhave played a role in localizedmelting and quasiweld-
ing at the interface of Ag particles and insulator surfaces [259, 260], which promotes
the adhesion between reduced Ag particles and substrates. In the subsequent elec-
troless plating process, these particles can serve as seeds for in-situ selective copper
deposition [261, 262].

Figures 3.73 (a) and (b) show the optical micrographs of the irradiated areas on
the glass surface. The size of the laser irradiated area of 1.5mm × 1.1mm is formed by
a raster scan of the laser beam focused by a 20× microscope objective with a line in-
terval of 7 µm, and the pulse energy and the scanning speed of the laser beam are set
as 8 µJ and 180 µm/s respectively. XPS is used to analyze the composition and chem-
ical states in the irradiated area, as shown in Figures 3.73 (c) and (d). Figure 3.73 (d)
is magnified from Figure 3.73 (c) to analyze Ag 3d signals in more detail. The peaks of
Ag 3d5/2 and 3d3/2 can be clearly seen at the binding energies at 368.3 and 374.2 eV
respectively, which exactly correspond to signals from the atomic silver. We conclude
that the irradiation of femtosecond laser beam on the glass surfaces coated with the
silver nitrate films can result in the decomposition of silver nitrate, and consequently
result in the formation of silver atoms or even silver nanoparticles, which become the
seeds for the subsequent electroless plating process.
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Fig. 3.73: (a) Optical micrograph of glass irradiated by femtosecond laser, (b) magnified image of
the area indicated by the square in (a), (c) full XPS spectrum of the irradiation region, and (d) high
resolution XPS spectrum highlighting the peaks of Ag 3d.

Fig. 3.74: (a) SEM image of femtosecond laser irradiated area on the glass sample electrolessly
plated for 5min with average power of 5mW; (b) EDX result for the sample in (a). The unlabeled
peaks correspond to gold sputtered on the sample surface before EDX analysis, and the ratio of
O:Si:Cu:Ag is about 58.40:33.12:8.22:0.26.
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Figure 3.74 shows the morphology and composition of the laser irradiated area on the
glass surface after the electroless plating for 5min. The EDX analysis in Figure 3.74 (b)
shows that copper element has been detected in the femtosecond laser irradiated
area, indicating that deposition of copper has been successfully realized even with a
trace amount of silver atoms serving as seeds for the electroless plating process.

3.6.3 Fabrication of embedded microelectrodes

LiNbO3 is a ferroelectric material with large optical nonlinearity and Pockels effects.
Electro-optic components based on LiNbO3 waveguiding structures have gained sig-
nificant importance, such as electro-optic switches, modulators, and electro-optic
tuned quasi-phase-matched (QPM) devices [263, 264]. In these components, it is cru-
cial to design and fabricate electrodes, which have been realized commonly by way
of lithographic methods. The 3D-structuring ability of femtosecond laser microfabri-
cation allows us to fabricate microelectrodes deeply embedded in LiNbO3 substrate
by combining femtosecond laser ablation and selective metallization. The fabrica-
tion process for embedded microelectrodes in LiNbO3 mainly consists of the four
steps illustrated in Figure 3.75, including (1) micromachining of microgrooves on the
surface of LiNbO3 by femtosecond laser ablation; (2) formation of AgNO3 films on
substrates; (3) scanning the femtosecond laser beam in the fabricated microgrooves
for modification of the inner surfaces; and (4) electroless copper plating.

Fig. 3.75: Schematic illustration of the fabrication process for embeddedmicroelectrodes in LiNbO3.
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Fig. 3.76: (a) Illustration of fabrication of grooves by femtosecond laser matrix ablation; (b)–(d) opti-
cal micrographs of a fabricated groove: (b) end view, (c) top view and (d) bottom view.

Figure 3.76 (a) shows an illustration of the matrix ablation and an example of an ob-
tained U-groove. The desired section pattern of the groove is applied to the substrate
by performing laser direct writing line-by-line and layer-by-layer, which define a ma-
trix in the transverse (X, Z) plane. The U-groove with length 200 µm,width 40µm and
depth 50 µm as shown in Figure 3.76 (b)–(d) is made by inscribing a volume consisting
of a matrix of (20 × 10) lines using a laser beam focused by a 20× microscope objec-
tive at a speed of 1mm/s and pulse energies of 2 µJ, and matrix density parameters
(dX, dZ) are chosen to be respectively 2 µm and 1 µm. After femtosecond laser abla-
tion, chippings in the groove can be removed by ultrasonic cleaning in distilled water.
It is observed that the groove is clean and homogeneous, except that the end of the
groove on the substrate edge is broader than other portions as a result of edge effects.
The geometries of the cross section of the grooves could be controlled by changing
the parameters of the matrix ablation. For instance, a groove with smooth and verti-
cal inner walls could be fabricated by slightly increasing the power of laser irradiation
layer by layer in order to compensate for the loss of power associated with additional
depth [176].

Figure 3.77 shows optical micrographs of copper microstructures with different
cross-section geometries deposited in femtosecond-laser-ablated grooves. As shown
in Figure 3.77 (a), two grooves with spindle cross section embedded in the LiNbO3 sub-
strate are fabricated by repetitively inscribing 20 times using a laser beam focused by
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Fig. 3.77: Cross-sectional optical micrographs of the copper microstructures deposited in the
grooves with different cross sections, (a) spindle-shape, opening width: 20µm, and depth: 150µm;
(b) U-shape, opening width: 40µm, and depth: 100µm.

a 20× microscope objective. The scanning speed and the pulse energy are 200 µm/s
and 60µJ respectively. Figure 3.77 (b) shows an example of a U-groove fabricated by
matrix ablation, whose inscribing volumes consisting of a matrix of (20 × 40) lines
and other parameters are the same as those of the example shown in Figure 3.76. After
the depositing of AgNO3 films, the inner surfaces of the grooves are modified by fem-
tosecond laser direct writing on the bottom surface of grooves at a speed of 200 µm/s
and pulse energy of 2 µJ. In this way, metallic Ag particles can be generated from the
decomposition of AgNO3 films on the irradiation area, which can serve as seeds for
in-situ selective copper depositing in the following electroless process. After plating
for three hours, one can observe that a uniform electroless copper deposition is ini-
tiated on the sidewalls of the grooves. Therefore, it can be deduced that Ag particles
are deposited uniformly on the entire surface inside grooves by femtosecond laser di-
rect writing, which can be interpreted by taking account of the reflection of the laser
beam on the sidewalls of grooves [265]. At the same time, the ‘necking’ at the top of
the spindle-shape grooves due to the narrow openings can be observed, which can
result in seams and voids in the microelectrodes. However, the increasing openings
of U-grooves enable the disappearance of ‘necking,’ as shown in Figure 3.77 (b). The
thickness of three-hour deposited films is about 6 µm, equivalent to a deposition rate
of 2 µm/h. In addition, due to the residual debris of laser ablation around the grooves,
the lateral growth of copper beside the grooves is also observed.

The dependence of groove-filling characteristics on plating time is shown in Fig-
ure 3.78. One can see that copper deposition rate on the bottom of the grooves is higher
than that on the surface, which produces void-free and seamless fill for high-aspect-
ratiomicrogrooves. These micrographs clearly indicate almost no voids and good uni-
formfilling for thesegrooves,which couldbeattributed to the surface activators added
into the electroless plating solution and the continuous Ag seeds layer [266]. Due to
the overgrowth on the grooves, as shown in Figure 3.78 (c), the mechanical polishing
of the substrate surface is performed after electroless plating.
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Fig. 3.78: Cross-sectional optical micrographs of the copper microstructures deposited in U-grooves
with plating time: (a) 0 h, (b) 5 h and (c) 30h, opening width: 40 µm; depth: 75 µm.

3.6.4 Fabrication of SERS structures

Since its discovery in the 1970s [267–269], SERS has provided a glimpse into the fu-
ture of high-throughput single-molecule detection and analysis [270, 271]. The high
sensitivity of SERS spectroscopy and its inherentmolecular specificity result in several
distinct advantages over current state-of-the-art bio-analytical techniques, such as the
ability to perform label-free analysis and to reduce photon-damage effects. Muchmore
information about samples can be obtained from Raman spectroscopy than from flu-
orescence spectroscopy, since all molecules have their own fingerprint Raman spec-
trum. Electrochemically reduced electrodes, colloidal clusters, and silver, gold, or cop-
per island films with nanoscale roughness can serve as SERS substrates.

The key issue with SERS lies in the fabrication of stable and reproducible sub-
strates with a controllable enhancement factor (EF), which is by no means easy be-
cause of the difficulty in controlling the nanoscale behavior of materials. In order to
achieve a high EF, a variety of fabrication techniques have been developed for SERS
substrates, many of which consist of roughening the surface by somemeans and then
depositing noblemetal nanoparticles. Recently, FsLDWhas been introduced as a pow-
erful tool for fabricating SERS substrates [272, 273].

It was first demonstrated by Zhou et al. that it is possible to fabricate SERS sub-
strates with a controllable EF using FsLDW on Ag-doped phosphate glass followed by
electroless plating. In their investigation, silver seeds are first photon-reduced using
femtosecond laser irradiation, and are then transformed into silver nanoparticleswith
sizes suitable for SERS in the subsequent electroless plating process. Rhodamine 6G
is then used as a probing molecule to investigate the enhancement of Raman signals
from the substrate. TheRamansignalwas found tobe enhancedalmostuniformly over
the entire substrate surface. In addition, using FsLDW, a microelectronic circuit and
a micro-SERS unit were integrated into a microfluidic chamber, thus forming a pro-
totype Raman chip for bio-sensing applications. Furthermore, Lan et al. fabricated a
SERS substrate on the tip of an optical fiber. FsLDWwasfirst employed to etch uniform
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Fig. 3.79: Schematic illustration of the fabrication
process.

patterns on the end face of an optical fiber, which was then coated with a thin layer of
silver by thermal evaporation [274].

A small volume of AgNO3 solution was dropped on the glass slip. The beam from
a Ti:sapphire laser oscillator operating at a wavelength of 800 nm, a pulse duration
of 40 fs, and a repetition rate of 80MHz was focused on the interface between the
glass slip andAgNO3 solution using an inverted microscope by an objective lens (10×,
NA is 0.3). The silver ions in the solution were reduced by fs laser irradiation and de-
posited on the slip mounted on a computer-controlled XYZ stage to form the silver
microstructures. The scheme of the experiment is shown in Figure 3.79. Ag is easily
oxidized in the atmosphere, especially for silver microstructures when an electric cur-
rent is passing through it. In order to form an antioxidation protection layer, electro-
less copper plating is carriedout after the laser scanning process. However, in the case
of fabricating the SERS substrate, the additional electroless copper plating process re-
mains unused.

Metallization of glass substrates by femtosecond laser photon reduction using sil-
ver nitrate (AgNO3) solution is applied to highly sensitive sensing of molecules based
on SERS. The femtosecond laser beam is focused on the glass cover slip surface that is
in contactwith the AgNO3 solution. Silver ions in the AgNO3 solution are then reduced
so that silver thin films are deposited on the glass surface, as shown in Figure 3.80 (a).
This shows that silver particles with diameters ranging from tens of nanometers to a
fewmicrometers are partially created. To demonstrate sensing based onSERS, 10ml of
rhodamine 6G (R6G) solution diluted with methanol (10−7 M) is dropped on the silver
filmas a sample. The solvent is evaporated and awatermark area of less than 1/4 of the
original area remains on the cover slip. After 3min, the cover slip is rinsed with dis-
tilledwater andallowed todrynaturally. Figure 3.80 (b) showsaSERS spectrumofR6G
obtainedusingan integration timeof 1 s after thebackgroundhasbeen subtracted (the
inset shows the original spectrum before subtracting the background). Weak but dis-
tinct Raman bands, especially for the aromatic C–C stretching vibrations in the spec-
tral range 1300–1650 cm−1, are observed with an intense fluorescence background.
The Raman signal originates from R6G molecules attaching to the SERS-active spots,
while the fluorescence comes from dissociative molecules. This result indicates that
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Fig. 3.80: (a) SEM image of silver film deposited on glass chip by irradiation in AgNO3 solution;
(b) SERS spectrum of R6G molecules (10–7M) absorbed on silver nanoparticles after background
subtraction (integration time: 1 s). The inset shows the original SERS spectrum.

the deposited silver nanostructures give rise to a SERS effect that permits sensitive de-
tection. However, the Raman enhancement factor (EF) is relatively low because only
a few R6Gmolecules are effectively adsorbed on the SERS active spots by diffusion in
the present scheme. Unlike silver colloidal substrates, the lack of electrostatic inter-
actions between the molecules and the silver film prevents them from getting closer
and hence limits the total EF.

To enhance the EF, R6G molecules are embedded by mixing R6G with AgNO3 so-
lution and the mixed solution is irradiated by a femtosecond laser beam. Organic R6G
molecules are then codeposited on the slip surface together with the silver nanoparti-
cles. Consequently, the EF of a sensor with embeddedmolecules had an EF that is 40×
higher than that without embedded molecules. It could detect R6G molecules with a
concentration as low as 10−8 M.

3.6.5 Conclusions

In conclusion, the integration of electrical functions into insulators using selective
metallization by femtosecond laser modification combined with electroless chemi-
cal plating has been demonstrated. This technique involves irradiating a femtosecond
laser beam on glass immersed in an electroless plating solution, and can selectively
deposit thin metal films on laser-irradiated regions by a single step, even on the in-
ternal walls of microfluidic channels, thus providing great flexibility to incorporate
potential electrical functions for many biochip applications, such as electro-optics,
electrophoresis, electrocapillary and electrowetting, and so on.
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One drawback of this technique is the weak adhesion of metal films deposited on
glass, although the adhesion can be improved by postannealing. Femtosecond laser
modification using a AgNO3 film followed by electroless plating results in higher ad-
hesion of metal films. This technique can be used to deposit metal films on various
kinds of materials. Femtosecond laser ablation followed by electroless plating also al-
lows selective deposition of metal films with high adhesion. However, this technique
is only applicable to certain materials such as photosensitive glass, since the surface
roughness produced by laser ablation is responsible formetal deposition. These selec-
tivemetallization techniques are demonstrated by fabricatingmicroheaters for spatial
control of the temperature in microfluidic devices and a SERS substrate for the highly
sensitive analysis of molecules. 3Dmetal microstructures with high electrical conduc-
tivities can be created by the two-photon-induced metal ion reduction of a liquid or a
polymer containingmetal ions using FsLDW. This technique has not been used to fab-
ricate biochips, but the fabrication of such structures inside the microfluidic systems
will enable more functionalities to be added to biochips.

3.7 Integration of hybrid functionalities by femtosecond laser
direct writing

3.7.1 Introduction

As in the above descriptions, FsLDW is a promising fabrication technique that can be
used to modify the interior of transparent dielectrics (e.g. glass and crystals) in a spa-
tially selective manner. In particular, femtosecond laser pulses modify the chemical
properties of the fused silica substrate in the laser-irradiated regions, which can be
selectively removed by successive wet etching using HF or KOH, realizing direct fab-
rication of 3D microfluidics. This two-step process (i.e. FsLDW followed by wet chem-
ical etching) can also be used to integrate micromechanical components such as mi-
crovalves and micropumps. It can be further extended to fabricate free-space optics
such as micro-optical lenses and optical microresonators inside glass or crystals. In
addition, in combination with electroless plating, FsLDW can be used to fabricatemi-
croelectrodes in glass and crystals.

Thus, femtosecond lasers allow us to fabricate various functional microcompo-
nents in transparent dielectrics, such as 3D microfluidics, micro-optical components,
microelectronic structures, and so on. Using only a single femtosecond lasermicroma-
chining system, it is possible to integrate all fluidic, optical, and electrical functions
in a single chip without assembly and packaging. Such versatility cannot be realized
by any other existing technology. Such integration provides many advantages over
existing technologies such as soft lithography and semiconductor processing based
on photolithography for fabricating biochips such asmicrofluidic and optofluidic sys-
tems, LOC, and µ-TAS devices.
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Using these devices, conventional processes normally carried out in a lab can
be miniaturized and performed on a single chip. This leads to enhanced efficiency
and portability, and also reduces the volume of samples and reagents required when
performing multilevel assessments involving, for example, chemical, biological, and
medical analyses. The most significant benefits of these devices are a scaling down
of the size, minimal consumption of reagents, reduced manufacturing costs, and en-
hanced detection speed and sensitivity. Due to their high portability and sensitivity,
these devices have become powerful detection and analysis tools for a broad range
of applications including biomedical research, healthcare, pharmaceuticals, environ-
mental monitoring, and homeland security. Moreover, there is also the possibility of
further enhancing the performance of microfluidic devices bymonolithically integrat-
ing electronic, mechanical, or optical capabilities.

This section demonstrates typical examples of microchips with hybrid function-
alities integrated by using FsLDW, involving optofluidic chips for biosensing, electro-
optical integration in LiNbO3, on-chip SERS devices, optical microresonator based
sensors, and so on.

3.7.2 Optofluidics fabricated by femtosecond laser direct writing

Optofluidics refer to a class of optical systems that are synthesized by the marriage of
microfluidics andoptics/photonics. They exhibit tunable optical properties andphysi-
cal adaptability, and showhighpotential for LOCandbio-photonics applications [275].
This field emerged in the 2000s when both microfluidics and nanophotonics were
maturing, and their synergy became feasible. Although the primary fabrication tech-
niques for optofluidics are based on lithographic methods, FsLDW has been shown
to be a promising alternative for the flexible fabrication of true 3D multifunctional
structures. Currently, fabrication of optofluidic structures by FsLDW can be achieved
by the incorporation of optical waveguides and/ormicro-optical components into mi-
crofluidic systems. Using a unified process, a wide variety of sensing devices such as a
Mach–Zehnder interferometer (MZI) [276], single-cell detection andmanipulation sys-
tems [277–279], and photonic microcomponents such as microfluidic lasers [280] and
waveguides [281] can be fabricated in both fused silica and Forturan glass substrates.
It is noteworthy that the integration ofmicrofluidic structureswith opticalwaveguides
in porous glass has not yet been demonstrated. However, this is now being attempted
by writing waveguides in consolidated porous glass in which the embeddedmicroflu-
idic structures have been formed beforehand.

Micro-optical components canbe fabricated ina slightly differentmanner, namely
by FsLDW in fused silica followed by chemical wet etching in HF acid. In this process,
the internal areas modified by femtosecond laser irradiation will gain a significantly
higher etch rate than those unmodified areas, so that hollow structures embedded in
fused silica canbeproduced by preferentially removing thematerials in laser-scanned
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Fig. 3.81: (a) Schematic and (b) optical micrograph of the microlens fabricated by femtosecond laser
micromachining; (c) the measured focal spot and (d) the calculated point-spread function of the
microlens in (b); two-photon fluorescence images of the leaf tissue acquired using (e) the microlens
and (f) an objective lens (5×magnification).

areas. Using this technique,micro-optical lenseswith nearly diffraction-limited focus-
ing performance on fused silica substrates can be produced. To create the curved sur-
face as illustrated in Figure 3.81 (a), the sample is first scannedwith the tightly focused
femtosecond laser beam and then subjected to the wet etching as mentioned above.
Afterwards, an additional OH flame polishing is used to smooth the curved surface.
The fabricated microlens is shown in Figure 3.81 (b). In comparison to the simulation
result (Figure 3.81 (d)) for a model lens with the same geometry, the measured focal
spot produced by the fabricated microlens has a comparable size, as shown in Fig-
ure 3.81 (c). Recently, the microlens has been used in two-photon fluorescence imag-
ing. The two-photon images of a plant leaf tissue acquired with the micro-optical lens
and with a 5× objective lens are compared in Figure 3.81 (e) and Figure 3.81 (f), show-
ing little difference in their imaging performances.
By employing the above-mentioned techniques, a microlens and microfluidic chan-
nel can be integrated in a single fused silica chip [212]. To inscribe the contour of the
microlens, a similar layer-by-layer annular scanning method is adopted. The curva-
ture radius and aperture diameter of the microlens are 0.6 and 1.2mm respectively,
as depicted in Figure 3.82. To inscribe the microfluidic channels, the laser power and
the scanning speed are changed so that the etching duration for fabricating the tiny
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channel could match that of fabricating the hemispherical microlens. As shown in
Figure 3.82, the channels form a Y-shaped structure, and the length of each channel
is 600µm. After laser irradiation, the sample is subjected to an ultrasonic bath in HF
solution, until the microlens and channels are formed. Afterwards, the sample is pol-
ished with OH flame.

Fig. 3.82: Schematic of the microfluidic chip integrated with a micro-optical lens.

By comparing the measured diameters of channels in Figure 3.83 (a) and 3.83 (b), the
magnification of the fabricated microlens is ~4.7, which is in good agreement with the
theoretical value. To further verify the imaging performance of themicrolens, the fluo-
rescein dye solution (0.12mg/ml, pH = 13.0, excitation wavelength 490nm, emission
wavelength 520 nm) is fed into the Y-shaped channel. At first, the sample is placed
on the stage with the microfluidic channels above the microlens, as shown in Fig-
ure 3.83 (a). Then the fluorescent channels are imaged on the CCD camera through
the objective lens directly. To investigate the imaging performance of the fabricated
microlens again, the sample is inversed, as shown in Figure 3.83 (c) and 3.83 (d). Fig-
ure 3.83 (d) shows the magnified image of the microchannel structure formed by the
microlens. The integrated chip can therefore be used as an optical imaging system to
observe micro-organisms tagged with fluorescent dye and to create an image of the
dynamic process in the interested area of the microfluidic channels. Compared with
the conventional optical microscope composed of bulky optics and mechanics, this
microchip is inexpensive, portable, and disposable.
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Fig. 3.83: Optical micrograph of (b) Y-shaped microfluidic channel and (c) the enlarged image of the
channel formed by the microlens. Micrographs of the fluorescent channels formed (a) without and
(d) with the microlens.

3.7.3 Electro-optical integration in LiNbO3 by femtosecond lasers

LiNbO3 has long been used in integrated optics due to its large nonlinear optical co-
efficients, and excellent electro-optic and piezoelectric properties. It is possible to in-
tegrate a substantial number of multifunctional devices on a single LiNbO3 substrate,
such as surface-acoustic-wave generation, signal processing, EOmodulation, sensing,
and other tasks for a wide variety of applications. Recently, it has been demonstrated
that buried optical waveguides in LiNbO3 can be fabricated by femtosecond laser in-
scription [282], which opens the possibility of writing 3D optical circuits in the crys-
tal. Unfortunately, because the opticalwaveguides fabricated by femtosecond laser in-
scription are usually deeply buried in the crystal, the conventional surface electrodes
gives rise to weak EO interactions. The embedded electrodes could give rise to homo-
geneous electric fields across the buried waveguides sandwiched between the micro-
electrodes, and enable effective EO interaction.

A schematic diagram of the Y splitter modulator fabricated by femtosecond laser
is presented in Figure 3.84 (a). The angle between the two branches of the Y splitter
is 1.2°, and the distance of the two branches is 80µm. In order to produce thermally
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Fig. 3.84: (a) Schematic layout of the Y-splitter modulator; (b) near-field intensity distribution mea-
sured at the exit of modulator, and interference pattern of two branches of the Y splitter at different
dc voltages of (c) 0 V and (d) 20 V. The attached white lines show the shift of the interference fringe.

stable waveguides in the low repetition rate regime, an approach of writing two par-
allel lines in close separation is used, which produces a guiding region between the
double lines [283]. In comparison with the waveguides guiding light in the irradiated
region (type I), the waveguides guiding light between irradiated regions (type II) can
preserve the nonlinearity of the bulk crystal [284]. The laser beam is focused with a
100×microscope objective (NA = 0.90), and is incident along the x axis of the crystal
and polarized linearly along the y axis (Figure 3.84). The waveguides are fabricated
by consecutively writing two parallel lines separated by 10 µm with pulse energies of
0.3 µJ and a translating velocity of 100 µm/s. The focus is located at a depth of 50 µm.
After fabricating the Y splitter, three embedded microelectrodes are integrated into
the LiNbO3 crystal, as shown in Figure 3.84 (a).

When a 633 nmHe:Ne laser beam is coupled into thewaveguide splitterwith a 20×
microscope objective, light is emitted from both branches of the splitter. The near-
field beam profiles at the ends of the exit are present in Figure 3.84 (b), showing a
horizontal size of 6 µm and a vertical size of 10 µm (1/e2 intensity). By measuring the
cone angle of the emerging beam, the estimated NA and refractive index change are
approximately 0.03 and 2 × 10−4 respectively. The propagation loss of waveguide is
measured to be ~1 dB/cm by comparing the transmission through waveguides with
different lengths in order to subtract the coupling losses.

After passing through the splitter, the two exiting beams propagated in the free
space with a certain divergence angle, and therefore an interference pattern can be
observed in the overlapping area of the two beams in the far field. The device is ex-
amined using a He-Ne laser polarized in the extraordinary (z) direction by applying a
varying DC voltage to the electrodes, and in the meantime, we collected the interfer-
ence pattern of twobranches of the Y splitterwith a CCD camera. It can be seen that the
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Fig. 3.85: (a) Schematic layout of a Mach–Zehnder EO modulator; (b) a microscope image of the end
facet of the MZI; and (c) near-field intensity distribution measured at the exit of MZI.

interference fringes shift horizontally with the varying voltage. The results are shown
in Figure 3.84 (c) and 3.84 (d). The interference fringes will experience a Pi-shift if the
voltage is changed by 20V.

Furthermore, a Mach–Zehnder interferometer EO modulator can be fabricated
as illustrated in Figure 3.85 (a) [111]. The fabrication procedures are the same as the
above-mentioned Y-splitter modulator except for changing the Y-splitter into aMach–
Zehnder interferometer structure. Figure 3.85 (b) shows amicroscope image of the end
facet of the MZI. A 633 nm He-Ne laser beam is coupled into the entrance of the MZI
with a 20× microscope objective, where only the guiding of polarization along the
Z-axis is observed. The near-field beam profile at the exit is present in Figure 3.85 (c),
showing a single-mode distribution with a horizontal size of ~4µm and a vertical size
of ~6 µm (1/e2 intensity).

The geometries of embedded electrodes are shown in Figure 3.86 (a) and 3.86 (b).
A numerical simulation based on finite element method [285] is used to analyze the
electric field between the embedded electrodes as shown in Figure 3.86 (b), and the
corresponding potential distribution is shown in Figure 3.86 (c). It can be seen that
the electric field across the waveguide is nearly uniform and almost confined in the
horizontal (z) direction, leading to an improved EO overlap in comparison with the
conventional planar electrodes.
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Fig. 3.86: (a) Top view and (b) end view of
optical micrographs of the embedded elec-
trodes and optical waveguides; (c) contour
plots of the equipotential contour of embed-
ded electrodes.

Fig. 3.87: Near-field intensity distribution at the exit of EO modulator at different DC voltages of
(a) 0 V and (b) 19 V.

The device is examined using a 633 nm He-Ne laser polarized in the Z direction by
applying a varying DC voltage to the electrodes, and in the meantime, the near-field
mode at the output end of MZI is collected. The results are shown in Figure 3.87. The
measured extinction ratio is only ~9.2 dB, mainly due to the fact that the two arms of
MZI cannot be fabricated completely symmetrically because of the limited translation
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precision of the XYZ stage. The voltage difference between the adjacentmaximumand
minimumof optical intensity output ismeasured to beUπ = (19±1)V. The EO overlap
integral of modulator Γ can be calculated by [264]

Γ = λG
2n3e γ33VπL

, (3.56)

where λ is the laser wavelength, ne is the extraordinary refractive index, γ33 is the
EO coefficient of LiNbO3, L is the length of the electrodes and G is the gap be-
tween electrodes. With G = 46 μm, L = 2.6mm, λ = 632.8 nm, ne = 2.2, and
γ33 = 2.9 × 10−11 m/V, we can obtain Γ = 0.95. The Γ value is in good agreement
with the simulation result of the electric field induced by the embedded electrodes.

3.7.4 On-chip SERS devices fabricated by femtosecond lasers

Owing to the above fabrication techniques, it is convenient to integrate a microelec-
tronic circuit and a SERS structure into a microfluidic chamber to form a prototype
Raman biochip for biosensing applications. Figure 3.88 (a) shows the SEM image of
silver microstructures deposited on the glass surface with a laser scanning speed of
1mm/s and a laser power of 80mW. One can see that a complicated surface morphol-
ogy is formed with features at both the micrometer and nanometer scales. Shown in
Figure 3.88 (b) is a microheater fabricated by fs laser reduction, deposition, and sub-
sequent electroless Cu plating. The total resistance of the microheater is measured to
be ~3.4 Ω, mainly from the resistance of the heating circuit indicated by the solid cir-
cle in Figure 3.88 (b). Themicroheater canbe stably operatedwith amaximumcurrent
of 200mA at which the corresponding heater power is 0.14W. This is high enough for
most microbiosensor applications. The reduction of silver ions from the AgNO3 so-
lution and subsequent deposition of silver nanoparticles on the glass surface can be

Fig. 3.88: (a) SEM image of morphology on glass surface after fs laser modification; (b) a micro-
heater fabricated by fs laser direct writing in AgNO3 solution followed by electroless Cu plating.
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Fig. 3.89: SERS spectrum of R6G molecules absorbed on the reduced silver nanoparticles.

attributed mainly to the high peak power offered by the fs laser pulse and the thermal
effect originating from the high repetition rate of the fs oscillator.

The microstructure directly fabricated by the fs laser reduction and deposition
also exhibits strong enhancement of the Raman signal. A 10 µL of R6G/methanol so-
lutionwith a concentration of 10–7M is dropped on the silver microstructures reduced
and deposited by the fs laser oscillator. After three minutes the slip is flushed by dis-
tilled water and dried naturally. Raman scattering of the R6Gmolecules is excited by a
532-nm continuous laser with a power of 10mWand collected on the samemicroscope
in reflectionmode but with a different objective lens (40×, numerical aperture is 0.65).
Collected SERS spectrum of R6G is shown in Figure 3.89with an integration time of 1 s.
The aromatic C-C stretch vibrations in the spectral region from 1300 to 1650 cm−1 can
be clearly observed from Figure 3.89, which comes from the R6G molecules absorbed
at the SERS-active sites on the substrate. The low detection concentration and short
integration time proved that the nanoparticles reduced by fs laser can lead to a great
enhancement of the Raman signal. By the code position of reduced silver nanopar-
ticles and R6G molecules, a SERS substrate with embedded sample molecules is ob-
tained with higher Raman enhancement efficiency for the detection of the fluorescent
sample.

Since we can now fabricate both the microelectronic circuit and SERS substrate
on the same platform, it is natural to integrate both these functions into amicrofluidic
channel to form a LOC system. The scheme of the Raman biochip sample is illustrated
in Figure 3.90. It is fabricated on a fused silica glass with three steps. First, a microflu-
idic cavity is created by fs laser ablation using a fs laser amplifier. Secondly, a micro-
heater and two electrodes are built in the microfluidic cavity using the fs laser oscil-
lator. Lastly, the SERS substrate is fabricated in the middle area between two heating
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Fig. 3.90: (a) Schematic illustration of side view (upper panel) and top view (lower panel) and (b) dig-
ital camera captured image of the integrated Raman sensor.

circuits in the cavity, as shown in the lower panel of Figure 3.90 (a). After the absorp-
tion of R6G molecules on the substrate for three minutes, the microcavity is flushed
and then filled with distilled water. Then the substrate is excited by a 532-nm laser for
a few minutes in order to bleach the fluorescence of the dissociated R6G molecules.
When the measured Raman signal become stable, the microelectrodes of the heater
are connected to a constant-current power supply and an electric current is applied
on the microheater to heat the water in the microcavity. The measured Raman inten-
sity exponentially decreased with increasing electric current. The decrease of Raman
signal with the increasing temperature in the heated microfluidic cavity could be ex-
plained by the dissociation of the R6G molecules absorbed on the nanoparticles with
increasing temperature.

3.7.5 Sensing applications of optical microresonators

High-Q-factor WGM microresonators can efficiently confine light in a small space by
total internal reflection. The combination of low absorption loss in the volume of
microresonators and low scattering loss at their smooth peripheries leads to a long
photon lifetime, which makes the WGM microresonators excellent candidates for
many important applications. Integration of the on-chip microresonators with other
functional microstructures such as photonics and microfluidics is also challenging,
because in most cases their processing techniques are incompatible. The difficulties
hamper the widespread use of microresonators in applications ranging from nonlin-
ear optics to high-sensitivity biological/chemical sensing.

3.7.5.1 High-sensitivity optofluidic sensors based on optical microresonators
For many optofluidic sensing applications, the efficient enhancement of the sensing
sensitivity can be achieved by use of a high-Q-factor microresonator [286, 287], ow-
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ing to its unique capability of confining light in a tiny volume for long periods of
time by total internal reflection. In most cases, the coupling of light into and out of
the WGM microresonators is realized with a fiber taper carefully positioned near the
microresonator with precision motion stages to achieve the critical coupling condi-
tion [288, 289]. Since the fiber taper and the microresonators are not integrated, the
widespread use of such systems in optofluidic and biosensing applications has been
hampered because of their poor portability. Further chip-level integration of the mi-
croresonators in a microfluidic system is also difficult, because of the incompatibil-
ity between the processing techniques of microfluidic systems and optical microres-
onators.

We fabricated a fully integrated optofluidic sensor that consists of a high-Q mi-
croresonator and amicrofluidicmixer on fused silica glass substrates (UV grade fused
silica JGS1 whose upper and bottom surfaces are polished to optical grade) with a
thickness of 1mm [290]. Both the microresonator and the microfluidic mixer are si-
multaneously fabricated in a fused silica substrate based on FsLDW. The fabricated
optofluidic sensor offers a detection limit of 1.2 × 10−4 refractive index unit (RIU) for
bulk refractive index sensing of liquids.

Theprocessflow for fabricating the fully integrated sensormainly consists of three
steps: (1) femtosecond laser exposure followed by selective wet etch of the irradiated
areas to create 3D microfluidic channels embedded in glass and the microdisk struc-
ture at the outlet of the microchannel; (2) selective reflow of the silica disk by CO2
laser irradiation to improve the Q-factors; and (3) assembly of the fiber taper with the
microresonator by CO2 laser welding.

The key innovation of this experiment is to assemble the fiber taper onto the side-
wall of the microtoroid resonator to produce a fully integrated, portable optofluidic
sensor. Figure 3.91 illustrates the procedures of assembling of the optical fiber taper
with the resonator. As illustrated in Figure 3.91 (a), the fiber taper is first brought to
the vicinity of the toroid using the 3D nanopositioning stage to achieve critical cou-
pling. The highest Q-factor we achieved under the critical coupling condition was
3.24 × 106. Then fiber taper was slightly moved to get it in direct contact with the
sidewall of themicrotoroid, andwe irradiated themicrotoroidwith the CO2 laser beam
again, as illustrated in Figure 3.91 (b). We notice here that the focusing conditions of
the CO2 laser beamused forwelding the fiber onto themicrotoroid are the sameas that
used for the reflow of the microdisk to form the microtoroid, namely no modification
on the optical setup that is established for surface reflow of the microresonator is ap-
plied. However, to achieve a high Q-factor of the assembled microtoroid-fiber system,
we indeed had optimized the duty ratio of the CO2 laser. In the experiment, eventu-
ally a duty ratio of 2.5% (i.e. 50% lower than that used for reflowing the microdisk) is
chosen, leading to both a strong welding and a decent Q-factor in air of 3.21 × 105.

Figure 3.91 (c) shows the opticalmicrograph of the microtoroid in contact with the
fiber taper, before and after the fiber taper was welded onto its sidewall with the CO2
laser irradiation. Specifically, in Figure 3.91 (d), one can see that the CO2 laser irradi-
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Fig. 3.91: (a) Bring the fiber taper close to the microresonator to achieve a high coupling efficiency.
(b) Bring the fiber taper in contact with the microresonator and perform CO2 laser welding. (c) Top-
view optical micrograph of the fiber taper coupled to the microresonator before welding. (d) Side-
view optical micrograph of the fiber taper welded onto the sidewall. Fiber can remain assembled
on the microtoroid with bending. Top-view (e) and close-up view (f) SEM images of the fiber taper
welded to the side wall of microtoroid.

ation creates a strong welding in the contacting area between the fiber taper and the
microtoroid, and thus the fiber can be significantly bent without falling away from the
microtoroid. The high mechanical strength ensures a reliable operation of the sensor
in field-portable uses. Figures 3.91 (e) and 3.91 (f) further provide detailed information
on how the fiber taper is welded to the side wall with the respective overview and
close-up view SEM images of the integrated fiber-microtoroid system. It can be seen
that after the welding, the cross section of the fiber taper is significantly deformed, i.e.
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Fig. 3.92: (a) Illustration of layout of the integrated optofluidic sensor; (b) the optical micrograph
of the fabricated sensor. The fiber is indicated with the dashed line, and the microtoroid resonator
assembled with the fiber taper is sitting in the area indicated by the square. (c) The close-up view of
the assembled microtoroid-fiber system fabricated in the microfluidic channel using a femtosecond
laser.

the original perfectly round-shaped cross section becomes a compressed flat oblate.
Further theoretical analysis is required to understand how the deformation of the ta-
pered fiber influences the Q factor in a quantitative way.

The layout of the designed sensor is shown in Figure 3.92 (a). The microfluidic
system is embedded 300 µm beneath the glass surface, which is composed of two
Y-branched-channels with a length of 600 µm connected with two inlets, and a long
spiral channel with a total length of 3mm and a diameter of ~35 µm connected to an
outlet for the mixing of liquid. Near the outlet, a reservoir is fabricated and the micro-
toroid resonator is fabricated in the center area of the reservoir. Therefore, the mixed
liquid coming out from the outlet can be sensed with the microresonator. The optical
microscope image of the fabricated sensor is presented in Figure 3.92 (b), showing
that all the components have been integrated in a single glass chip. Figure 3.92 (c) il-
lustrates the close-up view image of the integrated toroid-fiber system. The fiber taper
is too thin and can hardly be seen in such images of limited resolution (Figure 3.92 (b)
and Figure 3.92 (c)), which provide a sufficiently large field-of-view for the sensor.
Therefore, the fiber taper is indicated with the dashed line in Figure 3.92 (b), and with
an arrow in Figure 3.92 (c).

 EBSCOhost - printed on 2/13/2023 9:33 PM via . All use subject to https://www.ebsco.com/terms-of-use



228 | Fei He et al.

Fig. 3.93: (a) Transmission spectrum of the integrated microtoroid-fiber system measured in air after
the CO2 laser welding (upper curve) and that of the integrated microtoroid-fiber system measured in
purified water (lower curve); (b) the close-up view of the spectral dips around 1557nm wavelength
measured at different doping concentrations of salt; (c) the wavelength shift plotted as a function of
the doping concentration of salt (squares), which can be well fitted with a linear relationship (curve).

Figure 3.93 shows the results of sensing the refractive index of purified water doped
with salt at different concentrations. Specifically, the overall transmission spectra of
themicroresonator in air and in purifiedwater are comparedwith the upper and lower
curves in Figure 3.93 (a) respectively. It can be seen that compared to the spectra mea-
sured in air, the spectral width of each dip becomes larger, and the number of modes
in the spectrum measured in water has been significantly reduced, mainly because
of the reduced Q-factor and the elimination of the high-order modes, respectively. The
measuredQ-factor of themicroresonator immersed in purifiedwater is only ~3.1×103.
The severe reduction of the Q-factor in water is mainly caused by two factors. The first
limiting factor is that the experiment is carried out at a wavelength of ~1550 nm (i.e.
the tunable laser source in our lab), which is highly absorptive in water [291]. The sec-
ond is that because of the limited range of motion of the nanopositioning stage, the
size of the fabricated microtoroid resonator is about 80µm, which is not large enough
to support sufficiently high Q-factors in water as have been investigated before. Ac-
tually, in [46], the authors have clearly shown that a fused silica microtoroid with a
diameter of ~80µm exhibits a Q-factor on the level of ~103 around 1550 nm in water.
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The measured Q-factor of the fabricated resonator (Q ∼ 3.1 × 103) agrees well with
their analysis.

Figure 3.93 (b) shows five spectra recorded in purified water doped with salt at
different doping concentrations of 0.25, 0.5, 0.75, 1, and 1.25%. Here, all the concen-
trations are given in weight percent wt%. One can see that the position of the spectral
dip around 1557 nm wavelength shifts significantly with the increasing concentration
of the salt, which can be attributed to the change in the refractive index of the water
with varying doping concentrations. In addition, Figure 3.93 (c) shows that the posi-
tion of the spectral dip shifts almost linearly with the increasing doping concentration
of salt, which is reasonable because at such a low concentration of salt, the refractive
index of the liquid will also vary linearly with the doping concentration.

Based on the data in Figure 3.93 (c), it is evaluated that the sensitivity of the sen-
sor can reach ~220 nm/RIU, yielding a detection limit of 1.2 × 10−4 RIU based on the
analysis method provided in [292]. The results are comparable to the best sensors fab-
ricated by the FsLDW so far. However, we could expect large room for improvement
of the detection limit of the integrated sensor if we improve the Q-factor of the mi-
croresonator with a larger size in liquids and shift the detection light to the visible
range.

3.7.5.2 On-chip wavelength-tunable microresonator
In many applications such as microcavity QED or microlasing, precise control of the
resonant wavelength of WGM is crucial. The wavelength tuning of WGM has been
demonstrated by tactfully tuning the refractive index of the microresonator, which
leads to a change in the optical path for the light travelling in themicroresonator. Tun-
ing of the refractive index is readily achievable using either thermal-optical or elec-
tro-optical effects [293, 294]. In addition, the WGMs are also sensitive to the geomet-
ric shape of microresonator, enabling tuning of the resonant wavelength by a slight
distortion of the shape of the microresonator using mechanical stretching or squeez-
ing [295, 296]. To facilitate miniaturization and ease of operation, there is a pressing
need for the development of a monolithic approach by which the thermal or electric
function can be integrated into the microresonator chip.

The fabrication of a microresonator integrated with a microheater on a single
fused silica chip by FsLDW is described here. Also demonstrated is on-chip tuning of
the resonant wavelength of the microresonator by varying the electric voltage applied
to the microheater.

The integrated device is illustrated in Figure 3.94 (a), which contains a micro-
heater and a high-Q microresonator simultaneously fabricated on a fused silica chip
using femtosecond laser 3D micromachining. First, the microheater is fabricated by
selective metallization on glass surfaces, which is realized using FsLDW followed by
electroless plating. The reason for fabricating the microheater prior to the microres-
onator is to avoid contamination on the microresonator during the electroless plat-
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Fig. 3.94: (a) Illustration of layout of the integrated chip; (b) normalized transmission spectra of the
microresonator at different electric voltages applied on the microheater; (c) the drift of resonant
wavelength as a function of square of the voltage, which can be well fitted with a linear relationship
(curve).

ing. Previous investigations have shown that the metal structures are buried in the
substrate, which ensures a good adhesion. The total resistance (R) of microheater is
measured to be R = 9.6 Ω. At an electric voltage of 1 V, the power of the microheater
is calculated to be ~0.1W. The microheater is connected to the power supplier by two
copper wires that are bonded on the two ends of the microheater using a conductive
silver adhesive. This procedure is arranged after the microresonator is fabricated, be-
cause the CO2 laser irradiation employed for surface reflow on themicroresonator will
cause damage to the silver adhesive.

The transmission spectra of the microresonator in Figure 3.94 are recorded at dif-
ferent electric voltages of 0, 1, 2 and 3V. The central wavelength of theWGMshifts from
1561.97 nm (the solid line) to 1562.15 nm (the dashed dotted line) due to the tempera-
ture change in the microtoroid resonator as the power of the microheater increased
from 0 to 0.9W. Figure 3.94 (c) shows that the drifting of the resonant wavelength is
linearly dependent on the V2 of the microheater, because the joule heating power of
the microheater is proportional to V2. The slope of the fitting line indicates that the
tuning rate of the microheater is 1.8GHz/V2.
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It is noteworthy that the response time of the device is on the order of ~10 s, which
significantly surpasses the performance of conventional external heaters. We expect
that the integrated microdevice will benefit various applications including tunable
laser sources, optical filters, cavity quantum electrodynamics, and so on.

3.7.6 Conclusions

Femtosecond lasers have been used to fabricatemicroelectrodes andmicrofluidic and
micro-optical components in glass or crystals in a compatible manner. Integration of
these basic elements in single substrates by FsLDW offers the possibility of creating
many innovative and extraordinary microsystems and devices. Early examples along
this direction include the integration of a microlens and microfluidic channels for
biosensing, integration of a waveguide-based MZI and microelectrodes for construct-
ing an optical modulator, integration of microheaters and SERS structures on a single
chip for Raman sensing, and integration of optical microresonators with a microfiber
taper or a microheater for optical controlling/sensing applications.

Femtosecond laser processing is promising due to its ability to realize one-step in-
tegration of microfluidics and other microcomponents in glass chips. Glass is an ideal
substratematerial formanyapplicationsmainly becauseof its high chemical inertness
and high optical transparency. The ultimate dream of femtosecond laser integration
of biochips is to create a complete ‘all-in-one’ LOC or optofluidic system in which all
the functional components are three-dimensionally integrated in a single exposure
step by FsLDW followed by optional batch postprocessing procedures, which are cost-
effective for mass production. This is certainly a formidable challenge, but significant
progress has been made toward realizing this goal and important technical advances
have been demonstrated, as described in this section.

3.8 Summary and outlook

Femtosecond laser microfabrication has become a powerful technique for produc-
ing multifunctional microchips. In particular, it allows the incorporation of hybrid
functionalities into a monolithic chip to create new exciting devices. Compared with
existing techniques, this approach is based on a unique MPA process within an ul-
trashort duration, which offers the advantages of eliminating thermal diffusion, in-
ternal processing, subdiffraction-limited resolution and the capability of multifunc-
tional integration. Theflexibility of thedirectwriting scheme that employs scanningof
tightly focused femtosecond laser pulses has enabled the formation of various 3D mi-
cro/nanostructures with almost unlimited geometries and configurations, which has
shown significant impact on a broad range of applications ranging from optoelectron-
ics, photonics and MEMS to chemical, biological, and medical systems.
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In this chapter, we demonstrated a wide variety of hybrid functional integrated
microdevices, such as complex 3Dmicro- andnanofluidic networks, optofluidic chips,
opto-electronic modulators, integrated SERS sensors, and so on, in addition to the
monofunctional fabrication of microfluidics, micro-optics, andmicroelectronics. Sev-
eral issues need to be addressed in the future. First, to meet the requirements of
low-loss optics and smooth fluidics applications, improved methods are needed for
smoothing the inner surfaces of devices fabricated in porous glass substrates. The
existing approaches such as annealing, oxygen/hydrogen flame polishing, and CO2
laser reflow have enabled the creation of smooth surfaces of optical lenses and mi-
croresonators and smooth inner walls of microfluidic channels of relatively large
diameters (i.e. diameters of tens of microns), but they become increasingly less effec-
tive when the size of microfluidic structure decreases. In addition, although a feature
size of λ/20 has been achieved in porous glass in the transverse direction, it is still
challenging to create nanofluidic channels of fully nanometer-scale dimensions in
glass substrates. Selective metallization using FsLDW is expected to be applied to a
variety of sensing applications such as electrofluidics, SERS sensors, and plasmonics.
However, although side wall metallization has been successfully demonstrated [297],
the fabrication of 3D freestanding metal structures in closed microfluidic channels
has not been achieved. It is expected that these difficulties will be gradually over-
come in the future. Finally, glass is an ideal substrate material for such applications
mainly because of its high chemical inertness. The ultimate goal of femtosecond laser
integration of optofluidics is to create a complete ‘all-in-one’ LOC or µ-TAS chips in
which all the functional components are simultaneously integrated in a single expo-
sure step by FsLDW, followed by optional batch postprocessing procedures, which
are cost-effective for massive production. This is certainly a formidable challenge,
although significant progress has beenmade toward realizing this goal and important
technical advances have been realized.

In a broad sense, ultrafast laser processing has fundamentally changedmaterials
processing with lasers. It has become a ubiquitous micromachining tool for various
materials including metals, semiconductors, ceramics, glass, crystals, polymers, and
even soft materials such as biotissues [13]. When being applied for surface structur-
ing, ultrafast laser processing induces novel properties in terms of friction, adhesion,
optical absorption and/or reflection, and hydrophobicity [298]. Scanning of tightly
focused ultrafast laser pulses in transparent materials enables the formation of 3D
micro-/nanostructures with limitless geometries and configurations, which makes it
possible to produce functional components and devices for integrated optics and LOC
applications [41]. Besides fundamental research, ultrafast lasers have also been em-
ployed for several practical and industrial applications, such as photomask repairs,
ink nozzle drilling, andmedical stent fabrication [299]. These lasers are now also used
in the electronics industry for the scribing, patterning, and texturingof glass and semi-
conductors (e.g. photovoltaic cells and light emitting diode displays) [300]. Due to the
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limited space, discussion of the above issues, which can be found elsewhere, are not
involved in this chapter.

To perfect these technologies, efforts should be focused on the investigation of
the underlyingmechanisms to achieve better control of the structural changes and/or
morphologies in the laser affected zone, refinement of the beam shaping technologies
for precise tuning of the geometries of laser written structures and to promote the fab-
rication efficiency, and to improve the fabrication resolution for precise alignment and
coupling betweenmultiple components (e.g. waveguide–waveguide coupling and the
intersection of waveguide cores andmicrofluidic channels). In particular from a tech-
nical perspective, early efforts were mainly focused on the spatial or temporal shap-
ing of ultrafast laser pulses, whereas recent interest has shifted to simultaneous spa-
tiotemporal manipulation of the femtosecond laser pulses, which has enabled mod-
ification of the peak intensity distribution in the focal area, the elimination of self-
focusing, high-efficiency 3D fabrication, and induction of the nonreciprocal writing
effect. In addition, the manipulation of the femtosecond laser pulse polarization has
enabled the fabricationof polarization-sensitive optical devices andnanofluidic chan-
nels in glass [301]. Beam shaping effects have also been exploited in TPP, aimed at
either high-speed parallel processing or subdiffraction-limited nanostructuring [302].

As a final note, in the past two decades, scientists and researchers have only de-
voted laboratory investigations to a particular concentration on the clarification of
mechanisms, the development of new fabrication technologies, and extension of the
application range. Femtosecond laser processing has long been regarded as an expen-
sive and time-consuming technique; this image has hampered the widespread use of
this technique, and efforts should therefore be made to bridge the gap between cur-
rent fundamental research and future commercial applications of multifunctional mi-
crodevices fabricated by FsLDW. Fortunately, significant progress has been achieved
in the development of novel ultrafast laser systems. The replacement of Ti:sapphire
crystals with fibers or thin disks has not only led to high average powers (i.e. intense
ultrafast laser pulses at high repetition rates) that will allow direct laser writing at
speeds leveling the order of tens of meters per second, but will also make the ultrafast
laser systems more robust and cost-effective [303, 304]. The rich variety of parame-
ters provided by ultrafast laser pulses has allowed femtosecond laser beam shaping
to be extensively investigated. For the commercialization of disposable microfluidic
sensors, however, further reductions in fabrication cost are required, in addition to
improvements to the throughput. In the future, ultrafast laser materials processing
will benefit from the rapid development of ultrafast laser systems and ultrafast laser
techniques.
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4 Spatial and temporal broadening of a femtosecond
laser pulse after angular dispersion

4.1 Introduction

The femtosecond (10−15 s) laser has attracted great interest for its ultrashort pulse
duration andultrahigh peak power since its invention in the 1980s [1–8], and is widely
used in many fields, such as high energy physics, materials science, chemistry, and
biomedical imaging [9–15].

Angular dispersion devices, such as gratings, prisms, or acousto-optical deflec-
tors (AODs), can separate a beam into its component wavelengths, which then propa-
gate in different directions. They can change the shape of the beam spot and the pulse
width, and are widely used in many fields such as chirped pulse amplification (CPA),
pulse shaping, andmaterial dispersion compensation [16–28]. For example, a grating
pair can be used for CPA [16], a prism pair can be used to compensate for the material
dispersion inside or outside the laser cavity [17], or a grating pair combinedwith a pair
of lenses and a mask can be used for femtosecond laser pulse reshaping [21]. In par-
ticular, the widely used acousto-optical devices, such as AODs [29–31], can be used
either as beam scanners or to compensate for material dispersion. Additionally, the
characteristics of AODs broaden the pulse of the femtosecond laser considerably, and
the beam spot is also significantly distorted, which means that AOD scanning fem-
tosecond lasers are difficult to use over a long period [32, 33]. Therefore, the study of
the spatial and temporal broadening of femtosecond laser pulses after angular disper-
sion, which includes investigation of pulse broadening in the temporal domain and
beam spot broadening in the spatial domain, is valuable not only for the development
and complementarity of the transmission theory of ultrafast optics, but also for the
specific application to femtosecond lasers.

Achieving the limit of the pulse duration is, in the field of ultrafast optics, chal-
lenging [1–8]. Therefore, we have focused on the pulse width of a dispersed femtosec-
ond laser, as it is one of the most important parameters in our previous research.
Current work in this area is prolific; for example, the pulse width broadening of a
femtosecond laser after passing through a single angular dispersion element, a pulse
stretcher/compressor, and the pulse width broadening due to residual dispersion in
optical systems have been investigated [34–41]. However, there has been far less re-
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search on the beam spot shape of a dispersed femtosecond laser beam [42]. This is de-
spite the fact that the spot shape of a femtosecond laser will seriously affect the beam
quality, especially when the laser is focused by lenses and, inmany applications, such
as multiphoton microscopy and micromachining (in which the light sources are fem-
tosecond oscillators or amplifiers), the distortion of the beam spot will reduce the res-
olution of optical imaging and the accuracy of micromachining [43–54]. For these rea-
sons, the spot shape evolution of a dispersed femtosecond laser beam is an important
area in ultrafast optics and worth detailed investigation.

Plane waves [16–26] and Gaussian beams [34–39] are two of the most commonly
used models in the study of the propagation characteristics of femtosecond laser
pulses. The plane wave is an idealized model as it ignores the beam’s spot size and
divergence. When the beam spot size is large (on the order of a few centimeters), using
the plane wave model combined with the ray tracing method of geometric optics can
greatly simplify the analysis of the propagation characteristics of lasers in optical sys-
tems. A Gaussian beam is more suitable for describing the characteristics of the laser
source as it includes the beam spot size and divergence, and is a more accuratemodel
compared to the plane wave. Using the Gaussian beam model combined with the
diffraction integral [34–39] or optics matrix [55–59] method for analysis of the laser
beam propagation characteristics, even though the calculation is more complex com-
pared with that using the plane wave, gives results that are generally more accurate.
In fact, the Gaussian beam, after some reasonable approximation, can completely
degenerate into a plane wave. Therefore, the results calculated using a plane wave
model can also be obtained using a Gaussian beammodel.

In this chapter, we review the relative progress of investigations into spatial and
temporal broadening of a femtosecond laser pulse after angular dispersion. In Sec-
tion 4.2, we describe the definition of the term ‘angular dispersion’. Sections 4.3 and
4.4 are the main content of this chapter; in these we give a detailed analysis of the
pulse and beam spot broadening after angular dispersion, reveal the physical mech-
anisms of each type of broadening, and analyze current research. In Section 4.5, we
discuss the applications and some new requirements for angular dispersion devices.
It is worth noting that angular dispersion referred to in this chapter only includes first
order angular dispersion; the effect of higher order angular dispersion on a femtosec-
ond laser pulse is too complex [60] and not discussed here. In addition, in the analysis
of pulse broadening we only consider up to second order dispersion (group delay dis-
persion, GDD); third and higher order dispersions are also neglected here. When the
laser pulse duration is less than 50 fs, the effect of third order dispersion on pulse
width is obvious and cannot be ignored [61], thus this chapter is only applicable when
the laser pulse is longer than 50 fs.
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4.2 Angular dispersion

What is angular dispersion?Howdoes angular dispersion changewhena femtosecond
laser pulse propagates? Before studying the spatial and temporal profile of dispersed
femtosecond laser pulses, we must clearly define angular dispersion, and give an ac-
curate description of its properties. Varju et al. [62, 63] have theoretically and experi-
mentally investigated this problem and their research is summarized in the following
section.

4.2.1 Definition

When broad spectrum light (such as a femtosecond laser beam) passes through a
wavelength dispersive device (such as a grating or prism), the spectral components
are separatedperpendicular to thepropagationdirectionof thebeamandpropagate in
different directions; this phenomenon is known as angular dispersion [64, 65]. There
are twodefinitions of angular dispersion in classical optics: the first definition is based
on the angle between the propagation directions of different components, and the
second definition is based on the angle between the phase fronts of different compo-
nents [64]. These two definitions have advantages in describing the spatial and tem-
poral characteristics of a femtosecond laser pulse. For example, the first definition is
suitable for describing beam spot broadening and spatial chirp [66, 67]; in contrast,
the second definition is more suitable for describing group delay dispersion and pulse
front tilt [68–73].

Because the phase front is always perpendicular to the propagation direction, the
two definitions are identical for plane waves, as shown in Figure 4.1 (a). In addition,
for a plane wave, regardless of which definition is adopted, the angular dispersion
will always remain the same as the laser pulse propagates. However, for light waves
with curved phase fronts, such as Gaussian beams, the two definitions are obviously
different, as shown in Figure 4.1 (b). The phase front of a Gaussian beam is a curve,
with a radius of curvature that changes as the pulse propagates. The angular disper-

Fig. 4.1: Two definitions of angular dispersion: (a) the plane wave, (b) the Gaussian beam [40].
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sion of a Gaussian beam is unchanged under the first definition (as for a plane wave);
however, it is continuously changing as the pulse propagates under the second defi-
nition (different from that of planewave) [62]. In Section 4.3, we show that it is exactly
this difference in angular dispersion between the plane wave and the Gaussian beam
that causes different spatial and temporal characteristics after these two kinds of laser
pulses have passed through angular dispersers.

4.2.2 Angular dispersion in Gaussian beams

After the femtosecond laser pulse is dispersed, the angular dispersion parameter ob-
tained using the Gaussian beam model (based on the second definition above) is far
different from that of the plane wave model. Varju et al. analyzed the nature of the
Gaussian beam, deduced the expression of the relationship between the angular dis-
persion of the Gaussian beamand the planewave, and experimentally verified it using
a method based on spectrally resolved interferometry [62, 63].

Varju et al.’s work described an expression of the relationship between the angu-
lar dispersion of the Gaussian beam and the plane wave [62]

ε󸀠 = ε
d(d + α2z) + z2R(d + α2z)2 + z2R , (4.1)

where ε󸀠 is the angle between the phase fronts of different spectral components in the
Gaussian beam, ε is the angle between the propagation directions of different com-
ponents (which is the same as that of the plane wave), d is the distance between the
beamwaist of the Gaussian beam and the disperser, and z is the distance between the
disperser and the detector, as shown in Figure 4.2. zR = πw2

0/λ is the Rayleigh length
of the Gaussian beam, in whichw0 is the beamwaist size, λ is the wavelength in a vac-

Fig. 4.2: Scheme of a Gaussian beam passing through a prism. The Z axis is defined as the direction
of the central frequency ω0, Zω is the direction of the ω component of the spectrum, ε is the angle
from Z to Zω, ε󸀠 is the angle between the phase fronts, BW is the beam waist, and d is the distance
between BW and the prism [37].
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uum, and α is a parameter that is used to describe the characteristics of the angular
dispersion element.

There is a factor η = [d(d + α2z) + z2R]/[(d + α2z)2 + z2R] in the expression for
the angular dispersion of the Gaussian beam, as shown in equation (4.1). When the
propagation distance is far less than the Rayleigh length of the Gaussian beam, i.e. d,
α2z ≪ zR (which is also called the ‘well collimationapproximation’ [35]), η ≈ 1and the
angular dispersion of the Gaussian beam is approximately equal to that of the plane
wave. When the propagation distance is far greater than the Rayleigh length, η ≈ 0
and the angular dispersion of the Gaussian beam tends to 0. When the propagation
distance is comparable with the Rayleigh length, 0 < η < 1, which indicates that the
angular dispersion of the Gaussian beam is always smaller than that of the planewave
(the absolute value) after the laser pulse is dispersed.

The characteristics of angular dispersion elements can be generally described by
the first order derivative of the deflection angle with respect to the angle of incidence
γ and the angular frequency [34, 35]

∆θ(γ, ω) = α∆γ + β∆ω = ∂θ
∂γ ∆γ + ∂θ

∂ω ∆ω , (4.2)

where the parameter α is the angularmagnification factor, and β, the first order deriva-
tive of the deflection angle with respect to the angular frequency, is the angular dis-
persion parameter in the first definition.

Varju et al. have experimentally verified the evolution of the angular dispersion
of the Gaussian beam using a method based on spectrally resolved interferometry.
Their measurements have a resolution of 0.2 µrad/nm. The experimental conditions
are as follows [62]: femtosecond laser pulses emitted from a Ti:sapphire oscillator
(pulse width 30 fs, repetition rate 76MHz, spectral bandwidth 54 nm, central wave-
length 800nm) were focused by an achromatic lens (f = 200mm) to produce a Gaus-
sian beam with a beam waist of w0 = 120 μm. The beam was then passed through a
fused silica prism (apex angle 45°), changing the parameters d, z, and γ to provide
different angular dispersions; a spectrally resolved interferometer was then used to
measure the values of angular dispersion. As shown in Figure 4.3 (z is labeled as s in
this figure), the experimental results agree well with the theoretical curves calculated
from the Gaussian beam model, but differ from those of the plane wave model. It is
also shown that the angular dispersion (the absolute value) of the Gaussian beam is
always smaller than that of the plane wave under the same conditions (with the same
angle of incidence γ and the same propagation distance s); thus the evolution of the
angular dispersion of the Gaussian beam is completely verified by the experiments.

Varju et al. found the evolution of the angular dispersion of the Gaussian beam
and verified it experimentally [62], but they did not investigate how the angular dis-
persion of the Gaussian beam broadens the pulse width and beam spot. In the next
section we will see that it is exactly the difference in angular dispersion (as shown in
equation (4.1)) that leads to the different pulse width evolution of the Gaussian beam
and plane wave after passing through the angular dispersion element.
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Fig. 4.3: Experimental verification of the evolution of the angular dispersion of the Gaussian beam.
d is the distance between the beam waist and the prism, s is the distance between the prism and
the detector, the solid curves are the theoretical values calculated using the plane wave model,
the dashed curves are the theoretical values given by the Gaussian beammodel, and the symbols
represent the experimental results. In (a) s = 0.6m, in (b) d = 4.5m [62].

4.3 Temporal broadening of femtosecond laser pulses after
dispersion

The pulse width broadening of dispersed femtosecond laser pulses is essential to the
field of ultrafast optics, and the research on this subject is prolific. For example, the
arrangement of a grating pair, proposed by Treacy [16], and a prism pair, proposed
by Fork [17], were the classical methods for compensating for the material dispersion
and thencompressing the laser pulse.Martinez [34, 35] establishedanapproachbased
on the Kirchhoff–Fresnel integral and Fourier transform, in turn based on the Gaus-
sian beam model. He acquired the expression for the pulse width of the dispersed
femtosecond laser under the well collimation approximation conditions (i.e. the dis-
tance between the beam waist and the angular dispersion element, and the propaga-
tion distance after passing through the angular dispersion element are far less than
the Rayleigh length of the Gaussian beam). Horvath et al. [36] obtained the pulse
shape and pulse width evolution of a Gaussian femtosecond laser pulse after it passed
through an idealized grating by numerical simulations; they found that the pulse
width tends to a constant and gave a physical explanation of the expression for pulse
width when the propagation distance is much longer than the Rayleigh length of the
Gaussian beam in the frequency domain. Osvay et al. [40] analyzed the effect of the
residual angular dispersion on the pulse width in the CPA system using a plane wave
model and experimentally verified their calculations. Zeng et al. [37–39] extended
Martinez’s work, based on the Gaussian beam model, and obtained the expression
for the pulse width of a dispersed femtosecond laser at an arbitrary propagation dis-
tance without assuming that the Gaussian beam is well collimated. They experimen-
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tally verified their predictions, and also described the evolution of the spectral lateral
walk-off and groupdelay dispersion,which are introduced by angular dispersion at an
arbitrary propagation distance, thus revealing the physicalmechanismof pulse width
broadening by angular dispersion. Furthermore, Zeng et al. extended their analysis to
the planewave and sphericalwavemodels obtaineda general expression for the pulse
width suitable for the plane wave, Gaussian beam, and spherical wave models, and
revealed the relationship and distinction of the physical mechanism of pulse width
broadening by angular dispersion between these three models. Table 4.1 summarizes
the research on pulse width broadening of a dispersed femtosecond laser. In this sec-
tion we will review this research, and analyze the relationships of the models.

4.3.1 Pulse broadening after angular dispersion: theoretical analysis

The plane wave model is generally used in rough calculations where the optical ray
tracing method is first used to calculate the group delay dispersion introduced by the
angular dispersion, and then to estimate the pulse width by the corresponding for-
mula.

The group delay dispersion (GDD) introduced by angular dispersion in the plane
wave is [23, 24]

GDDPA = −kβ2z , (4.3)

where k is thewavenumber, β is the angular dispersion parameter fromequation (4.2),
and z is the propagation distance of the pulse. It is obvious that GDD of the dispersed
plane wave is always negative and linearly proportional to the propagation distance.
For the plane wave model, the pulse width broadening is completely determined by
GDD, which is introduced by angular dispersion [23, 24]

τ
τ0
= [1 + (4 ln 2)2 GDD2

τ40
] 1

2

, (4.4)

where τ0 is the original pulse width defined as the full width at half maximum
(FWHM). As mentioned above, although the plane wave model is suitable for the
case when the laser beam size is relatively large, more exact calculations need to use
the Gaussian beam model. For this purpose, Martinez et al. deduced the expression
for the electric field of dispersed Gaussian femtosecond laser pulses at an arbitrary
propagation distance using the Kirchhoff–Fresnel integral [35]

A(x, z, ω) = bE(ω) exp(−i kx22z ) exp [i kzq(d)
2q(d + α2z) ( x2z2 + β2ω2 + 2xβω

z )] , (4.5)

where b is a constant describing the amplitude, E(ω) is the spectral distribution func-
tion of the femtosecond laser pulse, and q is a parameter describing the propagation
characteristics of the Gaussian beam in space [74]. Supposing that the angular dis-
persion only occurs in the XZ plane, the propagation of the Gaussian beam in the
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YZ plane is equivalent to that in free space; thus the information from the Y axis is
ignored in equation (4.5) to simplify the calculations. Martinez Fourier transformed
equation (4.5) to the x–t domain, simplified the expression for the electric field under
the well collimation approximation (i.e. d, α2z ≪ zR), and collected the real parts of
the t2 terms to obtain an expression for the pulse width of a dispersed femtosecond
Gaussian laser pulse [34]

τ
τ0
= [(1 + u) + 4k2z2β4(1 + u)τ40 ]

1
2

, (4.6)

where u = (2αβz/w0τ0)2, whichMartinez [34] called the spectral lateral walk-off. The
different spectral components of the laser pulse are transversely (perpendicular to the
propagation direction) spread by angular dispersion. Due to the finite beam size of the
Gaussian beam, the observable spectral bandwidth of the laser pulse at each point
decreases according to the basic theory of the Fourier transform, and a signal with a
smaller bandwidth in the frequency domainmust cause a greater duration in the time
domain; thus the spectral lateral walk-off will undoubtedly broaden the pulse width
of the Gaussian beam. The term kβ2z in equation (4.6) describes the effect of the group
delay dispersion: different spectral components propagate in different directions, and
this causes relative time delays between different spectral components in the longitu-
dinal axis (i.e. the propagation direction of the laser pulse). Consequently, the entire
envelope of the pulse is elongated, and the group delay dispersion will also broaden
the pulse width of the Gaussian beam.

Martinez obtained the expression for the pulse width of the dispersed femtosec-
ond Gaussian laser pulse under the well collimation approximation, and pointed out
that the pulse width broadening is completely determined by two effects: spectral
lateral walk-off and group delay dispersion [34]. He also gave the simulated results
describing the pulse width change with propagation distance (with different original
values) as shown in Figure 4.4, which shows the pulse width increasingwith the prop-
agation distance after angular dispersion. However, due to the use of the well collima-
tion approximation, Martinez’s results apply only to the case where the propagation
distance of the laser pulse is far less than the Rayleigh length of the Gaussian beam;

Fig. 4.4: The pulse width as a function of
the propagation distance under the well
collimation approximation; the three curves
correspond to three different original pulse
widths [34].
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when the propagation distance is beyond this range, equation (4.6) is no longer valid.
To investigate thepulsewidthbroadening, as opposed to the theoretically deducedan-
alytical expression, a numerical simulation is an effectivemethod to provide the pulse
width values of a femtosecond laser at certain positions, and thus can completely de-
scribe the evolution of the width of a dispersed femtosecond laser pulse. Horvath et
al. plotted pulse shape at different propagation distances from numerical simulations
assuming that the waist of the Gaussian beam is located exactly at the entrance of the
grating, and then obtained pulse width as a function of the propagation distance for
different angular dispersions (i.e. with different grating constants) (Figure 4.5) [36].

Fig. 4.5: Pulse width as a function of propaga-
tion distance; different curves correspond to
different angular dispersions [36].

As shown in Figure 4.5, when the propagation distance is far less than the Rayleigh
length of the Gaussian beam, the pulse width changes dramatically with propagation
distance; this phenomenon agrees well withMartinez’s work (as shown in Figure 4.4).
However, when the propagation distance is greater than the Rayleigh length, the pulse
width changes gradually and finally reaches a constant value; this phenomenon was
not predicted by Martinez. Furthermore, the pulse width broadening due to higher
angular dispersion is always greater than that due to lower angular dispersion at the
same propagation distance.

Horvath et al. gave an expression for the pulse width when the propagation dis-
tance is far greater than the Rayleigh length of the Gaussian beam [36]

τ
τ0
= [1 + 8 ln 2

τ20
( β
Θ0
)2] 1

2

, (4.7)

where Θ0 = 2c/w0ω0 is the intrinsic far field divergence angle of the Gaussian beam.
Equation (4.7) indicates that, when the propagation distance is far greater than the
Rayleigh lengthof theGaussianbeam, thepulsewidthwill tend to a constant, thus sat-
isfactorily explaining the phenomenon that the pulse width finally tends to approach
a constant as shown in Figure 4.5.
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As mentioned above, Martinez’s work has a limiting condition, which is the well
collimation approximation, and thus the results are suitable only for the case when
the propagation distance of the laser pulse is far less than the Rayleigh length of the
Gaussian beam. However, the well collimation approximation does not always hold in
actual optical systems, and thus the application of this theory is limited [34, 35]. The
numerical simulation method of Horvath et al. can determine the pulse width at ar-
bitrary propagation distances, but the expression for the pulse width is only suitable
for the case when the propagation distance of the laser pulse is far greater than the
Rayleigh length of the Gaussian beam. There is also an approximation used in Hor-
vath et al.’s work where they assume that the waist of the Gaussian beam is exactly
located at the entrance of the disperser; this is obviously a special condition and does
not hold in general experimental conditions [36]. For the investigation of pulse width
broadening, when the propagation distance of the laser pulse is comparable to the
Rayleigh length of the Gaussian beam (i.e. the propagation distance is neither far less
nor far greater than the Rayleigh length), and the beamwaist is located at arbitrarypo-
sitions, the evolution of the pulse width and its physical mechanism is unclear, and it
also lacks an exact formula to describe the pulse width changes. Zeng et al. recently
obtained an expression for the pulse width in general conditions without using the
above approximations; their work includes Martinez’s theory, and the expression ob-
tained can be used to describe the pulse width evolution of the dispersed Gaussian
beam at an arbitrary propagation distance, thus completing the theory of the propa-
gation of the laser pulse in ultrafast optics [37, 38].

In fact, the well collimation approximation used inMartinez’s work simplifies the
calculations to some extent, but it also limits the range over which this theory is ap-
plicable [34, 35]. Zeng et al. directly Fourier transformed equation (4.5) to the time
domain without using the well collimation approximation, and then obtained the ex-
pression for the pulse width of the dispersed Gaussian beam at an arbitrary propaga-
tion distance [37]

τ
τ0
= [(1 + U) + V2

1 + U ] 1
2

. (4.8)

Equation (4.8) indicates that the pulse width broadening is totally determined by the
effects of the spectral lateral walk-off and the group delay dispersion

U = 2 ln 2z2R(d + α2z)2 + z2R (2αβzw0τ0
)2 , (4.9)

where U is the spectral lateral walk-off [37], and

V = (4 ln 2)
τ20

[−kβ2z ⋅ (d + α2z)d + z2R(d + α2z)2 + z2R ] , (4.10)

where V is the group delay dispersion [37].
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In Martinez’s theory [34], the parameter u is only suitable for the case where the
propagation distance of the laser pulse is far less than the Rayleigh length of the Gaus-
sian beam, and the parameter U is suitable for an arbitrary propagation distance. We
can also see that U = 2 ln 2z2Ru/[(d + α2z)2 + z2R], where the factor 2 ln 2 accounts
for the difference in the pulse width definition (1/e2 of the magnitude in Martinez’s
work, and FWHM in Zeng et al.’s work), and the factor ξ = z2R/[(d + α2z)2 + z2R] can be
used to describe the evolution of the spectral lateral walk-off more exactly in general
conditions. When the well collimation approximate condition (i.e. d, α2z ≪ zR) and
the same pulse width definition is used, ξ ≈ 1, and the spectral lateral walk-off sim-
plifies to U = (2αβz/w0τ0)2, which is the same term as that of Martinez. Although the
spectral lateral walk-off does not appear to be presented in Horvath et al.’s work [36],
equation (4.7) actually describes the pulse width broadening by the spectral lateral
walk-off in the range of propagation distance far greater than the Rayleigh length of
the Gaussian beam. Thus, the parameter U describes a general effect of the spectral
lateral walk-off, neither limited to a distance far less than the Rayleigh length nor far
outside the Rayleigh length. In Figure 4.6, the factor ξ and the parameter U are plot-
ted as functions of the propagation distance, with λ0 = 800nm, d = 0, w0 = 0.5mm,
zR = 1m, τ0 = 100 fs, α = 1, and β = 0.1 rad/μm; for comparison, the parameter u in
the Rayleigh range in Martinez’s work is also plotted [37].

As shown in Figure 4.6, when α2z ≪ zR, i.e. the propagation distance is far less
than the Rayleigh length of the Gaussian beam, the evolution of the spectral lateral
walk-off predicted by Martinez and Zeng et al. is the same, and the parameters U
and u both increase dramatically with propagation distance z. When the propagation
distance approaches, or is larger than, the Rayleigh length, Martinez’s theory does
not hold, and the spectral lateral walk-off can only be described by the more exact
parameter U: the decrease of the factor ξ limits the increasing rate of the parame-

Fig. 4.6: The parameters ξ , U and u plotted as functions of propagation distance, with 0 < ξ < 1
[37].
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ter U, causing it to tend to be stable, until it finally becomes a constant with the value
U = 2 ln 2[2βzR/αw0τ0]2 [37].

The group delay dispersion of the dispersed femtosecond laser pulse is described
by the parameter V. Although Martinez did not define this parameter [34], there is a
corresponding term in equation (4.6) that can be expressed as v = −2kβ2z/τ20, and it
is obvious that V = 2 ln 2v[d(d + α2z) + z2R]/[(d + α2z)2 + z2R]. The factor 2 ln 2 is also
due to the difference in the pulse width definition, and the factor η = [d(d + α2z) +
z2R]/[(d + α2z)2 + z2R] can be used to more exactly describe the evolution of the group
delay dispersion of the Gaussian beam after angular dispersion, which is denoted as
GDDGA. Compared to the expression for the group delay dispersion given by −kβ2z in
Martinez’s work, there is a factor η (it is exactly the factor in equation (4.1)) in GDDGA.
When the well collimation approximation (i.e. d, α2z ≪ zR) and the same pulse width
definition are used, η ≈ 1, GDDGA = −kβ2z, which is the same as Martinez’s result
(and also the same as in equation (4.3)). The parameter V describes the evolution of
thegroupdelaydispersionof thedispersedGaussianbeamat anarbitrarypropagation
distance, and thus it is suitable for general conditions. The factor η and the parameter
V as functions of propagation distance are plotted in Figure 4.7 (the conditions are the
same as in Figure 4.6). For comparison, the corresponding parameter v in the Rayleigh
range is also plotted here [37].

As shown in Figure 4.7, when α2z ≪ zR, the evolution of the group delay disper-
sion predicted by Martinez and Zeng et al. is the same, and the parameters V and v
(the absolute values) dramatically increase with propagation distance; beyond this
range, Martinez’s theory no longer holds, and the group delay dispersion of the dis-
persed Gaussian beam can only be described by the more exact parameter V. The
decrease of the factor η with propagation distance limits the increasing rate of the
GDDGA, and when α2z ≫ zR the group delay dispersion tends to a constant value of
GDDGA = −kβ2d/α2. That is, when the propagation distance of the laser pulse is far
greater than the Rayleigh length of the Gaussian beam, the group delay dispersion

Fig. 4.7: The parameters η, V , and v as functions of the propagation distances with 0 < η < 1 [37].
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no longer increases. Considering equation (4.7), Horvath et al. [36] supposed that the
beam waist is located at the entrance of the angular dispersion element, i.e. d = 0
when α2z ≫ zR, and the group delay dispersion introduced by the angular disper-
sion is 0, i.e. the pulse width broadening is entirely determined by the spectral lateral
walk-off; this is exactly what is described by equation (4.7).

To validate equation (4.8), we compare the results obtained from equation (4.8)
withnumerical simulationsbyHorvath et al. under the sameconditions (λ0 = 800nm,
d = 0, w0 = 0.5mm, zR = 1m, τ0 = 100 fs, α = 1, β = 0.1 rad/μm). The pulse widths
obtained are shown as a function of propagation distance in Figure 4.8. As the re-
sults from the two methods agree well, equation (4.8) is validated. Additionally, the
numerical simulation method used by Horvath et al. must suppose that the waist of
the Gaussian beam is located exactly at the entrance of the angular dispersion ele-
ment [36]; however, this limitation is not necessary, so equation (4.8) can be used for
more general conditions.

Fig. 4.8: The evolution of the pulse width of the dispersed Gaussian beam, where the symbols x are
the values from numerical simulations by Horvath et al. [36], while the theoretical curve is plotted
using equation (4.8).

Further investigation by Zeng et al. found that the analysis based on the Kirchhoff–
Fresnel integral and the Fourier transform established byMartinez is suitable not only
for analysis of the pulse width broadening of the Gaussian beam, but also for other
optical models, such as the plane wave and the spherical wave. They extended this
method and obtained a generalized expression for the pulse width that holds simul-
taneously for the plane wave, spherical wave and Gaussian beam (as shown in equa-
tion (4.8)), and revealed the relationships and distinctions of the spectral lateral walk-
off and the group delay dispersion (which are two reasons for pulsewidth broadening)
between the models [39].
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Fig. 4.9: The group delay dispersion of the plane wave, the spherical wave and the Gaussian beam
as a function of propagation distance [39].

For the spectral components of the plane wave and the spherical wave distributed in
the arbitrary position in free space, the spectral lateral walk-off does not exist in these
two models, and the group delay dispersions are respectively expressed as [39]

VP = −4 ln 2 ⋅ kβ2zτ20
, (4.11)

VS = −4 ln 2 ⋅ d
d+α2z kβ2z
τ20

. (4.12)

The group delay dispersion of the plane wave increases linearly with propagation dis-
tance z. The group delay dispersion of the spherical wave increases nonlinearly with
z, but finally tends to a constant given by GDD = −kβ2d/α2 (the same as that of the
Gaussian beam).

As there is no spectral lateral walk-off in the planewave and the sphericalmodels,
i.e. UP = US = 0, the spectral lateral walk-off of the Gaussian beam as a function of
propagation distance z is as shown in Figure 4.6, in which the spectral lateral walk-off
finally tends to a constant. For λ0 = 800nm, τ0 = 100 fs, α = 1, β = 0.1 rad/μm,
d = 0.5m, and for a Gaussian beamwithw0 = 0.5mm and zR = 1m, the curves of the
group delay dispersion of the plane wave, the spherical wave and the Gaussian beam
are shown in Figure 4.9 [39].

As noted above, the group delay dispersion of the plane wave increases linearly
with propagation distance; however, the group delay dispersion of the spherical wave
and of the Gaussian beam finally tends to a constant of the same value. Based on
the generalized expression for pulse width broadening (equation (4.8)), and the ex-
pressions for the spectral lateral walk-off and group delay dispersion (equation (4.9),
equation (4.12)), the curves for the pulse width evolution of each model are shown in
Figure 4.10 [39].
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Fig. 4.10: The pulse width of the plane wave, spherical wave, and Gaussian beam as functions of
propagation distance [39].

As shown above, for the plane wave, the pulse width always increases with propaga-
tion distance z. However, for the spherical wave and the Gaussian beam, the pulse
width first increases, then tends to be stable, and finally reaches a constant.

It is worth noting that the pulse width evolution is only described for a femtosec-
ond laser pulse after passing through idealized angular dispersion elements, that is to
say the element includes no material dispersion. However, the actual angular disper-
sion elements generally includematerial dispersion. For example, when a laser pulse
passes through a prism, it must propagate a certain distance in the prism, and thus
the prism itself must introduce some material dispersion. The AOD is a device that is
not only an angular dispersion element but also produces large material dispersion.
These elements can be generally regarded as a combination of the dispersionmedium
and the angular dispersion element. When investigating the pulse width broadening
of a femtosecond laser pulse after it passes through them, the values of the material
dispersion must be added to the expression for the group delay dispersion [38]. In
the following experiments we will see that the pulse width broadening by an angu-
lar dispersion element with material dispersion has obvious differences to that of the
idealized angular dispersion element.

4.3.2 Pulse broadening after angular dispersion: experiments and results

The analytical results show that when the spatial modes of a femtosecond laser pulse
approach the planewave (such as a laser beamwith a spot size of several centimeters),
the Gaussian beam (such as a laser beam with a spot size smaller than 1 millimeter),
and the spherical wave (such as a point source formed by a femtosecond laser pulse
passing through a pinhole), the corresponding pulse width evolutions after angular
dispersion are much different. The experimental verification for the pulse width evo-
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Fig. 4.11: The pulse width of the plane wave as a function of residual angular dispersion, where the
dashed line is the theoretical curve and the symbols△ are the experimental results [40].

lution of both the plane wave and the Gaussian beam is comprehensive; however, the
pulse width of the spherical wave after passing through the angular dispersion ele-
ment is too weak to be detected, so the analytical results for the spherical wave have
not been verified by experiments.

Osvay et al. [40] measured the pulse width, which is broadened by the residual
angular dispersion in the CPA system, under the following conditions: the laser pulse
emitted from the Ti:sapphire oscillator is 16 fs, repetition rate 72MHz, central wave-
length 800nm, the pulse compressor is comprised of two fused silica prisms with
apex angles of 68°, and the separation distance of the prisms is 122.2 cm. The effect
of changing the angle of incidence of the laser pulse on the second prism is to in-
troduce different residual angular dispersions; the induced pulse width broadening
is then measured by a second order interferometer autocorrelator, as shown in Fig-
ure 4.11 [40]. The experimental results agree well with the analytical curves based on
the plane wave model, thus verifying the evolution of the pulse width of the plane
wave after angular dispersion. It is worth noting that, due to the large spot size in the
CPA system (generally several centimeters), the plane wave model is sufficient to pre-
dict the pulse width of a femtosecond laser after angular dispersion, and the more
exact Gaussian beam model is not necessary here.

However, in most optical systems, spot sizes are generally small (less than 1 cm),
and the divergence angles of the laser beam cannot be neglected. In these cases, the
Gaussian beam model is more suitable for describing the propagation characteristics
of the femtosecond laser pulse than the plane wave model. Zeng et al. [37] measured
the pulse width of a femtosecond laser pulse after passing through a single prism. The
experimental conditions are as follows: the femtosecond laser pulse emitted from the
Ti:sapphire oscillator (Spectra-Physics Mai Tai®) is 124 fs, 80MHz, the central wave-
length is 800 nm, the beam waist size is w0 = 0.5mm, the prism is made of SF10
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Fig. 4.12: The pulse width evolution of the Gaussian beam after angular dispersion; the solid and
dashed lines are the theoretical values, and the symbols are the experimental results [37].

glass with a 60° apex angle, the distance between the beam waist and the prism is
d = 1.6m, and the pulse is measured by a two-photon absorption-based autocorre-
lator (Carpe, APE). The measured pulse widths as a function of propagation distance
for angles of incidence γ = 50°, 55° are shown in Figure 4.12 [37]. The experimental
results agree well with the theoretical curves predicted by the Gaussian beam model,
thus verifying the evolution of the pulse width of the Gaussian beam after angular
dispersion.

Zeng et al. [38] further verified the pulse width broadening of a femtosecond laser
pulse after dispersion by an element with large material dispersion, in which an AOD
is chosen as a typical device. The experimental conditions are as follows: the fem-
tosecond laser pulse emitted from the Ti:S oscillator is 124 fs, the repetition rate is
80MHz, the central wavelength is 800 nm, the beam waist size is w0 = 0.5mm, the
AOD is made of the TeO2, which is designed to the abnormal Bragg diffraction mode,
the distance between the beam waist and the AOD is d = 1.5m, the total material
dispersion in the optical system is about 15000 fs2, and the pulse width is also mea-
sured by a two-photo absorption based autocorrelator (Carpe, APE). The measured
values (where the AOD is operated at the central frequency f = 70MHz) are first com-
pared with the theoretical values of the Gaussian beam and the plane wave, as shown
in Figure 4.13 [38].

The plane wave model predicted that the pulse width would first decrease to the
initial pulse width (124 fs) and then increase, but themeasured results agree well with
themodel for theGaussianbeam inwhich thepulsewidthfirst decreaseswith increase
in propagation distance, with the rate of decreasemore gradual than that of the plane
wave, then increases a little and finally tends to a constant. The experiments show
that, when the spot size is relatively small (w0 = 0.5mm in the experiments), the pre-
diction of the pulse width by the Gaussian beam model is more accurate than that of
the plane wave model. When the AOD operates at different frequencies (which corre-
spond to different angular dispersions), the evolution of the pulse width also changes,
as shown in Figure 4.14 [38].
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Fig. 4.13: The pulse width evolution when f = 70MHz, showing the theoretical values of the Gaus-
sian beam and the plane wave. The measured pulse width evolution is close to the theoretical curve
of the Gaussian beam, but differs from that of the plane wave [38].

Fig. 4.14: The curves of pulse width for different frequencies of AOD; cal = calculated by the Gaus-
sian beammodel; mea = the measured values [38].

When f = 50MHz (the lowest frequency), the pulse width decreases monotonically
with thepropagationdistance;when f= 70MHz (the central frequency) and f =90MHz
(the highest frequency), the pulse width first decreases with propagation distance,
then increases and finally tends to a constant. These experiments show that, when
the AOD operates at different frequencies, the angular dispersion also changes, thus
causing different evolutions of the pulse width. The experimental results agree well
with the theoretical values of the Gaussian beam model, but differ from those of the
plane wavemodel, which indicates that the Gaussian beammodel is more accurate in
analysis of the dispersion characteristics of practical optical systems compared with
the plane wave model.

It is interesting to compare Figure 4.14 with Figure 4.5. For the idealized grating
in Figure 4.5 (i.e. with no material dispersion), the pulse width is always larger when
the angular dispersion is large at the same propagation distance. However, for the
AOD (which can be regarded as the combination of a material dispersionmedium and
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an idealized grating), in the range that the propagation distance is far less than the
Rayleigh length, the pulse width at the higher frequency (which corresponds to larger
angular dispersion) is always smaller than that at the lower frequency. This is due to
the larger group delay dispersion provided by the higher frequency, which compen-
sates for the material dispersion of the AOD faster, and thus reduces the pulse width
broadening more effectively, in which the group delay dispersion is dominant com-
pared to the spectral lateral walk-off. However, when the propagation distance is far
greater than the Rayleigh length of the Gaussian beam, the pulse width at the higher
frequency can either be smaller or larger than that of the lower frequency, which is
codetermined by the spectral lateral walk-off and the group delay dispersion.

4.3.3 Physical mechanism of pulse broadening after angular dispersion:
comparison of the plane wave, spherical wave and Gaussian beam

The theoretical analysis and experiments show that the pulse width evolution of the
plane wave, spherical wave and Gaussian beam have obvious differences. In this sec-
tion, we summarize the differences and their physical mechanisms.

(1) For the three models, the pulse width broadening of a femtosecond laser after
passing through the angular dispersion element can be described by the same gen-
eralized formula (equation (4.8)), which indicates that the pulse width broadening is
entirely determinedby the spectral lateralwalk-off (which is 0 in theplanewavemodel
and the sphericalwavemodel) and the group delay dispersion [39]. The pulsewidth of
the planewave always increases with propagation distance; however, the pulse width
of the spherical wave and Gaussian beam first increases with propagation distance,
then tends to be stable and finally reaches a constant.

(2) For the plane wave and spherical wave, because all the spectral components dis-
tribute in the whole space (with infinite beam spot size), after the pulse is dispersed
all the spectral components can still be observed in any position; thus, the spectral
lateral walk-off is 0, and the pulse width broadening is determined only by the group
delay dispersion. However, the Gaussian beam has a finite beam size, thus the spec-
tral components cannot always be observed in any position, and the spectral lateral
walk-off is not 0; thus, the pulse width broadening is codetermined by the spectral
lateral walk-off and the group delay dispersion.

(3) When the propagation distance is far less than the Rayleigh length of the Gaus-
sian beam (d, α2z ≪ zR, i.e. the well collimation approximation), the group delay
dispersion of the Gaussian beam VG = −4 ln 2kβ2z/τ20 is the same as that of the
plane wave (equation (4.11)). When the propagation distance is far greater than the
Rayleigh length, the group delay dispersion of the Gaussian beam VG ≈ −4 ln 2[d/(d+
α2z)]kβ2z/τ20 is the same as that of the spherical wave (equation (4.12)). This is be-
cause that the phase front of the Gaussian beam is close to planar in the near field,
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while close to spherical in the far field, and the group delay dispersion is essen-
tially determined by the change of the phase front. The spherical wave and Gaus-
sian beam finally introduce the same group delay dispersion values VS = VG =−4 ln 2kβ2d/a2τ20, which indicate that the group delay dispersion is entirely deter-
mined by the parameters of the dispersion element and the position of the light source
(for the spherical wave) or the beam waist (for the Gaussian beam). This is because
the phase fronts of the various spectral components actually overlap at the surface
of the disperser and at infinity, so no GDD is induced in this space. The equivalent
point source (or beam waist) is located at a distance d/α2 in front of the dispersion
component. In the reverse propagation direction, the phase fronts of different spectral
components do not overlap at this position; thus, the limiting value of the GDD is also
determined by this specific distance.

(4) The decrease of the angular dispersion (the second definition of angular disper-
sion is used here) of theGaussian beam is the fundamental reason that the pulsewidth
tends to a constant. When the propagation distance increases, the angular dispersion
of the Gaussian beam decreases, i.e. the angle between different phase fronts of dif-
ferent spectral components decreases, as shown in equation (4.1). Although the spec-
tral components still spread as the pulse propagates, the rate of increase slows, and
the rate of increase of the parameter U also slows. When the angle between differ-
ent phase fronts is zero, i.e. the angular dispersion is zero, the parameters U and V
do not increase further, and the pulse width tends to a constant [37]. It is necessary
to point out that the group delay dispersion introduced by the angular dispersion in
the Gaussian beam, GDDGA = −kβ2zη, has a factor η, which is different to that of the
plane wave, −kβ2z. η is the factor in equation (4.1) that describes the difference of the
angular dispersion between the Gaussian beam and plane wave, further proving that
the decrease of the angular dispersion of the Gaussian beam causes the pulse width to
tend to a constant after dispersion (this explanation is also suitable for the spherical
wave model).

(5) There are two conditions when the Gaussian beam model simplifies to the plane
wavemodel: when the laser beam spot size is infinite; andwhen the laser beam iswell
collimated, i.e. d, α2z ≪ zR. The first condition makes the spectral lateral walk-off of
the Gaussian beam disappear, i.e. U = 0, as for the plane wave. The second condi-
tion makes the group delay dispersion of the Gaussian beam equal to that of the plane
wave, i.e. GDD = −kβ2z. Under these two conditions equation (4.8) can be simplified
to equation (4.4), which proves that the plane wave model is an approximation of the
Gaussian beam model under certain conditions. Furthermore, the theoretical and ex-
perimental results show that the results based on the Gaussian beammodel are more
accurate than those of the plane wave to describe the propagation characteristics of a
femtosecond laser pulse after angular dispersion.
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(6) It is interesting that when the source of a spherical wave is located exactly at the
entrance of the disperser, the spectral lateral walk-off and GDD remain zero regard-
less of the propagation distance. In this case the pulse is not broadened at all. This
is because the phase front propagates uniformly in all directions, and each spectral
component retains its spherical shape after dispersion [39].

4.4 Beam spot broadening after angular dispersion

Compared with the comprehensive research on the evolution of the pulse width of a
femtosecond laser pulse after dispersion, the beam spot size evolution of a femtosec-
ond laser after dispersion has been almost neglected over a long period. Martinez in-
dicated the beamshapewhen analyzing the effect of the compressor on a femtosecond
laser pulse, but this work is based on a pulse compressor (which comprises a pair of
dispersion elements) rather than a single disperser, and is only suitable for the case
when the propagation distance is far less than the Rayleigh length of the Gaussian
beam [35]. The work of Varju et al. did not reveal how the angular dispersion affects
the beam shape [62]. In other applications, most researchers generally calculate the
divergence angle of the femtosecond laser beam after dispersion using a geometrical
optics method, but do not describe how the beam shape changes. Actually, in many
applications, such as multiphoton microscopy and micromachining, dispersers such
as prisms, gratings, and AODs are commonly used, and the beam shape is important
for the resolution of optical imaging and the accuracy of micromachining [43–54].
Therefore, it is necessary to accurately describe the evolution of the beam shape. Zeng
et al. [42] obtained an expression for the spot size of the dispersed beamat an arbitrary
distance based on the Gaussian beammodel, and found that there are two reasons for
beam spot broadening: one is the divergence angle of the Gaussian beam itself, and
the other is the spectral lateral walk-off, which is introduced by angular dispersion.
The effects of these two factors are different as the beampropagates. Furthermore, the
dispersed beam in the far field still propagates in a hyperbolic way, compared with
the intrinsic far field divergence of the Gaussian beam. The dispersed beam also am-
plifies the far field divergence angle, where the magnification factor is determined by
the characteristic parameters of the disperser and the laser beam itself. This section
will review these studies in detail.

The idealized plane wave model ignores the spot size of the laser beam. In this
rough analysis, a laser beam with uniform energy distribution and finite spot size,
which is actually a part of an infinite plane wave, is usually assumed, and is called
the ‘finite plane wave model’ [36].

For the finite plane wave model, it is easy to obtain the spot size of the dispersed
laser beam

w = wp|α| + 󵄨󵄨󵄨󵄨β󵄨󵄨󵄨󵄨 ∆ω ⋅ z2
, (4.13)
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wherewp is the initial radius of the laser beamof the ‘finiteplanewave’, ∆ω is the spec-
tral bandwidth, and z is the propagation distance. In equation (4.13), the first term de-
scribes spot size changes due to the angle of incidence, and the second term describes
spot size changes due to the propagation of the angular dispersion. It is obvious that
the spot size of the laser beam increases linearly with propagation distance. Equa-
tion (4.13) can be used to estimate the beam spot size, such as in the case where the
spot size is relatively large. However, in many other situations, this estimate is not ac-
curate enough, because the laser beam is closer in shape to a Gaussian beam, which
is inherently divergent when it propagates in space; this divergence will contribute
greatly to the spot size broadening.

Actually, the spot size of the laser beam is included in the above equation (4.5),
i.e. the expression for the electric field of the dispersed Gaussian beam obtained by
Martinez using the Kirchhoff–Fresnel integral. The analytical expression for the spot
size at arbitrary propagation distance can be easily obtained from equation (4.5) by
combining all the real parts of the x2 term [75, 76], in which the well collimation ap-
proximation is not used. The spot size is defined as the radiuswhen the intensity falls
to 1/e2 of the maximum, and is expressed as [42]

w = w0 {(1 + U)α2
[1 + (d + α2z)2

z2R
]} 1

2

. (4.14)

The parameter U describes the spectral lateral walk-off of the dispersed Gaussian
beam as shown in equation (4.9). Equation (4.14) describes the spot size evolution of
the dispersed femtosecond laser beam at an arbitrary propagation distance. There are
two reasons for the beam spot broadening: the intrinsic divergence of the Gaussian
beam makes the spot size increase in a hyperbolic way when it propagates in space;
and the spectral lateral walk-off introduced by the angular dispersion makes the spot
size increase. One can clearly see the physical mechanisms underlying spot size evo-
lution by applying the assumption of no angular dispersion component, i.e. α = 1
and β = 0. In this case, U = 0, and equation (4.14) can be simplified to [42]

w
w0

= [1 + (d + α2z)2
z2R

] 1
2

. (4.15)

This is the hyperbolicmanner in which the Gaussian beam travels in free space.When
the Gaussian beam is well collimated, i.e. d, α2z ≪ zR, equation (4.14) can be simpli-
fied to [42]

w
w0

= [(1 + U)
α2

] 1
2
. (4.16)

In this case the beam spot size evolution is determined only by the spectral lateral
walk-off produced by the angular dispersion and is free of the intrinsic Gaussian beam
divergence. To see more clearly how these factors affect the beam spot size, its evo-
lution along propagation is simulated by substituting typical parameters into equa-
tion (4.14), as shown in Figure 4.15 [42].
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Fig. 4.15: Physical mechanism of the beam spot size evolution of a Gaussian pulse and beam after
passing through an angular dispersion element [42].

The three curves in Figure 4.15 represent the beam spot size variation due to the in-
trinsic Gaussian beam divergence, the spectral lateral walk-off (i.e. the angular dis-
persion), and the factors working simultaneously. The beam spot broadening is spec-
ified by the direct product of the intrinsic beam divergence and the external angu-
lar dispersion. It is interesting that when the propagation distance is less than the
Rayleigh length, the contribution of the beam size increase from angular dispersion
is dominant. This relates to the fact that the Gaussian beam is well collimated inside
the Rayleigh length. With the increase in propagation distance, the contribution from
intrinsic beam divergence increases, while the contribution from angular dispersion
tends to be stable [42].

Zeng et al. measured the spot size of the femtosecond laser beam after dispersion,
typically by anAOD. The experimental conditions are as follows [42]: the AOD is a slow
shear TeO2 devicewith v = 616m/s and the active frequency range is 50–90MHz. The
laser emitted from the Ti:sapphire oscillator (Spectra-Physics Mai Tai®) has an initial
pulse width 124 fs, central wavelength 800nm, spectral bandwidth 10 nm, and waist
size w0 = 0.5mm, corresponding to a Rayleigh length zR ~ 1m. The optical layout for
beam spot sizemeasurement is very simple: a laser pulsewith the distance between its
beam waist and AOD, d = 1.5m, enters the AOD at a Bragg angle and is diffracted by
AO interaction. The first order diffracted beam is then measured at different distances
from the AOD using a laser beam analyzer (BeamStar FX50, Ophir) moving on a slip
rail. The results when the AOD operates at the central frequency fc = 70 MHz are
shown in Figure 4.16; the theoretical results based on the Gaussian beam model and
the finite plane wave model are plotted for comparison.

In Figure 4.16 the spot size evolution based on the two models is similar. How-
ever, the evolution predicted by the finite plane wave model describes a simple linear
increase, as shown in equation (4.13), while the evolution predicted by the Gaussian
beamdescribes a nonlinear increase, as shown in equation (4.14). The rate of increase
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Fig. 4.16: The spot size evolution when the AOD operates at the central frequency. The experimental
results agree well with the theoretical results based on the Gaussian beammodel [42].

Fig. 4.17: Beam spot size as a function of propagation distance at different AOD frequencies; the
curves are calculated from equation (4.14) and the symbols show the experimental results [42].

of the Gaussian beam is greater than that of the finite plane wave due to the intrinsic
divergence of the Gaussian beam. The experimental results are closer to the theoret-
ical results of the Gaussian beam, and differ from that of the finite plane wave, thus
proving that the Gaussian beam model is more accurate than the finite plane wave
model.

A number of values of the frequency of the AOD were used to further verify the
spot size evolution at different angular dispersions, and the measured spot size as a
function of propagation distance is shown in Figure 4.17 [42].

The experiments are consistentwith the theoretical predictions, thus verifying the
spot size evolution of the dispersed femtosecond laser beam. With increasing propa-
gation distance the beam spot size increases. For higher frequencies, i.e. greater angu-
lar dispersion, the beam spot size is larger than that at lower frequencies at the same
distance, and this phenomenon is easy to understand.
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Another interesting fact is that in the far field the femtosecond laser beam still has
a divergence angle, which corresponds to the intrinsic divergence angle of the Gaus-
sian beam but with a magnification factor. If the propagation distance is far greater
than the Rayleigh length (z ≫ zR), then the spectral lateral walk-off,U, reaches a con-
stant (2 ln 2(2βzR/αw0τ0)2), and the corresponding far field divergence angle can be
derived from equation (4.14) [42]

θ󸀠 = |α| √1 + Uθ , (4.17)

where θ = λ0π/w0 is the intrinsic divergence angle of the Gaussian beam. Equa-
tion (4.17) indicates that thedispersedGaussianbeamwill still increase in ahyperbolic
way in the far field, but the divergence angle is magnified by a factor of (1 + U)1/2α.
4.5 Applications of angular dispersion and future directions

Angular dispersion devices are widely applied in laser systems and many measure-
ment devices. In these applications, the angular dispersers are generally used to
change the spatial and temporal profile of the laser beam. For example, prisms are
used to compensate for dispersion in the cavity of laser oscillators, inwhich the group
delay dispersion introduced by the prism can compensate for the material dispersion
inside the cavity, thus avoiding pulse width broadening [17–19]; gratings are used
for the compressor in CPA systems, in which the pulse can be stretched before am-
plification and then compressed after amplification [6, 7]; prisms and gratings are
also widely used in spectrometers for separation of the different spectral components
transversely, thus making the different spectral components resolvable.

In other applications of femtosecond laser pulses, such as multiphoton mi-
croscopy and micromachining [43–54], to satisfy the extreme conditions for multi-
photon excitation it is necessary to simultaneously achieve the shortest pulse width
in the temporal domain (i.e. the Fourier transform limit) and the smallest focus spot
in the spatial domain (i.e. the diffraction limit), thus obtaining the highest density of
photons formultiphoton excitation. However, spatial and temporal dispersion in opti-
cal systemswill dramaticallyworsen the quality of the laser beam as they broaden the
pulsewidth in time anddistort the beam spot in space,making the focused laser beam
difficult to use formultiphoton excitation, and the spatial and temporal distortionwill
also worsen the spatial and temporal resolution of images. In these applications, the
angular dispersers are not only used for temporal dispersion compensation (by com-
pressing the pulse width), but also for spatial dispersion compensation (by reshaping
the beam spot), and various dispersion compensation methods are essential in this
field [43–54]. Especially when the value of the dispersion changes (such as a fem-
tosecond laser beam scanned by an AOD), an angular disperser that can provide a
rapid and variable amount of dispersion will be extremely valued, and will enable
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real time and uniform dispersion compensation and avoid the reduction in resolution
when dispersion compensation does not match the optical system.

Although the angular dispersion elements broaden the pulse width and the beam
spot, and reduce the resolution of the optical imaging or the accuracy of the microma-
chining, in some cases angular dispersion elements are used to simultaneously focus
the femtosecond laser beam spatially and temporally and consequently improve the
resolution [77–81]. By changing the group delay dispersion, the temporal focus will
move in the axial direction, thus allowing scanning in the z direction [82, 83]. Simi-
larly, if the angular dispersion elements can provide a fast variable amount of group
delay dispersion, the temporal focus will change rapidly in the z direction, and this is
very important for developing fast three dimensionalmultiphotonmicroscopy tomeet
the needs of biology and medicine.
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5 Atomic physics in ultrafast intense laser fields

5.1 Introduction

Since its birth in 1960s, laser has become a very useful tool in advancing our under-
standing of the fundamental light-matter interaction. In 1990s, the development of ul-
trashort lasers, represented by all-solid-state Ti:sapphire femtosecond lasers, which
are tunable in the visible and near-infrared spectral regions, has shown high impact
on spectroscopic and dynamical investigations in different areas, including physics,
chemistry, and biology. Nowadays, femtosecond lasers are able to generate bursts of
light with durations on the timescale of a few tens of femtoseconds (1 fs = 10−15 s),
allowing real time tracing of the nuclear motion in molecules. Additionally, since a
femtosecond laser pulse can be produced in such short bursts, the laser field can
also be extremely intense, allowing unusual regimes of laser-matter interactions to
be studied. For example, the electric field of the intense femtosecond laser pulse can
become strong enough to compete with the Coulomb field that binds the electrons to
atoms (the Coulombic electric field in a hydrogen atom is about 5.14×109 V/cm, cor-
responding to an equivalent intensity of 3.51×1016 W/cm2).When irradiated by such
an intense laser pulse, the laser-atom interaction enters a completely new strong field
region in which a variety of novel atomic phenomena appear, such as multiphoton
ionization (MPI), above threshold ionization (ATI), high harmonic generation (HHG),
multiple ionization (MI) and molecular Coulombic explosion. The systematic investi-
gations of those atomic processes in intense laser fields continually promote several
new branches of science. For example, intense laser driven high harmonic generation
has become a routine technique for generating tabletop coherent light sources with
pulse durations on the attosecond timescale and wavelengths covering ultraviolet to
X-ray region, which significantly advances attosecond science. In this chapter, wewill
focus on recent progress in strong field atomic physics research, one of the most im-
portant frontiers in current atomic, molecular and optical physics.

5.2 Basic concepts in strong field atomic physics

In the context of strong field atomic physics discussed in this chapter, ‘strong fields’
denote femtosecond laser fields with peak intensities covering 1013 − 1016 W/cm2.
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When the laser peak intensity is above 1016 W/cm2, the atom will usually be rapidly
ionized during the rising edge of the laser pulse and its outmost electrons will ac-
tually not experience the higher peak intensity of the laser pulse. At the other end
of the scale, when the laser peak intensity is below 1013 W/cm2, the probability of
the higher order processes during the laser-atom interaction discussed in this chap-
ter may become extremely small and the signals (e.g. electrons and ions) will usu-
ally be difficult to detect or be accumulated. Therefore, the most studied strong field
atomic phenomena, such as MPI, ATI and HHG, usually fall in the intensity range of
1013~1016 W/cm2. In this chapter, we will focus on the physical concepts and pro-
cesses related to those phenomena.

5.2.1 Multiphoton ionization (MPI)

In 1905, Einstein proposed the photon concept and successfully explained the pho-
toelectric effect. According to his theory, when a piece of metal has light shined on
it, photoelectrons may be emitted from its surface, under the condition that the fre-
quency of the light is larger than a threshold. The photoelectron’s kinetic energy Ek
can be given by

Ek = hυ −W , (5.1)

where h is the Planck constant, υ the light frequency, andW the work function of the
metal, corresponding to the atomic ionization threshold. According to equation (5.1),
in order to ionize the outmost electron atoms, the photon energy has to be able to
overcome the work function. In 1931, shortly after the establishment of quantum me-
chanics, Goeppert-Mayer predicted that, even if the energy of one photon is smaller
than the energy gap between two states, the electron can be excited to a higher state
by absorbing more than one photon simultaneously [1]. Now it is well-known that if
the upper state is a continumm state, the electron can be ionized via a multiphoton
ionization process, as depicted in Figure 5.1. In the framework of the quantum me-

Fig. 5.1: A schematic diagram for the photoelectric effect and multiphoton ionization. |g⟩ denotes
the ground state of the atom and IP denotes its ionization potential.
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chanical perturbation theory, one can express the multiphoton ionization probability
for a nonresonant case as

RN = σNIN , (5.2)
where RN is the total ionization probability, N is the least number of photons to be
absorbed to overcome the atomic ionization potential, σN is the effective cross section
of the N-th order transition and I is the laser intensity.

To observe themultiphoton phenomena, a rather high photon density in the light-
atom interaction region is required. This became possible only after the invention of
the laser in the 1960s. Shortly after the laser became available, Voronov and Delone
observed for the first time the presence of the multiphoton ionization phenomena in
the noble gas atomic xenon in 1965 [2]. In their experiments, when the laser elec-
tric field was increased to about 1 × 107 V/cm, corresponding to a laser intensity of
1.3 × 1011 W/cm2, a significant mulitphoton ionization of Xe was observed. For their
laser system, one photon energy corresponded to 1.78 eV. The observation of the ion-
ization phenomena meant that at least seven photons had been absorbed by Xe with
an ionization potential of 12.13 eV.

Since the effective multiphoton cross section σN decreases with the number of
absorbed photons, the multiphoton ionization for various atomic targets may be ob-
served at different laser intensities. For example, by employing a laser system with a
pulse duration of 50 picoseconds and a wavelength of 1064 nm, the four-photon ion-
ization of Cs atoms, the 11-photon ionization of Xe, and the 22-photon ionization of
He can be all studied by setting the laser intensities to about 1010, 1013 and 1014–
1015 W/cm2 respectively [3].

5.2.2 Above threshold ionization (ATI) and high harmonic generation (HHG)

With further increase in the laser intensity, the interaction of atoms with the intense
laser field gives rise to several phenomena that cannot be explained within quantum
mechanical perturbation theory. In the following, we will give a brief introduction of
two such phenomena, i.e. above threshold ionization (ATI) and high harmonic gener-
ation (HHG).

When exposed to a strong laser field, atomsmay absorbmore photons than neces-
sary for ionization, leading to a series of peaks separated by one photon energy in the
photoelectron spectrum. This new phenomenon, termed above threshold ionization
(ATI), was first discovered by Agostini et al. [4]. To understand this phenomenon, one
has to somehow go back to a general picture of MPI described above.

When the laser intensity is not so high, ATI may still be understood by the lowest
order perturbation theory (LOPT). Assuming that the atom absorbs many more pho-
tons, e.g. S photons more than the minimum number N, the S-order ATI probability
can be expressed in terms of the LOPT,

RN+S = σN+SIN+S . (5.3)
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Note that the above equation is only approximately held for small S. With the increase
of the laser intensity, the ATI photoelectron spectrawill exhibit several novel features,
e.g. the suppression of the low energy electron peaks, the appearance of a high energy
plateau, and a side lobe structure in electron angular distribution, all of which can-
not be explained by perturbation theory, indicating that the laser-atom interaction
enters a nonperturbative regime. We will discuss these phenomena in more detail in
Section 5.5.

High harmonic generation (HHG) represents another typical nonperturbative
strong field phenomenon in the context of intense laser-atom interaction. Like ATI,
earlier experimental observations of lower order harmonic generation may be un-
derstood within quantum mechanical perturbation theory. In 1987, Shore et al. [5]
predicted that extremely high order hamonics signals can be emitted when the high
energy electron from ATI recombines with the parent ion. Indeed, Ferray et al. [6]
and McPherson et al. [7] experimentally observed high order harmonic generation.
As HHG is an effective way to achieve tabletop coherent light sources at extreme
ultraviolet (XUV) or X-ray wavelengths, it has received much attention since its dis-
covery. In particular, there have been great advances in the past ten years in produing
XUV light with attosecond (10−18 s) pulse duration based on the HHG technique. It is
now becoming possibe to trace the ultrafast electronic motion of matter in its natural
timescale. Recent reviews on this research topic canbe found in the literature [8–10]. It
is worth noting that, physically, both HHG and high order ATI can be well understood
within an intuitive electron rescattering scenario, which will be discussed below.

5.2.3 Tunneling ionization and over the barrier ionization

Before an in-depth understanding of the physical picture behind strong field atomic
phenomena, for which quantummechanical perturbation theory completely fails, we
will first introduce a basic concept well employed in strong field atomic physics, i.e.
tunneling ionization. According to quantummechanics, a particle can escape through
a barrier with a certain probability even when its energy is below the height of the
barrier. This phenomenon of tunneling has no counterpart in classical physics. In Fig-
ure 5.2 (a), we illustrate the quantum tunneling concept by considering a hydrogen
atom in an external static electric field. In this case, the atomic Coulomb potential
can be strongly suppressed by the external field and, as a consequence, the initially
bound electron may tunnel out through the suppressed Coulomb barrier and become
free with some probability.

In 1964, Keldysh made an inspired innovation by applying the tunneling ioniza-
tion picture, which was usually considered to be valid, to the study of ionization pro-
cesses in optical fields [11]. For an optical field with a low enough frequency and a
high enough intensity, Keldysh assumed that one can take it as a quasistatic field.
Therefore, the bound electron in an atom,when subject to an intense laser field, could
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Fig. 5.2: A schematic diagram of tunneling ionization (a) and over the barrier ionization (b) for a hy-
drogen atom in a static electric field. The dotted line, the dashed line and the solid line denote the
atomic Coulomb potential, the static electric field and the distorted Coulomb potential respectively.

also be ionized by tunneling through the barrier created by the combination of the
atomic Coulomb potential and the external laser electric field. In this case, the ioniza-
tion probability only depends on the depth of the barrier and thus on the laser field
strength. If treated with a classical approach, considering a laser electric field with an
amplitude of E, the barrier width is l = (EIP/eE), where EIP is the atomic ionization
potential and e is the electron charge. The velocity of the electron with energy of EIP
is√EIP/m, and the time (t) the electron takes to cross over the barrier will be

t = √2mEIP
eE (5.4)

and
ωt = eE√2mEIP

. (5.5)

To qualitatively distinguish the atomic ionization process in intense laser field, a
Keldysh parameter (or adiabatic parameter) γ can be defined:

γ = ω
ωt
= ω√(2mEIP)

eE . (5.6)

This parameter corresponds to the ratio between the time that the electron goes
through the barrier and the oscillating period of the laser field. When γ ≪ 1, i.e.
the tunneling time is much less than the laser optical period, the ionization can be
considered as a tunneling process as in a static field; on the other hand, when γ ≫ 1,
the characteristic timescale for the electron tunneling is larger than the laser optical
period. In this case, one has to consider the oscillation of the laser field, where the
quasistatic approximation fails and the ionization can still be taken as a multiphoton
process.

In 1986, Ammosov, Delone and Krainov further developed this tunneling ioniza-
tion model based on Keldysh’s pioneer work and gave a simple formula (named the
ADK formula thereafter) for the calculation of the ionization probability of atoms in
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an intense laser field [12, 13]. For a linearly polarized laser field E, the ionization prob-
ability for an atom initially in an s state can be calculated as

WADK = √3n∗3E
πZ3

ED2

8πZ exp(− 2Z3

3n∗3E) . (5.7)

Here n∗ ≡ Z/√2EIP is the effective principle quantum number, Z is the charge of the
atomic residue, and D ≡ (4eZ3/En∗4)n∗. For a circularly polarized laser field, the
ionization probability for an s-state is

WADK = ED2

8πZ exp(− 2Z3

3n∗3E) . (5.8)

These ADK formulae have been commonly adopted in the treatment of tunneling ion-
ization in intense laser fields.

It is noteworthy that, in real experiments, the precondition γ ≪ 1 is usually not
well satisfied. Sometimes one may also to judge if the ionization can be taken as a
tunneling process:

γ < 0.5 , and F < E2IP
4Z

. (5.9)

In reality, for most experiments performed with the commercial Ti:sapphire laser sys-
temwith infrared wavelength, the condition (5.9) is still difficult to satisfy well, due to
the limit of saturation intensity of atomic systems. Nevertheless, aswewill show in the
following sections, the Keldysh parameter is very instructive in the discussion of the
physical mechanism behind strong field ionization of atoms and simple molecules.

Numerous experimental endeavors have been undertaken to test the validity of
the tunneling ionization concept. In 1985, Chin et al. [15] investigated the multipho-
ton ionization phenomenon of Xe atoms using a CO2 laser. They found that the mea-
sured ion yield scales nonlinearly with the laser intensity, andmoreover, the ion yield
does not change significantly with the laser wavelength. This provided preliminary
experimental evidence that the atom may ionize via tunneling in an intense laser
field [13, 14]. Later on, Mevel et al. [16] experimetally confirmed the transition from
multiphoton ionization to tunneling ionization by recording and comparing the pho-
toelectron spectra of various noble gas atoms at a series of laser intensities.

Their results showed that the photoelectron spectra of Xe exhibit several sharp
fine structures, which can be ascribed to the resonance of the laser field with highly
excited Rydberg states, indicating that the ionization of Xe falls in a typical multipho-
ton ionization regime; see Figure 5.3 (a). In contrast, the photoelectron spectrum for
He atoms (Figure 5.3 (b)) shows amonotonous drop with electron energy, without any
sharp resonance structures. This feature is consistent with the prediction of the tun-
neling ionization theory.
With the increase in laser intensity, it is predicted that the atomic Coulomb barrier
will be further suppressed and the summit of the barriermight be lower than the elec-
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Fig. 5.3: Photoelectron spectra of (a) Xe and (b) He. The corresponding Keldysh parameters (γ) are
1.89 and 0.38 for Xe and He respectively. After [16].

tron energy. In this case, over the barrier ionization (OBI) will occur, as shown in Fig-
ure 5.2 (b). Taking the field suppressed Coulomb barrier equal to the electron energy
in the ground sate, one gets the critical laser field strength needed for OBI to occur [17]

FOBI = E2IP
4Z . (5.10)

Note that under intensities high enough for OBI to play a role, the ionization probabil-
ity will be overestimated if tunneling ionization theory is still employed.

5.2.4 Electron rescattering scenario

In 1989, it was found that when a gas target is irradiated by an intense laser pulse, the
produced HHG spectra can form a plateau structure with a cutoff energy of Ip + 3Up
[18], where Ip is the ionization potential of the gas target, and Up is the pondermo-
tive energy, i.e. the cycle averaged quiver energy of the electron in an oscillating elec-
tric field. Later, Schafer et al. [19] found that a similar plateau structure and cutoff
also exist in high order ATI spectra. Moreover, in the study of atomic double ioniza-
tion of noble gas targets in an intense laser field, L’Huillier et al. [20] and Walker et
al. [21] found that, for a wide range of laser intensities, the observed doubly charged
ion yields cannot be explained by the theoretical calculations based on the single ac-
tive electron (SAE) approximation, implying that the two electrons are not emitted one
by one, but in a nonsequential way. The double ionization experiments indicated that
electron correlation should play a signifcant role in the double ionization process. All
the above interesting experimental findings have received much attention in the re-
search community and significantly advanced the exploration of the underlying phys-
ical mechansim behind strong field atomic ionization.

In 1993, Corkum et al. [22] and Schafer et al. [19] proposed a rescattering scenario
(also called a three step model), which can well explain qualitatively the strong field
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Fig. 5.4: Schematic diagram of rescattering scenario.

atomic phenomena, e.g. HHG, high-order above-threshold ionization (HATI) and non-
sequential double ionization (NSDI). According to this scenario (Figure 5.4), in the first
step, the electron is tunnel ionized through the loweredCoulombbarrier; in the second
step, the freed electron is driven by the laser field, moving far away from the ionic core
first and then back to recollide with it; and in the third step, the electronmay rescatter
elastically upon or recombine with the ionic core, resulting in HATI or HHG. It may
also rescatter inelastically with the core, imparting some of its energy to the second
still bound electron, causing both of them to become free. This process corresponds
to NSDI.

In the past 30 years, there has been increasing experimental evidence that the
rescattering scenario can account for most features in intense field-atom interactions,
e.g. the plateau structure and cutoff position inHHG andHATI spectra, and the abnor-
mal double charged ion yields in atomic double ionization. It can therefore be consid-
ered as a basis for a more comprehensive understanding of a variety of strong field
atomic phenomena.

5.3 Relevant experimental techniques

In this section, we will introduce relevant experimental techniques for investigating
the ionization dynamics of atoms andmolecules subject to intense laser fields, such as
multiphoton ionization, above threshold ionization andnonsequential double ioniza-
tion. Inparticular,wewill discussultrafast laser techniques andatomic andmolecular
spectroscopies.

5.3.1 Ultrafast laser technique

Throughout the history of ultrafast lasers, the pulse duration kept on decreasing,
while the laser intensity kept on increasing. In the 1960s, the power of the first ruby
laser was on the order of kW and very unstable. The pulse duration was between
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Fig. 5.5: Sketch of the Kerr-lens mode locking mechanism. After [23].

1ms to 1 s. Shortly after that, thanks to the introduction of the Q-switch technique,
the pulse duration was shortened to 10 ns and the power increased from the order of
kW to the order of MW. Considering that the laser field with intensity on the order of
1013 W/cm2 or higher is necessary for investigating strong field atomic physics, the
laser pulse duration needs to be further compressed and the laser intensity be further
increased. Nowadays, the most popular laser system for strong field atomic physics,
i.e. the Ti:sapphire laser system, is based on the chirped pulse amplification (CPA)
principle. A brief introduction to theworking principle of the femtosecond Ti:sapphire
laser system will be given below.

Generally, the ultrafast laser system contains two parts: an oscillator and an am-
plifier. The gain of the oscillator is from a Ti:sapphire crystal pumped by a continu-
ous laser. Ti:sapphire crystals with broad bandwidth (larger than 200 nm) support a
wide spectrum of laser outputs, making it possible to generate intense ultrashort laser
pulses. Besides the wide spectrum of the laser output, to generate femtosecond laser
pulses mode locking of the longitudinal modes is imperative. Currently, all commer-
cial laser systems use the technique of Kerr-lens mode locking (KLM) [23]. The locking
mechanism can be understood as follows: when intense laser field is input into a uni-
form but asymmetric crystal, the third order optical Kerr effect will be generated and
the crystal refractive index can be approximately considered as a linear response to
the laser intensity,

n(I) = n0 + n2I . (5.11)

Here, n0 is the linear refractive index of the crystal, n2 the coefficient of the nonlinear
refraction index, and I the laser intensity. When the intensity is larger than a certain
threshold intensity [24], the self-focusing effect of the laser field will take place in the
crystal, so that the laser beam propagates in a columnar space with a small radius.
Since the self-focusing effect is related to the laser intensity, we canmodulate the light
intensity by limiting the size of the columnar space for the laser propagation, e.g. by
limiting the waist radius of the pumping light beam or by adding a hole in the oscilla-
tion cavity, as shown in Figure 5.5. When the laser pulse passes the aperture, the laser
intensity will be modulated, leading to two side band peaks in the frequency spec-
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trum. The frequency of the two side band peaks will be very close to the frequency
of the lower or higher mode, resulting in strong interference, which will effectively
compress the pulse duration to the order of femtoseconds.

The power of the oscillator is on the order of nJ, which is too low for most atomic
and molecular ionization experiments. Usually, an amplifier can be employed to
achieve higher laser intensity. To avoid the nonlinear effect caused by high laser
power and the damage to the amplifier crystal, the pulse duration of the output beam
from the oscillator is stretched to several hundred picoseconds using a prism or a
grating pair. Then the beam is injected into the amplifier, where the beam intensity
will be amplified by about six orders of magnitude to several mJ. To realize such a high
amplification, the laser beam will go through the Ti:sapphire crystal many times. The
pulse will then be compressed back with a prism or with a grating pair to the original
duration. This technique, named chirped pulse amplification (CPA), was firstly real-
ized by Mourou et al. in 1985 [25–27] and has promoted the development of ultrafast
laser techniques to a great extent.

Generally, there are two kinds of amplifiers, i.e. regenerative amplifiers and mul-
tipass amplifiers [28, 29]. For regenerative amplifiers, the gain material is placed into
the linear resonator chamber, where the seed pulse can be amplified. The timing se-
quence of the input and output laser is controlled with two Pockels cells, which can
quickly start up and shut down to allow one of the laser pulses with specific polariza-
tion direction to pass through based on the Kerr effect. Generally, the seed beam will
pass the crystal dozens of times before it passes through the Pockels cells, resulting
in serious high order dispersion, which cannot be compensated completely. For mul-
tipass amplifiers, because the seed beam passes the crystal fewer times, it is easier to
achieve desirable dispersion compensation.

Additionally, because thegain is associatedwith the laserwavelengthand reaches
amaximumaround800nm, thepower of the amplified laser fielddependson the laser
wavelength. After several rounds of amplification, the distribution of the power of the
amplified laser becomesnarrower in the frequencydomain than that of the seed beam,
which is usually called the gain narrowing effect and leads to a lower limit (around
20 fs) of the pulse duration.

The output laser pulse usually contains more than 10 optical cycles. For the mul-
ticycle laser field, the interaction between the laser field and the atoms or molecules
can happen inside any of these cycles. Experimentally, only the averaged results can
bemeasured. To study the ionization dynamics inside one optical cycle, one need few-
cycle laser pulses. According to the uncertainty principle, to achieve a few-cycle laser
pulse, the spectrum has to be broadened in the frequency domain with a hollow fiber
compressor, as is depicted in Figure 5.6. The output laser beam from the amplifier is
directed into the noble gas filled vacuumchamber and focused into the entrance of the
hollow fiber. During its propagation inside the fiber, the interaction between the noble
gas atoms and the laser pulse will generate a self-modulation effect, which will effec-
tively broaden the beam to around 300nm. Additionally, the laser pulse is positive
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Fig. 5.6: Principle of spectral broadening by self-phase modulation inside gas filled hollow fibers,
and of chirp compensation. After [23].

chirped during the spectrum broadening, which must be compensated for to achieve
a few-cycle pulse. Hence, the output beam from the fiber is introduced into a set of
chirped mirrors, which can add negative chirp to the pulse and compress the pulse
duration to less than 5 fs.

Experimentally, the laser beamwill be focused before it goes into the target cham-
ber to achieve high intensity. For an ultrashort laser pulse, the high intensity can be
achieved with an optical lens. For the popular commercial Ti:sapphire amplifier, the
repetition rate is around 1 kHz, the center wavelength is around 800nm, the single
pulse energy is 1mJ, and the pulse duration is 50 fs, which corresponds to the laser
power of 2 × 1010 W. To achieve the laser intensity of 2 × 1014 W/cm2, the area of
the focal spot should be around 10−4 cm2, corresponding to the beam waist of about
60µm. For an ideal Gaussian beam, the relationship between the radius of the beam
waist w0 and the input beam radius w is given by [30]

w0 = λf
πw . (5.12)

If the beam radius is 5mm, it can be calculated that the focal length should be
1200mm for the wavelength of 800 nm. If a lens with a focal length of 100mm is
employed, the laser intensity can be larger than 1016 W/cm2. Technically, the simple
spherical lens cannot achieve an excellent focus spot because of the optical aberra-
tion. Usually, an achromatic lens or a parabolic mirror is employed to get a better
focusing effect. Along the laser beam, the length of the focus can be defined with the
Rayleigh length,

ZR = πw2
0

λ
. (5.13)

The Rayleigh length of a Ti:sapphire laser pulse as mentioned above is about 14mm.
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5.3.2 Photoelectron and photoion spectrometer

To study strong field atomic andmolecular ionization, one usually employs spectrom-
eters to measure the momenta and energies of the photoions and photoelectrons. The
analysis of the information about photoelectrons and photoions can reveal the under-
lying physical mechanism. The most popular techniques are time of flight mass spec-
trometry, photoelectronkinetic energy spectrometry and cold target recoil ionmomen-
tum spectroscopy.

By recording the ionization events versus the laser intensity, mass spectroscopy
can help us study atomic ionization dynamics in the intense laser field. For example,
if the laser intensity is high enough, it was found that the dependence of ionization
rate on the laser intensity shows an exponential law instead of a power law, indicating
that tunneling ionization is the dominant mechanism. Moreover, as will be discussed
in Section 5.6, the nonsequential double ionization and strong electron-electron cor-
relation were found by measuring the dependence of double charged ion yields with
respect to the laser intensity, where a ‘knee’ structure is identified.

Photoelectron kinetic energy spectroscopy is constructed based on the time of
flight principle, i.e. the electron kinetic energy is calculated from the time of flight
from the interaction point to the detector. Moreover, the angular distribution can be
measured if the laser polarization direction can be rotated precisely. To get an accu-
rate energy distribution, it is necessary to shield the residual electric and magnetic
fields, which is usually realized with a µmmetal shield. Photoelectron kinetic energy
spectroscopy is usually used to study above threshold ionization.With this technique,
the plateau and the angular distribution of high order above threshold ionizationwere
experimentally observed in the 1990s.

In 2000, cold target recoil ion momentum spectroscopy (COLTRIMS) [31, 32] was
developed and greatly promoted the development of atomic and molecular many-
body correlation experimental research. In Section 5.6, we will show that the ion mo-
mentumdistribution and the electronmomentumcorrelation distribution canprovide
direct experimental evidence that the rescattering is the dominant physical mech-
anism behind nonsequential double ionization. As a coincident measurement tech-
nique, COLTRIMS greatly advanced the understanding of the multiple fragmentation
processes in the interaction of strong laser fields with atoms andmolecules. To ensure
that the photoelectron can be cataloged into the correct reaction channel, it is crucial
to reduce the ionization rate to far less than 1. However, this requirement usually re-
sults in a very long acquisition time, and thus a laser with high repetition rate and
high stability in both wavelength and energy is required.

Generally, there are four steps for the experimental study of strong field atomic
physics, including sample preparation, ionization, charged fragment detection, and
data analysis, as shown in Figure 5.7. Usually, the steps of sample ionization and
charged fragment detection are accomplished inside the vacuum chambers. The ion-
ization step is realized by the interaction of the intense laser field with the atoms and
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molecules andwill not be further discussed here. In the following, we will discuss the
other three steps in detail.

Fig. 5.7: A schematic overview of the experimental procedure.

5.3.2.1 Sample preparation
In the study of atomic and molecular physics, the properties of the single atom and
molecule are investigated. Hence, it is necessary to eliminate the interaction between
the atom ormolecule and its neighbors. To this end, experimentally, the sample is pre-
pared as a dilute gas. If the sample is naturally solid or liquid, it has to be vaporized.
For most experiments with ion mass spectroscopy and photoelectron kinetic energy
spectroscopy, the sample can be prepared with a leak valve, which is connected to the
high pressure cylinder through a pressure regulating assembly. The sample flow intro-
duced into the vacuum chamber can be controlled accurately with the high precision
leak valve. The sample introduced in this way can pervade the chamber uniformly,
which makes it very convenient to read the sample pressure with a vacuum gauge.
Additionally, the interaction point is exclusively determined by the laser focus.

Alkali metals or alkali earth metals must be vaporized with an atomic oven from
their natural solid state at room temperature. The atomic oven is composed of two
parts: the sample cell and the heating system. To produce high enough atomic vapor
pressure, the solid sample inside the sample cell should be heated to some certain
temperature. The temperature can be detected with a thermocouple, which can be
further applied to control the heating current. There is an aperture in the front of the
oven. When the size of the aperture is less than the mean free path of the atoms inside
the oven [33], an ideal effusive beam can be emitted with further collimation. Consid-
ering the construction of the differential pumping system and the collimation system,
the sample preparation process ismore complicated comparedwith the one discussed
above. Additionally, the laser focus has to be well adjusted into the beam to ionize the
sample, which makes the experimental procedure even more difficult.

In some of experiments, the thermal motion induced by ion momentum distribu-
tion is even wider than that produced by the laser field. Therefore, to study the pho-
toion momentum distribution for atoms and molecules subject to intense laser fields,
the target should be introduced with a supersonic beam, by which the temperature of
the beam is cooled so low that the influence of thermal motion can be ignored. The
principle can be comprehended as the high pressure sample noble gas atoms passing
through the supersonic nozzle by adiabatic expansion, where the thermal energy is
transferred into translational kinetic energy, resulting in cooling of the beam. After
collimation with a skimmer and a series of pinholes, the well collimated supersonic
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beam is achieved. Compared with the two former sample preparation methods, the
supersonic beam leads to a narrower thermal distribution.

5.3.2.2 Charged fragment detection
The photofragments from the interaction between laser field and atoms or molecules
can be acquired with a detection system. Here, a brief introduction on this topic will
be given.

There are several detecting schemes, such as electric sector, magnetic sector,
quadrupole, time of flight mass spectrometer, etc. Here, we will focus on the time of
flight scheme, which is fast, compact, not sensitive to the dimension error, and able to
acquire multiple kinds of particles simultaneously. The only drawback of the scheme
is that the resolution is not as good as the others. Recently, with the rapid development
of the relevant techniques, the resolution of spectrometers based on the time of flight
principle has been improved significantly. Figure 5.8 shows the geometry of a typical
time of flight (TOF) mass spectrometer [34]. During the experiment, the atoms and
molecules are ionized by the laser field in the field free region. After a well controlled
delay, a pulse electric field is applied to extract the ions into the acceleration region.
The accelerated ions are detected by the detector after another field free flight. The
time spent in flight by the ion is recorded with high resolution. Analysis reveals that
this time is closely related to the charge-to-mass ratio, which means that the charge-
to-mass ratio can be determined with the time of flight. The mass resolution can be
improved with the delayed pulse electric field and with combination of acceleration
and field free regions.

If the number of charged particles is large, it is possible to acquire the signal with
a Faraday cup. For weak signals, it is usually measured by electron multipliers, Chan-
neltron electronmultipliers (CEMs) andmultichannel plates (MCPs). The latter will be
discussed in detail. With MCP detectors, the weak signals can be amplified millions
of times. Equipped with right anode, it is even possible to realize imaging. Figure 5.9

Fig. 5.8: Geometry of a typical TOF mass spectrometer. After [34].
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Fig. 5.9: A schematic diagram of a MCP detector. After [35].

shows the principle of the MCP detector [33, 35], where the incident electron enters
one of the channels of the MCP plates. With the acceleration of high electric field, the
electronhits thewall of the channels and emits secondary electrons, which can induce
evenmore electrons. These electrons will be amplified further in the secondMCPplate
and the amplified electrons transformed into a significant signal pulse, which will be
eventually collected with a detector anode and outputted by a coupling circuit. In this
way, one single electron or ion can induce a significant signal pulse.

Figure 5.10 shows theprinciple of a typical photoelectronkinetic energy spectrom-
eter [36]. The laser beam is focused into the interaction region. The photoelectrons fly
into the field free region and are detected by theMCP detector through a pinhole.With
precise measurement of the time of flight and distance, we can calculate the kinetic
energy. If the polarization direction of the laser beam can be altered with high res-
olution, it is possible to acquire the angle resolved kinetic energy distribution. The
pinhole between the interaction region and the field free region can be employed to
select ionization events inside the laser focus, and thus, the distribution of the laser
intensity can be scanned with careful tuning of the lens position.

Recently, a detection scheme termed velocity mapping imaging (VMI) was devel-
oped [37], with which the angle resolved kinetic energy distributions can bemeasured
with high energy resolution in a single event. Figure 5.11 gives a schematic diagram of
the electron lens for VMI spectroscopy.

Fig. 5.10: Photoelectron kinetic energy spectrometer. After [36].
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Fig. 5.11: A schematic diagram of the electron lens for VMI spectroscopy. After [37].

The electron lens is composed of three annual electric field plates with identical
outer diameter. The inner diameter of plate R is small enough to calibrate the super-
sonic beam. The inner diameters of plate E and G are identical and larger than that
of R. The ionization happens inside the region between R and E. The inhomogeneous
electric field generated by E, G and R can focus all the electrons with identical vector
velocities into one point in the detector. Generally, to reap a desirable focus effect, the
voltage for E is supposed to be 0.7 times that for R. In the meantime, G is grounded.
One obvious difference between VMI and kinetic energy spectroscopy is that the po-
sition sensitive detector is only necessary for VMI. The sign of the electric field can be
chosen to be negative or positive, depending on the charge polarity of the particle. For
electron lenses, the voltage of R and E should be negative.

COLTRIMS is more complicated than any of the spectrometers discussed above.
Its principle is sketched in Figure 5.12. The supersonic beam crosses the laser beam
in the interaction area, where the atoms or molecules are ionized. The photoelectrons
and photoions produced during ionization are accelerated towards their own detec-
tors. A pair of Helmholtz coils is employed to confine the transverse movement of the
photoelectrons to achieve the detection with 4π solid angle. Generally, MCP detec-
tors with delay-line anodes for position encoding are equipped to measure the impact
times and positions of photoelectrons and photoions, which can be used to retrieve
their three-dimensional momenta.

5.3.2.3 Data analysis
Thedata analysis procedure formass spectroscopy, photoelectronkinetic energy spec-
troscopy and COLTRIMS is similar. The signals detected by the MCP detectors are am-
plified by the preamplifiers. The amplified signals are then introduced into the con-
stant fraction discriminators to be transferred into normal NIM signals, which carry
the precise time information of the photofragments. According to the measured time,
the momenta, the kinetic energy and the mass-to-charge ratio can be calculated. For
example, in a photoelectron kinetic energy spectrometer, if the electron has traveled
for the length of L with the time of t, its energy can be calculated with the equation
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Fig. 5.12: A schematic diagram of COLTRIMS.

v = L/t. For signals from the MCP detector with a delay-line anode for position imag-
ing, the spatial distributions can be retrieved, which can be further used to obtain the
transverse momenta of the photofragments. All the time and position information can
be stored and processed one by one in list mode by a personal computer.

5.4 Theoretical approaches

The above threshold ionization phenomenon found by Agostini et al. in 1979 [4] has
aroused great interest in the study of atomic physics in strong laser fields. Following
this discovery, people performed extensive and in-depth theoretical investigations on
the interaction between intense laser fields and atoms and achieved great success in
the description and interpretation of various phenomena in the strong field of atomic
physics, which greatly deepened our understanding of behavior of materials in strong
laser fields. The interaction of atoms with strong laser fields represents an interac-
tion between electromagnetic fields and matter, or more specifically, the interaction
between electromagnetic fields and electrons. For electromagnetic interaction, we al-
readyhavea verymature andprecise theory, namelyquantumelectrodynamics (QED),
so the ionization process should in principle be studied by the theory of quantumelec-
trodynamics. However, the laser field is usually treated as a classical field due to the
following reasons. First of all, the laser field is a highly coherent light source.When the
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laser intensity gets up to 1013 W/cm2, the estimated number of photons per unit phase
space, n, is about 1018. Usually, quantum fluctuation is inversely proportional to the
number n, so it is accurate enough to treat the laser field as a classical field. Secondly,
the existing experiments and simulations show that when the laser intensity is lower
than 1022 W/cm2, it is not strong enough to produce electron-positron pairs. Thus, in
the range of current laser intensity, the electron can be treated as a classical particle.
In fact, there are a small amount of works in which the light fields are quantized and
the ATI is studied with the scattering theory (for more details, see [38–44]). Note that
their results are almost the same as those obtained from the quantum S-matrix the-
ory. In addition, it is not very convenient to study the interaction between the laser
pulse and electron with QED theory and it is relatively complicated to study the time
dependent system with the scattering theory. So here wemainly introduce theoretical
models and numerical methods within the framework of quantum mechanics.

Furthermore, traditional perturbation theory is no longer valid in the strong laser
field and thus it is difficult to employ methods under the framework of quantum me-
chanics, which brings great challenges to the theoretical study of strong field physics.
Considering that the laser field used in experiments is usually in the infrared region
and even in the mid-infrared region, the corresponding photon energy is about 1 eV
(e.g. for the commonly used Ti:sapphire laser, the wavelength λ = 800nm, ℏω =
1.55 eV). In general, the ionization potential of atoms andmolecules is about a dozen
electron volts or more and the kinetic energy of the electron in the laser field, i.e. the
ponderomotive potential, is much larger than the photon energy, and thus tens or sev-
eral hundred photons are involved in strong field atomic physics processes. According
to the correspondence principle of quantum and classical perspectives, these extreme
multiphoton processes can be treated with classical methods. Thus, a classicalmodel
is being developed to study the interaction of atoms with strong laser fields and great
progress has been made in this field. In particular, the classical model could provide
a very clear picture of the interaction of atoms andmolecules with intense laser fields.

Additionally, a semiclassical model has been developed to study the interaction
between atoms and strong long wavelength laser fields. In this model, the electron is
ionized by tunneling through a barrier, which, to a certain extent, retains quantum
properties of the interaction processes. After tunneling ionization, the motion of the
electron in the atomic potential and the laser field could be described with classical
Newtonian equation of motion. This semiclassical model greatly simplifies the calcu-
lation and provides a clear physical picture of strong laser field ionization dynamics
and thus has been widely used in investigations of strong field atomic physics.

Currently, the main theoretical methods in the study of the interactions of atoms
andmolecules with strong laser fields include the time dependent Schrödinger equa-
tion (TDSE), quantum mechanics S-matrix theory, and fully classical and semiclassi-
cal models. These methods will be introduced in the following sections. Furthermore,
in Section 5.6, we will discuss the important progress these theoretical models have
made in explaining strong field physical experiments.
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5.4.1 Numerical solution of time dependent Schrödinger equation

According to the discussion above, the most direct and accurate method to study the
interaction of atoms with intense laser fields is the numerical solution of time depen-
dent Dirac equation. For the current laser fields, we usually concerned with neutral
atoms or low charged ions. Because the effect of themagnetic field of the laser fields on
the electrons is almost negligible in comparison with the electric field effect, the non-
relativistic Schrödinger equation is accurate enough to describe the processeswithout
considering the relativistic effect and magnetic field effect.

Depending on the form of the electromagnetic interaction, i.e. the gauge of the
electromagnetic interaction, the Schrödinger equation can bewritten in the following
two forms:

iℏ ∂∂t Ψ (r, t) = − ℏ22m∇2Ψ (r, t) − iℏe
m A ⋅ ∇Ψ (r, t) + e2

2mA2Ψ (r, t) + V (r)Ψ (r, t) (5.14)

iℏ ∂∂t Ψ (r, t) = − ℏ22m∇2Ψ (r, t) − eE (t) ⋅ rΨ (r, t) + V (r)Ψ (r, t) , (5.15)

which correspond to the two different forms of interaction

VA
I = − iℏem A ⋅ p̂ + e2

2mA2 (5.16)

VL
I = −eE ⋅ r . (5.17)

Here VA
I and VL

I are written in the velocity gauge and the length gauge respectively.
Because the electromagnetic interaction is gauge invariant, the calculations with for-
mulas (5.16) and (5.17) are equivalent in principle and the wave functions of the two
solutions differ only by a phase factor exp( ieℏ A ⋅ r), which doesn’t change the physical
results. However, due to the limit of calculation accuracy, the results obtained from
the two gauges will not be exactly the same. Moreover, due to the different forms of
interaction, the steps of time and space are different in the calculations. Here, we in-
troduce a numerical solution of the formula (5.15) in the length gauge form with the
differential method.

First, we discuss the amount of calculations usually required in the numerical
methods. Previous works concerning the interaction between light and atoms usually
study the transition between bound states, so the range of the wave functions in the
space is limited. But in strong field atomic physics, people mainly study the ioniza-
tion of the bound electrons. For the ionized electron, the range of the wavefunction
is unlimited. Thus, people need to evaluate how large the spatial range should be in
the calculations to achieve sufficient accuracy. After electrons are ionized from bound
states to continuous states by laser fields, the ionized electrons will oscillate in the
alternating laser field, where the oscillation amplitude

α0 = E0
ω2 . (5.18)
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Here E0 is the laser electric field amplitude and ω is the laser frequency. Previous ex-
perience shows that the spatial range in the calculation should be at least two to three
times α0 to obtain a reliable ionization rate. For the laser fieldwithwavelength 800 nm
and intensity 1 × 1015 W/cm2, α0 is about 52 a.u. (atomic units), and thus the spa-
tial range in the calculation is about 100~150 a.u. To further calculate the photoelec-
tron spectra and angular distributions, the spatial range in the calculation should be
greatly increased to about 10 times α0. In addition, because of the limited spatial range
in the calculation, the electron wavefunctionmay reflect at the boundaries, which se-
riously affects the calculation accuracy. Usually, an absorption potential ormask func-
tion is added in the region close to the boundaries to remove the particles that reach
the boundaries.

Here we will take the interaction of hydrogen atoms with linearly polarized laser
field as an example to introduce the numerical solution of TDSE [45]. This system is az-
imuthally symmetric with respect to the polarization axis and the magnetic quantum
number is a good quantum number, and thus the TDSE calculations are performed in
a two dimensional space. For this case, the TDSE becomes (in atomic units)

iℏ ∂
∂t
Ψ (r, t) = {−12∇2 − 1

r
− zE0 f(t) sin(ωt)} Ψ (r, t) , (5.19)

where the wavefunction ψ is expanded in the spherical coordination,

Ψ (r, θ, ϕ, t) = ∑
l=0

Φl (r, t) Y0
l (θ, ϕ) . (5.20)

Next, Φ is dispersed as

Φl (r, t) 󳨀→ Φl (rj , t) 󳨀→ Φj
l(t) , (5.21)

where
rj = (j − 0.5)∆r . (5.22)

Here, ∆r is the grid size in the r-direction. If we let

gjl = rjΦ
j
l , (5.23)

a final differential equation is thus obtained after some algebraic procedure:

i ∂∂t g
j
l = − 1

2 (∆r)2 {cjgj+1l + cj−1gj−1l − 2djgjl} + ( l (l + 1)
2r2j

− 1
rj
) gjl+ E0f (t) rj sin (ωt) (algjl+1 + al−1gjl−1)= (H0g)jl + (HIg)jl , (5.24)

where

cj = j2

j2 − 1
4
, dj = j2 − j + 1

2
j2 − j + 1

4
, al = l + 1√(2l + 1)(2l + 3) . (5.25)
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In the differential equation (5.24), the gjl and gj±1l are coupled into l by H0, i.e. the
Hamilton of hydrogen, while gjl and gjl±1 are coupled into j by HI, i.e. the interaction
Hamilton between atom and external field. The time propagation of the equation can
be solved by the Peaceman–Rachford method:

gjl (t + ∆t) = [I + iH0τ]−1[I + iHIτ]−1[I − iHIτ][I − iH0τ]gjl(t) , (5.26)

where I is unit matrix and τ = ∆t/2. The interaction HI is considered in the middle of
each time step. Because all matrices in (5.26) are the triangular matrices, these equa-
tions could be solved by the shooting method.

In order to solve the TDSE,we should obtain the initialwavefunction of the bound
electron. Before the interaction of atom with laser pulse, i.e. the envelope of the laser
pulse f(t) = 0, the system is in the ground state of the field free hydrogen atom. Be-
cause TDSE is transformed from the differential equation into the difference equation,
the ground state is dependent on the range of space and the grid step. When the grid
step tends to infinitely small and the spatial range tends to infinitely large, the solved
ground statewill becomea real ground state of the hydrogen atom. The ground state of
the difference equation can be obtained by solving the field free Schrödinger equation
with imaginary time propagation algorithms.

First, we have a test ground wavefunction Ψ , which can be expanded with the
different eigenstates of a hydrogen atom (the eigenvalues are denoted by Ei)

Ψ(t) = ∑
i
cie−iEitΨi . (5.27)

After the imaginary time transform t 󳨀→ −iτ,
Ψ(t) = ∑

i
cie−EiτΨi . (5.28)

Because the energy of the ground state is the lowest in all bound states, the amplitudes
of the excited states will decay quickly with the propagation of τ until finally only
the ground state is left. Therefore, a pure ground state can be obtained without the
influence of the excited states.
In the following,wewill take the ionizationof hydrogen atoms in the linearly polarized
laser field as an example to introduce the basic numericalmethod. The electric field of
the laser field is E0 with envelope f(t) and frequencyω. The time step in the calculation
depends on ω and E0. Usually, the time step is about 1/200 to 1/1000 of the optical
cycle. The envelope f(t) increases linearly at the beginning for some optical cycles
and then remains constant for another 10–20 optical cycles. Generally speaking, some
transition states (e.g. the excited states) would be generated during the increase of the
pulse and then decay quickly when f(t) remains constant during the first few cycles.
After that, the ground state of hydrogen will decay exponentially. In this case, we can
define the stable ionization rate. During the propagation of equation (5.28), a mask
function, in the form of cos1/8, is used in the region close to the boundaries to remove
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Fig. 5.13: The absolute value of the wavefunction (solid line) and the occupation number of the
ground state as a function of the time (in atomic units). The photon energy is 0.2 Hartree and the
maximal laser intensity is 1.75 × 1014 W/cm2. After [46].

the wav packet close to the boundaries in order to avoid the reflection of wave packets
from the boundaries. Typical calculated results are shown in Figure 5.13.

5.4.2 Fully classical trajectory method

In the classicalmethod, themotionof electrons in the ionic potential andexternal field
is solved with the Newtonian equation of motion [47]. The simplest case is the motion
of an electron for a hydrogen atom in a laser field, where the Newtonian equation of
motion is given by

d2r
dt2

= E(t) − ∇1r . (5.29)

The solution of the Newtonian equation of motion is also related to the initial con-
dition of the electron. To simulate the hydrogen in the strong laser field, the initial
condition of the electron is described in a microcanonical distribution, and the elec-
tron trajectories from the different conditions are solved with the classical trajectory
Monte Carlo (CTMC) method. Finally, we study the ionization of atoms in strong laser
fields by analyzing the final energy andmomentumof each trajectory. The distribution
of the initial conditions is given by the followingmethod. For each electron with given
energy, the values of five parameters are selected at random in the following regions:−π ≤ ϕ ≤ π , −1 ≤ cos θ ≤ 1 , −π ≤ η ≤ π ,

0 ≤ ε2 ≤ 1 , 0 ≤ θn ≤ 2π , (5.30)

where ε is the orbital eccentricity, θn is an orbital parameter that is proportional to the
time, and ϕ, θ and η are the Euler angles. The random distribution of θn corresponds
to the uniform distribution of the phase in the periodic trajectory of the electron. In
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addition, it is more convenient to use u rather than θn, since it can be obtained with
Kepler equation

θn = u − ε sin u . (5.31)

In this case, the initial condition of the electron trajectory could be obtained with the
following three steps: (1) put the trajectory with ε in an arbitrary direction, e.g. in the
y-z-plane with the main axis along z; (2) let the angle of the electron trajectory be u;
and (3) rotate the orbital with the Euler angles ϕ, θ and η. Therefore, the initial coor-
dinates and momenta of the electron are given by the following equations:

C⃗0 = AC⃗00 and P⃗0 = AP⃗00 (5.32)

C⃗00 = [[[
0

a(1 − ε2) 12 sin u
a(cos u − ε) ]]] , a = Z

2U
, (5.33)

where Z is the nuclear charge and U is the binding potential of the atom, and

P⃗00 = [[[
0

b (1 − ε2) 12 cos u/(1 − ε cos u)−b sin u/(1 − ε cos u) ]]] , b = (2mU) 12 , (5.34)

where m is the effective mass of electrons in the atom,

A = [[[
− sinϕ sin η + cosϕ cos θ cos η − sinϕ cos η − cosϕ cos θ sin η cosϕ sin θ
cosϕ sin η + sinϕ cos θ cos η cosϕ cos η − sinϕ cos θ sin η sinϕ sin θ− sin θ cos η sin θ sin η cos θ

]]]
(5.35)

For a two-electron system, the Newtonian equation of motion is given by

d2r i
dt2

= E (t) − ∇ (Vi
ne + Vee) , (5.36)

where the subscripts i = 1 and 2 denote the first and second electrons respectively.
The ionic potential and the Coulomb potential between two electrons are

Vi
ne = −Zeff|ri | , Vee = − 1|r1 − r2| , (5.37)

where Zeff is the effective charge of the ion and ri denotes the position of the ith elec-
tron. Before solving equation (5.29), we also need to obtain the initial conditions of
the two electrons, which can be also described with microcanonical distribution (for
more details, see [49]). It is worth pointing out that in contrast to quantum theory,
even in the case where there is no external field, the two electrons can interact with
each other in the classical model, resulting in the exchange of energy. One of the elec-
trons might be ionized automatically, leading to the unphysical process. To solve this
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problem, one usually replaces the Coulomb potential Vi
ne with a softcore potential, i.e.

Vi
ne = − Zeff√r2i + a2 . (5.38)

If the softening parameter a satifies

a > − 2
Eg

, (5.39)

where Eg is the energy of the ground state of the two electrons, then autoionization
will not occur.

Obviously, it is much easier to solve the Newton equation (5.29) than the Schrö-
dinger equation. Recently, lots of progress has beenmade in the study of the ionization
of atoms and molecules in strong laser fields with the fully classical model [50–58],
which greatly helps us to understand the ionization of atoms andmolecules in strong
laser fields, especially the dynamics of two electron ionization.

5.4.3 Semiclassical approach

The semiclassical method is suitable for systems with high laser intensity and long
wavelength, i.e. the Keldysh parameter in equation (5.6) is much smaller than one.
For this case, the tunneling time of the electron in the presence of the laser field is
smaller than one optical cycle, and thus the electric field of the laser field can be con-
sidered as a static field and the ionization rate can be obtained from the tunneling
ionization rate in the static field. The quasistatic Ammosov–Delone–Krainov (ADK)
tunneling rate is given by equation (5.7). As we can see from this equation, the tun-
neling rate increases exponentially with the laser intensity, i.e. the stronger the laser
electric field, the larger the ionization rate. Thus, the ionization is most significant at
the peak of laser electric field. In terms of semiclassical theory, the bound electron
could be ionized by tunneling through a barrier formed by Coulomb potential and
laser field at any time, after which it evolves along a specific trajectory according to
classical mechanics. The weight of each orbit is the tunneling rate. Thus, the weight
becomes largest when the electric field is maximal. The tunneling exit after ionization
is about r ∼ EIP/|eε|. In strong laser fields, the distance between the exit and core is
some atomic units. Thus, the initial condition of the electron in the calculation could
be taken as

x (t = t0) = 0 , ẋ (t = t0) = 0 . (5.40)

After that, the electronevolves along the classical trajectory in thepresenceof the laser
field. If the electron runs directly to the detector without further interaction with the
core, the electron is called a direct electron. On the other hand, if the electron returns
and recollides with the core, we call this kind of electron a rescattering electron. For
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the photoelectron ionized via tunneling in a strong laser field, the oscillation is much
larger than the atom radius, and thus the influence of the Coulomb potential on the
photoelectron can be neglected during the oscillation of the electron in the laser field.
For the laser field with a vector potential A(t), the momentum of the electron ionized
at the time t0 is given by

mv (t) = e(A(t0) − A(t)) ≡ p − eA(t) , (5.41)

where e = −|e| is the electron charge. According to equation (5.41), the electron mo-
mentum consists of two parts: the drift momentum, p ≡ eA(t0), and the oscillation
momentum, −eA(t), which oscillates with the vector potential of the laser field. After
one cycle average, the kinetic energy becomes

E = m
2 ⟨v(t)2⟩T = p2

2m + e2

2m ⟨A(t)2⟩T ≡ Edrift + Up , (5.42)

where Up is the ponderomotive energy and its value is

Up = e2

2m ⟨A(t)2⟩T . (5.43)

Thus, the ponderomotive energy is the average energy of the oscillating electron in
one optical cycle, which can be considered as a potential in the focal area.

If the duration of the laser pulse is long enough, the intensity of the laser field
doesn’t change very much until the electron leaves the focus of the laser, and then the
final momentum of the electron consists of the drift momentum and the momentum
obtained from acceleration of the ponderomotive potential. If the laser pulse is too
short, the pulse is over before the electron can travel any appreciable distance, and
the final momentum is only the drift momentum p = eA(t0). For a femtosecond laser
pulse (e.g. the duration is less than 100 fs),most of electronswon’t travel any apprecia-
ble distance, and thus the final momentum of the electron is determined by the drift
momentum. For the linear polarization, when the ionization rate is maximal at the
peak of the electric field, the vector potential of the laser field is vanishing. Therefore,
the ionization amplitude of the electron with small momentum ismost pronounced in
the photoelectron spectrum. With the increase of the energy of the photoelectron, the
vector potential also increases. Correspondingly, the electric field decreases and the
ionization rate becomes small, which is consistent with experimental observations.

After the integration of equation (5.41), we can obtain

x(t) = e
m ((t − t0) A (t0) − t∫

t0

dτA(τ)) . (5.44)

For linear polarization, the electron returns to the core at time t1(t1 > t0) if x(t1) =
0, y(t)z(t) ≡ 0. Therefore, the return time t1 can be solved as a function of the tunnel-
ing time t0. The energy of the electron at the return time is given by

Eret = e2

2m [A (t1) − A(t0)]2 . (5.45)
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Themaximal return energy can be calculated as Eret,max = 3.17Up with the ionization
time and the return time ωt0 = 108° and ωt1 = 342° respectively.

For HATI, the electron will recollide with the core after returning to it, obtaining
more energy from the laser field. For example, when the electron returns to the core at
time t1, the electron momentum ismv(t1 − t0) = e(A(t0)−A(t1)). After back-rescatter-
ing, the momentum becomes e(−A(t0) + A(t1)). The final momentum of the electron
at the detector is e[2A(t1) − A(t0)] after being further accelerated by the laser field.
According to equation (5.41), the kinetic energy becomes

Ebs = e2

2m [2A(t1) − A(t0)]2 . (5.46)

According to equation (5.46), the maximal energy is Ebs, max = 10.007Up, for ωt0 =
105° andωt0 = 352°. Thus, to obtain themaximal return energy or themaximal back-
rescattering energy, the phase of the laser field at the tunneling ionization time should
be close to the peak of the electric field and the return time is kept close to the cross
of the electric field. It can be well understood that when the electron returns to the
core at the time close to zero and then back-rescatters, the direction of the momen-
tum changes. Next, the electron is further accelerated by the laser field to obtain the
maximal kinetic energy, as shown in Figure 5.14.

Fig. 5.14: The evolution of the electron return time t as a function of tunneling time t󸀠. After [59].

Figure 5.14 shows how to solve the return time of electrons in a laser field of sine
form following a pictorial method. For the sine laser field, the relation of the return
time t1 and the tunneling time t0 is given by [59]

sinωt1 − sinωt0 = ω(t1 − t0) cosωt0 . (5.47)

Equation (5.47) shows that the slope of the line along the tunneling time and return
time is the same as the tangent direction at the tunneling time. As shown in the picto-
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rialmethod in Figure 5.14, a tangent from the electric field at the tunneling timemakes
the intersection of the electric field with the line correspond to the return time. Based
on this picture, it is easy to see that, in comparison with the electron orbit with the
maximal return energy, the electron ionized at the early time t󸀠2 returns to the core at
the late time t2 and thus has a longer travel time. In contrast, the electron ionized at a
late time t󸀠1 returns to the core at an earlier time t1 and thus has a shorter travel time.

In the model above, there is an important assumption that the influence of the
Coulomb potential on the motion of the electron is completely neglected. When the
Coulomb potential is considered, the trajectory cannot be written in the analytic form.
Thus, people have developed a Coulomb-correct semiclassical model. Here, we take
double ionization of an atom in elliptical polarization as an example. For the linear
polarization, we can let ellipticity ε = 0, while for the single ionization, all of the
quantities related to the second electron are neglected. In this model, it is assumed
that the outermost bound electron is ionized by tunneling through the barrier formed
by the Coulomb potential and the electric field of the laser field. Later, the interaction
between the ionized electron and the second electron is fully determined by the New-
tonian equation of motion (5.36). Here, the elliptical polarized laser field is denoted
by E(t) = (Ex(t), 0, Ez(t)), where Ex(t) = a(t)E0x sinωt, Ez(t) = a(t)E0z cosωt with
the envelope function f(t) as

f (x) = {{{{{{{
1 , t ≤ 10T
cos2 (t−10T)π6T , 10T ≤ t ≤ 13T
0 , t ≥ 13T ,

(5.48)

where T is the optical period and ω is the frequency. The ellipticity of the laser field
is defined as ε ≡ E0x/E0z < 1. The ionization potentials of the first and second bound
electrons are EIP1 and EIP2 respectively. The ionic potential and the Coulomb potential
between the two electrons are given by equation (5.37).

In order to solve (5.36), the initial conditions for the two electrons, i.e. the initial
positions and velocities, have to be set up. The initial position of the first electron
can be obtained from the tunnel ionization theory. The Schrödinger equation for an
electron in a uniform field E can be reformulated as [60–62]

d2Ψ
dη2

+ (EIP12 + 1
2η + 1

4η2
+ Eη

4 )Ψ = 0 (5.49)

in parabolic coordinates. Physically, equation (5.49) describes the electron tunneling
through a one dimensional potential

U (η) = − 1
4η
− 1
8η2

− Ezη
8

(5.50)

with energy K = −EIP/4. Thus, the outer turning point η0 of the potential U(η),
known as the ‘tunnel exit’, can be determined by K = U(η). In our calculation for
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an elliptically polarized field, the initial condition of the first electron is deter-
mined as follows. First, the electric field of the laser is confined in the x-z plane.
At each tunneling moment t0, the z axis is rotated to be parallel to the instan-
taneous electric field. The initial condition is obtained in the rotated coordinates
(the same as in the linearly polarized field) and then projected to the original co-
ordinates. For the first electron, the initial position in the rotated coordinate is
x󸀠10 = y󸀠10 = 0, z󸀠10 = − 1

2η0 and hence the coordinates in the original coordinate
are x10 = − η0

2 sin{arctan[ε tan(ωt0)]}, y10 = 0 and z10 = − η0
2 cos{arctan[ε tan(ωt0)]},

where t0 represents the ionization time. The initial longitudinal velocity at the ioniza-
tion time t0 is assumed to be zero, while a nonzero initial velocity vper perpendicular
to the laser polarization direction is given in the calculation. The corresponding initial
velocities are v󸀠1x0 = vper cos θ, v󸀠1y0 = vper sin θ, v󸀠1z0 = 0, where θ is the angle be-
tween vper and x axis in the rotated coordinates. Projection into original coordinates
gives the initial velocity of the first electron: v1x0 = vper cos θ cos{arctan[ε tan(ωt0)]},
v1y0 = vper sin θ, v1z0 = −vper cos θ sin{arctan[ε tan(ωt0)]}. The weight of each tra-
jectory is evaluated by w(t0, vper) = w(0)w(1), where w0 is the ADK rate given by
equation (5.7), and w(1) can be expressed by

w(1) = vper(2EIP1) 12
Eπ exp[[− v

2
per(2EIP1) 12

E
]] . (5.51)

For the second electron (bound electron), its initial conditions are determined by a
microcanonical distribution as discussed in Section 5.4.2.

In the model calculation, more than 106 initial points are randomly distributed
in the parameter space − π

2 < ωt0 < π
2 , vper > 0, 0 < θ < π

2 for the first electron, and
in the microcanonical distribution for the second electron. This two electron system is
evolved until the end of the laser field according to the classical Newtonian equation
(equation (5.36)) and double ionization events are identified by an energy criterion.

5.4.4 Quantum mechanical S-matrix method

A TDSE of the interaction of atoms and molecules with a strong laser field can be
solved not only by the numerical method, but also by the S-matrix theory. The numer-
ical solution of the TDSE is accurate, but it needs a large amount of computation and
it is not easy to extract a clear physical picture. However, the analytic S-matrix theory
needs less computation and gives a very clear physical picture, hence it attracts lots of
attention. The S-matrix theory was developed along with the development of strong
field atomic and molecular physics. Because of the Coulomb potential, it can’t obtain
the analytic solution, so some approximations have to bemade. Considering the non-
linear and nonperturbative characteristics of the strong field atomic process, people
developed the nonperturbation S-matrix theory to study the interaction of electrons
with laser fields, i.e. the strong field approximation (SFA) model.
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According to quantum theory, the transition amplitude from the initial state |ψ0⟩
of an atom to the final state with drift momentum p at the time t is given by

Mp = lim
t→∞,t󸀠→∞⟨ψp(t)|U(t, t󸀠)|ψ0(t󸀠)⟩ . (5.52)

Here U(t, t󸀠) is the time evolution operator of the Hamiltonian

H (t) = − 1
2m∇2 − er ⋅ ε (t) + V(r) , (5.53)

which includes the atomic binding potential V(r) and the interaction term −er ⋅ ε(t).
Furthermore, we introduce the Hamiltonians for an atom without the field and for a
free electron in the laser field,

Ha ≡ Hatom = − 1
2m∇2 + V(r) (5.54)

Hf (t) ≡ Hfield (t) = − 1
2m∇2 − er ⋅ ε(t) . (5.55)

The corresponding time evolution operators are denoted by Ua and Uf. In equa-
tion (5.52), |ψ0⟩ is the ground state of the atomic Hamiltonian Ha, and |ψp⟩ is a
scattering state with asymptotic momentum p of the Hamiltonian Hf, which is known
as the Volkov state [63]. In the length gauge, the analytic form of the Volkov state is

ψVv
p (t) = 󵄨󵄨󵄨󵄨p − eA(t)⟩e−iSp(t) , (5.56)

where |p − eA(t)⟩ is a plane wave state and its representation in coordinate space is⟨r|p − eA(t)⟩ = (2π)− 32 ei⋅(p−eA(t))⋅r (5.57)

Sp (t) = 1
2m

t∫
t0

dτ[p − eA(t)]2 . (5.58)

Note that the choice of the lower limit of the integral in equation (5.58) is not impor-
tant. It will only introduce a phase that does not contribute to any observable quantity.

The time evolution operator U(t, t󸀠) satisfies the integral equation (i.e. Dyson
equation) and it is convenient to generate perturbation expansion. Here, the time
evolution operator can be expanded with respect to either the interaction term
HI(t) = −er ⋅ ε(t) or the binding potential V(r),

U (t, t󸀠) = Ua (t, t󸀠) − i t∫
t󸀠

dτU (t, τ)HI (τ)Ua (τ, t󸀠) (5.59)

U (t, t󸀠) = Uf (t, t󸀠) − i t∫
t󸀠

dτUf (t, τ) VU (τ, t󸀠) . (5.60)
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In equation (5.59), the terms U and Ua in the integral on the right-hand side can be
exchanged. Similarly, the termsU andUf in the integral on the right-hand side of (5.60)
can also be exchanged. Inserting equation (5.59) into equation (5.52), we can obtain

Mp = −i limt→∞
t∫
−∞

dτ ⟨ψp (t) |U (t, τ)HI (τ) |ψ0 (τ)⟩ , (5.61)

which is still exact. An important simplificationwe now introduce is the SFA, i.e. |ψp⟩
and U are replaced by |ψVV

p ⟩ and Uf respectively. As a result, equation (5.61) can be
simplified as

Mp = −i ∞∫
−∞

dt0 ⟨ψVV
p (t0)|HI(t0)|ψ0(t0)⟩ . (5.62)

The physical meaning of this transformation is that, after the electron has been pro-
moted into the continuum at time t0 due to the interaction Ht(t0) = −er ⋅ ε(t0), it no
longer feels the atomic potential. This process leads to the direct electron, and equa-
tion (5.62) is called Keldysh–Faisal–Reiss (KFR) amplitudes. With further mathemati-
cal transformation, the amplitude (5.62) can then be rewritten as

Mp = −i ∞∫
−∞

dt0 ⟨ψVV
p (t0)|V(r)|ψ0(t0)⟩ . (5.63)

For sufficiently high intensity (small Keldysh parameter), the saddle point method
(method of steepest descent) can be used to solve the integral in equation (5.63). Since
ψVv
p (t) = |p − eA(t)⟩e−iSp(t) and ψ0(t) = |ψ0⟩eiEIPt, this amounts to determining the

solutions of
d
dt
[EIPt + Sp(t)] = EIP + 1

2
[p − eA(t)]2 = 0 . (5.64)

Assuming the solution of equation (5.64) is ts, the amplitude (5.63) can then bewritten
as

Mp ∝∑
n
δ( p2

2m + EIP + Up − nω) ×∑
s
( 2πi
S󸀠󸀠p(ts))

1
2

ei[EIPts+Sp(ts)] ⟨p − eA(ts)|V|ψ0⟩ ,

(5.65)
where S󸀠󸀠p denotes the second derivative of the action (5.58) with respect to time. In
equation (5.58), the sum is only for the interval 0 < Re ts < T, where T is the period
of the laser field. The δ function in equation (5.65) comes from the sum of infinite pe-
riods of the laser pulses. It can be understood as the interference of the contributions
from different periods and photoelectron spectra that are nonvanishing only for the
photoelectron with some specific discrete energies

Ep ≡ p2
2m = nω − Up − EIP . (5.66)
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In order to consider the rescattering electron, we should study the interaction of the
free electron with the ionic potential. Inserting equation (5.60) into equation (5.61)
and employing SFA again, i.e. with |ψp⟩andU replaced by |ψVV

p ⟩ and Uf respectively,
we can obtain the following equation after some algebra:

Mp = −i ∞∫
−∞

dt1
t1∫
−∞

dt0 ⟨ψVV
p (t1) |VUf (t1, t0)V|ψ0 (t0)⟩ . (5.67)

The physical content of the amplitude (29) corresponds to a recollision scenario: the
electron is promoted into the continuum at some time t0; it then propagates in the
continuum subject to the laser field until at the later time t1 it returns in the range of
the binding potential, where the electron is scattered into its final Volkov state. The
time evolution operator is expanded in terms of the Volkov states

Uf(t1, t0) = ∫ d3k 󵄨󵄨󵄨󵄨󵄨ψVV
k (t1)⟩ ⟨ψVV

k t0)| . (5.68)

Inserting equation (5.68) into equation (5.67), we obtain

Mp ∼ ∞∫
−∞

dt1
t1∫
−∞

dt0 ∫ d3keiSp(t1,t0,k)mp (t1, t0, k) , (5.69)

where mp(t1, t0, k) = ⟨p − eA(t1)|V|k − eA(t1)⟩⟨k − eA(t0)|V|ψ0⟩. For ATI, the action
is

Sp (t1, t0, k) = − 1
2m

∞∫
t1

dτ [p − eA (τ)]2 − 1
2m

t1∫
t0

dτ [k − eA (τ)]2 + t0∫
−∞

dτEIP . (5.70)

The saddle point method can also be used to solve equation (5.69) and the saddle
points can be obtained from the following equations:{{{{{{{

[k − eA(t0)]2 = −2mEIP(t1 − t0) k = −∫t0t1 dτ eA(τ)[k − eA(t0)]2 = [p − eA(t0)]2 . (5.71)

The first condition enforces energy conservation at the time of tunneling. The sec-
ond condition ensures that the electron returns to its parent ion, and the third one
expresses that, on this occasion, the electron rescatters elastically into its final state.
Assuming the saddle point equations have the forms (t1s, t0s, ks), (s = 1, 2, . . . ), the
matrix element can be written as

Mp ∼ ∑
s
( (2πiℏ)5

det( ∂2Sp
∂q(s)j ∂q(s)k

)
j,k=1,...,5

)
1
2

eiSp(t1s ,t0s ,ks)mp (t1s , t0s , ks) . (5.72)
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For periodic fields, there ismore than one solution for a givenfinal kinetic energy. Usu-
ally, there is a pair of orbits in one period. These solutions correspond to the rescat-
tering trajectories of the tunneling ionized electron that oscillates in the laser field
and then recollides with the ionic core. The final transition amplitude is the coherent
sum of these orbits, which are also named ‘quantum orbits’. Usually, the orbit in the
first optical period is called the short orbit, while the orbits with longer travel time
are named the long orbits. Their physical effect will be discussed later. The final tran-
sition amplitude produces a δ function as in equation (5.65). To obtain the ATI spec-
trum, the process is split into two parts. First, one needs to solve formula (5.71) for the
saddle points and then obtain the transition amplitude by inserting the saddle points
into equation (5.72). Note that only the transitionmatrix element of a single final state
with momentum p is considered here, rather than the entire wavefunction of the final
state. Since EIp > 0, the saddle points are complex. For EIP = 0, the initial velocity
of the electron orbit at the time of tunneling vanishes according to equation (5.71). If
EIP ̸= 0, but γ2 = EIP

2Up
is much smaller than one, the imaginary part of the solutions of

equation (5.71) is also far less than the real part, and thus the solutions are close to the
results of the classicalmodel. The solutions of the stable quantum orbits in the saddle
point approximation have the form

mx (t) = {{{(t − t0s) ks − ∫
t
t0s
dτ eA(τ)(Re t0s ≤ t ≤ Re t1s)(t − t1s) p − ∫tt1s dτ eA(τ)(t ≥ Re t1s) . (5.73)

The electron orbit is a function of real time t, while the conditions x(t1) = 0 and
x(t0) = 0 are for complex times t0 and t1. Thus, the orbit from equation (5.73) as a
function of real time does not start from the origin, but from a certain position away
from the origin, which is called the tunnel exit. In contrast to the ionization time, the
return time is a good approximation and the electron returns to the origin at this time.

Here, we will discuss the conditions of validity of the SFA. After the expansion of
the transition matrix element into the second term, it has the form

Mp⃗ = −i limt󳨀→∞
{{{{{

t∫
−∞

dt󸀠 ⟨χp (t) |U(V) (t, t󸀠)HI (t󸀠) |ϕ0 (t󸀠)⟩
−i t∫
−∞

dt󸀠
t󸀠∫
−∞

dt󸀠󸀠 ⟨χp (t) |U(V) (t, t󸀠) VU(V) (t󸀠, t󸀠󸀠)HI (t󸀠󸀠) |ϕ0 (t󸀠󸀠)⟩}}}}}= −i ∞∫
−∞

dt0 ⟨χVp (t0)|HI (t0) |ϕ0 (t0)⟩
+ i2 ∞∫
−∞

dt0
t0∫
−∞

dt1 ∫ dp󸀠 ⟨χVp (t0)|V|χVp󸀠 (t0)⟩ ⟨χVp󸀠(t1)|HI (t1) |ϕ0(t1)⟩ . (5.74)
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Clearly, the second term of the transition amplitude on the right side of equation (5.74)
comes from the contribution of the ionic potential. The condition of validity of the SFA
is that the contributionof the ionic potential is negligible in comparisonwith thedirect
ionization amplitude, i.e. the second term ismuch smaller than the first term. Nowwe
estimate the ratio of the two terms. Note that the expression, ⟨χVp󸀠(t1)|HI(t1)|φ0(t1)⟩ in
the second term is the same as the integral in the first term. So, the integral of this part
is generally considered to be the same as the first term, and we just need to estimate⟨χVp (t0)|V|χVp󸀠 (t0)⟩ . (5.75)

Assuming that the effective region of the ionic potential is R and |χVp󸀠(t0)⟩ is a plane
wavewith thenormalized volume λ3,where λ is the laserwavelength, one thusobtains

⟨χVp (t0)|V|χVp󸀠(t0)⟩ ≈ R3

λ3
. (5.76)

Obviously, the validity of SFA depends on the interaction range of the ion potential.
If the effective ionic potential is 1 a.u. and the wavelength of the laser field is 800nm,
the value of equation (5.76) is about 10−12. Under this condition, the SFA is valid. But,
if the ionic potential is a long range potential, e.g. the Coulomb potential, the SFA is
strictly not applicable. We will discuss it further later.

In the Section 5.4.1, concerning the numerical solution of TDSE, we discussed the
selection of gauge of the interaction. Although the interaction of electric field is gauge
invariant, the results from the length gauge and the velocity gauge are not exactly
the same. In SFA theory, the differences between the two gauges are more significant
due to approximations adopted in the theory. Thus, how to select the gauge in the
calculations becomes a key issue. Due to the page limit, we will not further discuss it
here. For more details, see references [11, 65, 66].

5.5 Key experimental facts

In 1979, the discovery of above threshold ionization (ATI) indicated that the interaction
between atoms and the laser field enters into a new nonperturbative regime. During
the past thirty years, the atomic physics in intense laser fields has been well studied
due in part to the great progress achieved in ultrafast intense laser technology: the
pulse duration was shortened from the order of nanoseconds and picoseconds to the
order of femtoseconds, the repetition rate was raised from the order of hertz to the
order the kilohertz, and the laser intensity from the order of 1013 to much stronger
than 1016 W/cm2. In the meantime, spectroscopic techniques were also developed
and optimized from the ability of single particle detection to coincident and differ-
ential measurement. These improvements in experimental techniques promoted the
development of intense field atomic physics research, where new experimental phe-
nomena and physical effects are frequently discovered. Here, we will discuss impor-

 EBSCOhost - printed on 2/13/2023 9:33 PM via . All use subject to https://www.ebsco.com/terms-of-use



312 | Wei Quan, Xuanyang Lai, Xiaojun Liu, Jing Chen

tant experimental progress and focus on two typical ionization phenomena: above
threshold ionization (ATI) and nonsequential double ionization (NSDI).

5.5.1 Above threshold ionization

Here the most important progress on the study of atomic ATI will be discussed, in-
cluding the discovery of ATI, peak suppression for low order ATI, low energy structure
(LES), Freeman resonance, high order ATI plateau and resonance like enhancement
(RLE).

As discussed previously, ATI is the phenomenon by which an atom, subjected
to an intense laser field, may absorb many more photons than the minimum neces-
sary for ionization. The extra energy is converted to kinetic energy, resulting in evenly
spaced peaks in the photoelectron kinetic energy spectrum (PES). A typical ATI spec-
trum is shown in Figure 5.15 (a), where the peak with highest yield corresponds to the
lowest order ATI. With the increase of the kinetic energy, the peak amplitude drops
quickly. ATI was first discovered by Agostini in 1979 [4] when measuring the photo-
electron kinetic energy spectra of Xe. After that, ATI became a hot topic in the strong
field physics community.

5.5.1.1 Peak suppression for low order ATI
The discovery of ATI has attracted great attention in strong field physics [72–74]. With
the rapid development of electronic techniques, high resolution timing devices were
equipped widely in laboratories around the world, which improved the resolution of
photoelectron kinetic energy spectroscopy to a great extent [73]. Compared with the
experimental scheme employed by Agostini in 1979, PES based on the time of flight
principle is more convenient and efficient. In the meantime, the rapid development of
laser technique has made the laser system with higher intensity commercially avail-
able. Under the circumstance mentioned above, people investigated the evolution of
relative strengths of the different ATI orderswith respect to the laser intensity. The ear-
lier experimental results demonstrate that the yields of higher order ATI can be even
higher than those of lower order ATI. In 1983, the experimental work of Kruit et al. [75]
revealed that the amplitude of the low order ATI peaks degrade, or even disappear,
with rising laser intensity, which is termed peak suppression for low order ATI. This
result is in contrast to the prediction of simple perturbative theory. In 1986, further
experimental exploration on this issue was performed by Yergeau et al. [67], as shown
in Figure 5.15 (b).

The physical origin of peak suppression is the influence of the laser field with
spatial Gaussian distribution and the ponderomotive acceleration to the photoelec-
trons [3, 67, 76]. As discussed above, a free photoelectron subject to the intense laser
field will oscillate along the field and feel the ponderomotive potential of the laser

 EBSCOhost - printed on 2/13/2023 9:33 PM via . All use subject to https://www.ebsco.com/terms-of-use



5 Atomic physics in ultrafast intense laser fields | 313

Fig. 5.15: Important ATI experimental results: (a) typical ATI spectrum for Xe, after [67]; (b) low order
ATI peak suppression, after [67]; (c) Freeman resonance in ATI spectra, after [68]; (d) angle resolved
ATI spectra and photoelectron angular distribution, after [69]; (e) low energy structure in ATI spectra,
after [70]; and (f) resonance-like enhancement structure in high order ATI spectra, after [71].

field, as described with equation (5.43). With simple formula transformation, we will
get

Up = ⟨ e2E2

4mω2⟩ , (5.77)

where ⟨ ⟩means one optical cycle average, and E is the laser electric field. Within the
laser field, only if the energy absorbed by the electron is larger than Ip + Up, can the
photoelectron be ionized and detected by the spectrometer [3, 77], where Ip is the ion-
ization potential of the system. The kinetic energy of the photoelectron can be calcu-
lated with equation (5.66). However, the typical time required for a free photoelectron
to escape the laser focus is around 10 ps. For the laser electric fieldwith pulse duration
considerably longer than the time, the photoelectron can travel out of the focus and
‘slide’ down thewhole potential before the laser field is turned off. During this process,
the photoelectron will be accelerated and acquires a kinetic energy of Up. Therefore,
the energy lost during the ionization will be compensated precisely during the flight
out of the focus. In the experiment performed by Yergeau et al. [67], the laser pulse du-
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ration was long enough and the positions of the peaks in ATI spectra were not related
to the laser intensity. Considering the Gaussian spatial distribution of the laser field,
the high intensity region is close to the center of the focus and possesses a very small
volume, which, in turn, means fewer atoms are involved. High laser intensity will give
rise to large ponderomotive energy, which raises the effective ionization potential and
reduces the yields. As calculatedwith equation (5.66), larger ponderomotive potential
will contribute to lower order ATI peak. Therefore, the yields of lower order ATI peak
can be suppressed, as shown in Figure 5.15 (b).

5.5.1.2 Freeman resonance structure
At the end of the 1980s, it was possible to study atomic ATI with picosecond or even
femtosecond laser fields. In 1987, Freeman et al. [78] found that if the pulse duration is
less than 1 picosecond, the individual ATI peaks break up into narrow fine structures,
which are termed Freeman resonance structures. In 1991, a further study on this issue
was performed [68]. The classical experimental results are depicted in Figure 5.15 (c).
The measured photoelectron kinetic energy spectra for laser electric fields with two
kinds of pulse duration are given in Figure 5.15 (c), where the peaks labeled by 8, 9
and 10 correspond to the measurements with 100 ps laser pulse and the curve with
fine structures above them is measured with a 300 fs laser pulse. In the case of 100 ps,
there are evenly spaced narrow peaks in the ATI spectra for Ar, while in the case of
300 fs, each ATI peak is shifted and breaks up into narrow fine structures.

Aswith the discussion on peak suppression, wewill compare the time that it takes
for the electron to fly away from the focus and the pulse duration to understand the
difference caused by the pulse duration. For a 100 ps pulse, the photoelectron has
enough time to be accelerated before the laser field turned off. So, the shift of the photo
electron kinetic energy by the ponderomotive shift of the ionization potential can be
compensated by the acceleration of the ponderomotive potential. The linewidth of the
ATI peaks is not related to the laser intensity. For 300 fs, the laser electric field van-
ishes before the electron escapes and the influence of the ponderomotive shift of the
ionization potential cannot be compensated. Furthermore, the involvement of Ryd-
berg states resonance makes the situation even more complicated, which results in
complicated structures in the ATI spectra.

The fine subpeak structures in Figure 5.15 (c) are termed Freeman resonance
structures, which can be attributed to the resonance between Rydberg states and the
ground state. The physical mechanism is illustrated in Figure 5.16. When the laser
electron field is turned off, the energy levels are shown with short horizontal lines
in Figure 5.16. With increasing principle quantum number, the energies of the levels
become higher and higher, while the spacing between two adjacent levels becomes
smaller and smaller. After the laser electric field is turned on, the AC Stark effect will
shift the levels with respect to the laser intensity. For Rydberg states, the AC Stark shift
is approximately equal to the ponderomotive energy, as shown with oblique lines in
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Figure 5.16 for the Rydberg states around n = n0. The energy level will be shifted
upward if the laser intensity is increased. When the laser intensity is In0 , the shifted
level possesses the identical energy to that of the N-photon dressed ground state. For
the laser intensity of In0+1 and In0−1, the other two Rydberg states of n = n0 + 1 and
n = n0 − 1 are in resonance with the dressed ground states. During a real experiment,
because there is a temporal and spatial distribution of the laser electric field, if the
laser intensity is higher than In0−1 there will be resonances involved inmultiple levels,
including the Rydberg states of n = n0, n = n0 + 1 and n = n0 − 1, which can lead to a
series of fine peaks in the ATI spectra.

Fig. 5.16: A schematic diagram for the mechanism of Freeman resonance.

5.5.1.3 High order ATI plateau
In the late 1990s, the femtosecond laser system with repetition rate of kHz became
more and more popular, which provided an efficient tool to study the high energy ATI
photoelectron. Compared with low energy electrons, the yields of high energy elec-
trons will be two to three orders of magnitude lower, and a laser system with high
repetition rate becomes a prerequisite for such studies. In 1994, Paulus et al. [79] mea-
sured the photoelectron kinetic energy spectra extending to very high energy. Surpris-
ingly, they found a plateau structure for all the noble gas atoms, in which the electron
yields vary slowly with respect to kinetic energy until a high energy cutoff. This result
is in sharp contrast to the low energy electron, which drops rapidly with respect to
kinetic energy. Two years later, Walker et al. [69] systematically studied ATI for He.
Their experimental results are shown in Figure 5.15 (d). With increasing photoelectron
kinetic energy, the yields of electrons in the kinetic energy interval of 0–100 eV drop
rapidly. If the energy is raised further, a plateau emerges, which extends to a high en-
ergy of around 10Up. Figure 5.15 (d) also shows the evolution of photoelectron kinetic
energy distribution with respect to the angle between the laser polarization and the
direction of the time of flight of the spectrometer. If the angle is increased, the plateau
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becomes shorter and the energy cutoff becomes lower. The insets of Figure 5.15 (d) give
the angular distribution at three distinct kinetic energies, which become narrower for
low energy electrons and much wider for the electrons in the plateau region. In fact,
the earlier experimental work of Yang et al. [80] revealed that the photoelectron ki-
netic energy distributions for Xe possess a maximum at the angle of 45° for electron
energy of about 9UP. These results look very strange, but they can all be well repro-
duced with the rescattering model. In [81], the calculation of the angular distribution
of photoelectrons based on the semiclassical procedure is performed and the calcula-
tion results are in agreement with the experimental observation [80].

5.5.1.4 Low energy structure
Recently, the femtosecond optical parametric amplifier, which can generate wave-
length tunable mid-infrared femtosecond laser pulses, became available. This ex-
tended the experimental study of strong field atomic physics from near-infrared,
corresponding to the wavelength of Ti:sapphire laser systems (around 800nm), to
the mid-infrared. From previous sections, we know that there are two ways to get
into a deep tunneling ionization regime: increasing the laser intensity and decreasing
the laser frequency (i.e. increasing the laser wavelength). Considering the saturation
intensity, there is a restriction to the laser intensity that can be applied to study the
atomic ionization. In fact, it is impossible to get into the tunneling ionization regime
with the laser field at 800 nm for the atoms with low ionization potentials. Neverthe-
less, in the mid-infrared wavelength regime, it is possible for most of the atoms to get
into the tunneling ionization regime at moderate intensity as the Keldysh parameter
is more sensitive to the laser wavelength. Therefore, it is operative to study atomic
ionization in a deep tunneling regime with a mid-infrared laser field.

In 2008, Colosimo et al. [82] experimentally investigated the photoelectron kinetic
energy spectra (PES) and high order harmonic generation (HHG) of noble gas atoms
at wavelengths from 800 to 3600 nm. They found that the cutoff of both the PES and
HHG is proportional to the square of the wavelength, which confirms the validity of
the rescattering model for the covered wavelengths.

In 2009, Blaga et al. [83] and Quan et al. [70] independently found a very interest-
ing hump structure in a low energy region of the PES for several kinds of noble gas
atoms and simple molecules. The low energy ATI spectra for Xe at 2000 nm are de-
picted in Figure 5.15 (e) for the laser intensity of 8.0 × 1013 W/cm2 (dotted line) and
6.4 × 1013 W/cm2 (solid line), where the hump structure is clearly shown. This struc-
ture is mainly comprised of two parts. One part is a sharp peak below 1 eV and barely
dependent on the laser intensity. The other part is relatively broad and appears at high
kinetic energy. Both the width and the position of this part depend on the laser inten-
sity andwavelength. This undocumented structure is different from the well accepted
tunneling ionization picture and the quantum mechanical calculation based on SFA.
Interestingly, this structure can be well reproduced with the numerical solution of the
TDSE. This structure is termed the low energy structure (LES) and has attracted great

 EBSCOhost - printed on 2/13/2023 9:33 PM via . All use subject to https://www.ebsco.com/terms-of-use



5 Atomic physics in ultrafast intense laser fields | 317

attention. It is worth noting that Blaga et al. [83] observed only the higher part of the
structure, while the Quan et al. [70] revealed two parts of the structure. In 2012, Wu
et al. [84] explored further the low energy structure with COLTRIMS and found both
the high energy and low energy parts of LES, which will be discussed in detail in Sec-
tion 5.6 from the theoretical viewpoint.

5.5.1.5 The resonance-like enhancement of high order ATI
Until now, most experimental findings of atomic ionization in the intense laser field
could bewell understoodwith the rescatteringmodel. However, due to the complexity
of the intense field-atom interactions, there are still some open questions in this field.
One of these is the resonance-like enhancement of high order ATI.

Shortly after the discovery of the plateau of high order ATI by Paulus et al. [79],
Hertlein et al. [85] and Hansch et al. [86] independently found that part of the PES,
i.e. at the energy interval of 6–8 times ponderomotive energy, will be enhanced sig-
nificantly with the increase of the laser intensity, which is termed resonance-like en-
hancement (RLE). Figure 5.15 (f) depicts the PES for Ar at the laser intensity of 1.1 ×
1014 W/cm2 and 1.4 × 1014 W/cm2, where the yields in the energy interval of 30–
56 eV rise rapidly with increasing intensity. The kinetic energy of this structure does
not change with respect to the laser intensity, which is very similar to Freeman res-
onance. One may then ask: If the physical origin behind RLE is the same as that of
Freeman resonance? Stimulated by this question, some groups performed investiga-
tions theoretically and experimentally. Detailed discussion on this issue will be given
in Section 5.6.

5.5.2 Nonsequential double ionization

Atoms subject to intense laser fields cannot only eject a single electron after absorbing
multiple photons, which gives rise to ATI as described above, but can also emit two
or evenmore electrons simultaneously. More interestingly, many experiments demon-
strate that the electrons are not ejected sequentially one by one under some circum-
stances, i.e. the two or more valence electrons can be ionized nonsequentially, which
is termed nonsequential double (multiple) ionization. NSDI has attracted a lot of at-
tention since its discovery because it involves electron-electron correlation. Here we
will discuss the important experimental findings concerning atomic NSDI.

5.5.2.1 Ion yields
In 1983, Huillier et al. [20] measured the yields of the doubly charged Xe with respect
to the laser intensity and found that Xe2+ is produced nonsequentially. Their experi-
mental results revealed that the correlation of the electrons is crucial for the ionization
process. After that, a lot of efforts were made to explore double ionization for He and
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Xe. It was found that the measured doubly charged ion yields can be several orders
of magnitude higher than the calculation based on single active electron approxima-
tion [21, 87, 93] and a ‘knee’ structure appears in some specific intensity interval. Fig-
ure 5.17 (a) depicts the yields of single and doubly charged ions with respect to the
laser intensity for He. As we can see, the ‘knee’ structure emerges for the intensity
lower than 3 × 1015 W/cm2, which can be taken as direct experimental evidence for
nonsequential double ionization.

To elaborate the physical mechanism behind the ‘knee’ structure, Dietrich et
al. [94] experimentally studied the double charged ion yields with respect to the laser
ellipticity. It was revealed that the yields of NSDI drops quickly with the increasing
laser ellipticity. They also found that the high order harmonic generation amplitude
possesses similar ellipticity dependence. Their experimental results demonstrate that
it is possible that NSDI and high order harmonic generation share similar underlying
physics. This is the first experimental evidence that the physical mechanism of NSDI
is based on the rescattering model.

Although the yields of NSDI drops rapidly with increasing ellipticity for most
noble gas atoms, the ‘knee’ structure has been identified for more complicated
molecules, including NO [95] and the alkali atom Mg [96] subject to circularly po-
larized laser fields, which is apparently against the intuitive rescattering model
and resulted in a new round of debate. Interestingly, the following classical calcu-
lation [54, 97] and semiclassical calculation [98] demonstrate that these abnormal
phenomena can be understood with the rescattering model [54, 97].

Fig. 5.17: Important NSDI experimental results: (a) single (double) ionization rates as a function of
laser intensity for He, after [87]; (b) kinetic energy spectra for photoelectrons coincident to single
and double charged He (dotted line for He2+, solid line for He+), after [88]; (c) momentum distribu-
tion of Ne, after [89, 90]; (d) momentum correlation between the two emitted electrons coincident to
Ar2+ ions from double ionization, after [91]; and (e) momentum correlation between the two emitted
electrons coincident to He2+ from double ionization, after [92].
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5.5.2.2 Photoelectron kinetic energy distribution
To understand the physical mechanism behind NSDI deeply, it is necessary to per-
form systemically measurements, including photoelectron kinetic energy spectra or
momentum spectra, to obtain more information. Recently, the photoelectron kinetic
energy spectra of NSDI have been acquired for He [88], Ar [99, 100] and Xe [99, 101].
During the experiments, the laser intensity was chosen to be within the interval of
NSDI. It was revealed that the averaged electron kinetic energy is much larger than
that of single ionization. In Figure 5.17 (b), the kinetic energy spectra for single and
double ionization of He are compared. The experimental observation of the electron
yields fromNSDI drops with increasing kinetic energy and is coincident to the theoret-
ical prediction, which further supports rescattering as the underlying physical mech-
anism.

5.5.2.3 Ion momentum distribution
The development of COLTRIMS paved the way for the clarification of the physical
mechanism of NSDI. This spectroscopy method was employed by Weber et al. [90]
and Moshammer et al. [89] to measure the recoil ion momentum distribution for He
and Ne. The momentum distribution of the doubly charged Ne in the polarization di-
rection, i.e. the longitudinal direction, is shown in Figure 5.17 (c), where a double peak
structure canbe identified. In the direction perpendicular to the laser polarization, i.e.
the transverse direction, there is a single peak structure in themomentumdistribution
of the double charged ion. These results can be well reproduced with the rescattering
model. According to this model, the photoelectron will come back to the core when
the laser electric field is around zero and impact the core, giving rise to double ioniza-
tion. During this process, both electrons can achieve significant momentum from the
laser electric field, which leads to the double peak structure in the polarization direc-
tion. This double peak structure deviates from the predictions of both shake off [21]
and collective tunneling mechanisms [102], which were also proposed to explain the
‘knee’ structure.

The systematic investigation of doubly charged ion momentum for He, Ne and Ar
was performed by Jesus et al. [103] and obvious dependences on the species were re-
vealed. The double peak structure is only visible for Ne, but not forHe andAr. Onepos-
sible explanation relies on the mechanism of recollision excitation with subsequent
field ionization (RESI). After that a photoelectron is accelerated by the laser electric
field and goes back to the core, the impact between the electron and the core can fur-
ther lead to double ionization or excite the ionic core to excited states depending on
its kinetic energy. The former process is called electron impact ionization (EII), which
can give rise to the double peak structure; and the latter process is termed RESI, where
the excited core can be further ionized at the next laser field maximum, resulting in a
single peak in the doubly charged ion momentum distribution. The ratio between the
contribution of EII and RESI is distinct for different noble gas atoms, which leads to
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the difference on the doubly charged ionmomentumdistribution. Rudenko et al. [104]
measured the multicharged ion (up to quadruple charged ion) momentum distribu-
tion for Ne and Ar. The transition from double peak structure to a single peak one was
observed for Ne2+, which indicates the transition from nonsequential double ioniza-
tion to sequential double ionization. As with the doubly charged ion, the dependence
on species persists for multicharged ions, and the double peak structure is prominent
for Ne, but not for Ar. In fact, there are significant yields around zero for Ar3+ and
the double peak structure is barely visible for Ar4+, which means that the dominant
mechanism for multiple ionization for Ar is RESI.

5.5.2.4 Photoelectron momentum correlation distribution
To fully understand thephysicalmechanismbehindNSDI, it is instrumental to acquire
the photoelectron momentum correlation distribution. The most direct procedure to
obtain the momentum information of the two electrons is to measure the two photo-
electrons in a single event. However, due to restrictions imposed by the dead time of
the detector, usually only one electron and one doubly charged ion are measured for
most of the experiments. With this procedure, the momentum of the second electron
can be calculated with themomentum conservation equation, where the tinymomen-
tum contribution from the photons is ignored. The first electron momentum correla-
tion distribution is measured by Weber et al. [91], as shown in Figure 5.17 (d). When
the laser intensity is lower than 3.8 × 1014 W/cm2, NSDI can be taken as the domi-
nant mechanism. In this process, the two ejected electrons fly along the same direc-
tion and give rise to the distributions in the first and third quadrants. If the laser inten-
sity is increased, the above feature vanishes because the sequential double ionization
becomes dominant. These experimental results indicate that the rescattering mecha-
nism is the physical origin of NSDI. The electron momentum correlation distributions
for He were recently obtained by two groups [92, 105], as shown in Figure 5.17 (e). A
notably V-shaped structure, or finger-like pattern, can be identified in these high res-
olution measurements. This structure can be attributed to the Coulomb interaction of
the final electrons and the EII dynamics.

So far, the photoelectrons from NSDI appear in the first and third quadrants
of photoelectron momentum correlation distribution with momenta far from zero.
These results can be well understood with the rescattering model [106]. Recently,
Liu et al. [107] performed the double ionization of Ar and Ne subject to a laser field
with low intensity. In this case, as the maximum kinetic energy (i.e. 3.17Up) that
the electron acquired from the laser field is lower than the ionization potential of the
second electron, RESI becomes the dominant ionization channel. Their results show
that, in contrast to those of higher intensity, the photoelectrons appear in the second
and fourth quadrants, which means that the two electrons prefer to emit in oppo-
site directions. This is not the case for Ne [108] and the physical origin of this result
is still under debate. The semiclassical calculation attributes this result to multiple
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recollisions with core [108]. Recently, Hao et al. [109] clarified that the interference
of different ionization channels can lead to the opposite flying directions of the two
ejected electrons with quantum S-matrix theory. More theoretical and experimental
research on this issue is expected in the near future.

5.6 Comparison between experiment and theory

For the past decades, theoretical and experimental studies contributed equally to our
understanding of the dynamics of atoms andmolecules subject to intense laser fields.
The new experimental findings always stimulated the development and improvement
of theory while the theoretical simulations provided clear explanation and prediction
for experiments. In this section, we will make a thorough comparison between exper-
iment and theory in order to get deep physical insights into the experimental facts
discussed above.

5.6.1 Low energy peaks in ATI spectra

At the time of discovery of ATI by Agostini, Reiss et al. [111] performed the theoretical
investigation of the ionization rates, photoelectron energy distributions and angular
distributions for atoms subject to intense laser fieldswith longwavelengths within the
SFA in the velocity gauge. In Figure 5.18, themeasured (a) [110] and calculated (b) [111]
PES for Xe subject to a circularly polarized laser field at a wavelength of 1064 nm and
intensity of 1.9 (in the unit of Up/ω) are depicted. As one can see, the agreement be-
tween the theoretical and expeirmental results is excellent. Schafer et al. [112] calcu-
lated the electron energy distribution for H subject to a linearly polarized laser field at
the wavelength of 532 nm and intensity of 2×1013 W/cm2, as shown in Figure 5.18 (c).
In the electron energy distribution, the evenly spaced ATI peaks are well fromed and
their amplitudes drop gradually with the electron energy, in agreement with the ex-
perimental measurements.

In fact, the peak suppression discussed above should be elaborated for the cases
of linearly and circuarly polarized laser fields [65]. In Figure 5.19 (a), the evolution of
the yields of the various ATI channels (with different photons absorbed) with respect
to the laser intensity in a circularly polarized laser field is shown. The contribution
from each channel first increases with the intensity and then decreases when the sat-
uration intensity is reached. It is noteworthy that before the saturation of channel n,
the contribution from channel n + 1 is already larger than that from channel n, giv-
ing rise to peak suppresion for the low energy part in the spectra. This is shown in
Figure 5.19 (b), in which the contribution of channels n = 9 and n = 10 is apparently
larger than that of n = 8. The situation is different in a linearly polarized laser field, as
shown in Figure 5.19 (c). In this case, the contribution of each channel increases with
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Fig. 5.18:Measured and calculated photoelectron kinetic energy spectra for Xe subject to a circularly
polarized laser field: (a) experimentalmeasurement, after [110]; (b) calculation based on S-Matrix
theory, after [111]; and (c) electron energy distribution for Xe subject to a linearly polarized laser
field calculated by numerically solving the TDSE, after [112].

Fig. 5.19: (a) and (c): electron yields from various orders of ATI (n = 7, 8 and 9) as a function of laser
intensity for circularly and linearly polarized laser fields respectively. (b) and (d): electron yields for
different orders of ATI at the laser intensity of 1 (in the unit of Up/ω) and wavelength of 1064nm for
circularly and linearly polarized laser fields respectively. After [65].
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respect to the laser intensity until it suddenly drops to zero without any sign of satu-
rationwhen the final energy of the electron approches zero. The contribution from the
the lower order channel is always larger than that from higher channels, giving rise to
a monotonous decrease of the electron yields with respect to the number of photons
absorbed for the case of a linearly polarized laser field, as shown in Figure 5.19 (d).
This result is in line with the calculation by numerically solving the TDSE, as shown
in Figure 5.18 (c). Note that no focus averaging or ponderomotive acceleration have
been considered in the calculation. These two effects may cause peak suppresion in
the low energy part of the photoelectron spectrum for atoms subject to a linearly po-
larized laser field.

5.6.2 High energy plateau in ATI spectra

As discussed in Section 5.5, there is a plateau in high order ATI spectra, which can
be explained within the rescattering model. In fact, the semiclassical model can
reproduce the experimental measurements with high precision. For example, in
1996, Walker et al. [69] systematically studied the evolution of the PES and an-
gular distribution with respect to the laser intensity. The Keldysh parameter was
kept far lower than 1 to ensure that ionization took place in the tunneling ioniza-
tion regime. Their experimental results are shown in Figure 5.20 (a). One year later,
Sheehy et al. [113] performed the investigation on this issue theoretically and ex-
perimentally. They reproduced the measured angle resolved PES with a semiclas-
sical calculation considering an accurate potential function of the ionic core. The
PES in Figure 5.20 is composed of two parts. One is in the kinetic energy interval of
0–2Up, where the electron yields drop rapidly with the electron energy. In the con-

Fig. 5.20: Angle resolved photoelectron kinetic energy spectra. (a) The measured PES for He at the
wavelength of 780 nm and intensity of 4.5 × 1014 W/cm2 for five emission angles. (b) Semiclassi-
cal calculation results with parameters identical to those of (a). The angular distributions for the
corresponding electrons are shown in the inset of (a). After [113].
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Fig. 5.21: The calculated PES and angular distributions with the SFA. (a) PES for the emission angles
of 0° and 20° for He. For the calculation of the PES with 0°, the results with or without contributions
from rescattering electrons are compared. After [114]. (b) The angular distributions of different ATI
orders for Xe, after [115].

text of semiclassical theory, this part of PES comes from the direct electron, which
is ionized without further interaction with the core. In this case, simple calculation
shows that the electron yield decreases rapidlywith electron kinetic energy. The other
part is in the energy interval of 8–10Up, which can be taken as the result of the elas-
tic scattering of the photoelectron by the ionic core. The photoelectron yields varied
gently with respect to the electron energy in this energy interval. According to the
calculation in Section 5.4.3, the photoelectron tunneling ionized at ωt0 = 108° will
come back to the core at ωt1 = 342° and it will collide with the core with the max-
imum energy of Eret,max = 3.17Up. If this electron is scattered backward, it may be
accelerated further to reach a kinetic energy of up to 10Up. The rescattering model
can explain the relationship between the cutoff energy and the emission angle of the
electron shown in Figure 5.20.

Except for the semiclassical model, the SFA was also employed to study the high
order ATI spectra. In 1997, Lohr et al. [114] reproduced the PES for He by employing
the SFA considering a zero range potential. The important features of calculated PES,
such as the beginning energy, the range and the height of the plateau, match the ex-
perimental results very well. The PES for He subject to the laser field at the photon
energy of 1.58 eV and the laser intensity of 1015 W/cm2 are depicted in Figure 5.21 (a),
where two cases for emission angles of 0 and 20 degrees are considered. For the cal-
culation of the PES in 0 degrees, the results with or without contributions from rescat-
tering electrons are compared. The calculation results with equation (5.62), where the
rescattering of the electron by the core is not included, are consistent with semiclassi-
cal calculation. Both theories predict a rapid decrease in the electron yields with the
electron kinetic energy in the interval of 0–2Up. The calculation results with equation
(5.67), where the rescattering of the electron by the core is included, show a very flat
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Fig. 5.22: The evolution of photoelectron kinetic energy spectra for Ar with respect to the laser in-
tensity. The upper panel is for the experimental measurements with laser pulse duration of 40 fs
and wavelength of 630nm. The laser intensities are: (a) 6.4 × 1013 W/cm2; (b) 1.2 × 1014 W/cm2;
(c) 2.4 × 1014 W/cm2; and (d) 4.4 × 1014 W/cm2. The lower panel is the calculation results with
numerical solution of the time dependent Schrodinger equation. In the calculation, the photon
energy is adopted as 2eV, and the pulse duration is 20 optical cycles. The laser intensities are:
(e) 5.6 × 1013 W/cm2; (f) 1.3 × 1014 W/cm2; and (g) 2.2 × 1014 W/cm2. After [79].

plateau and the energy of its cutoff depends on the emission angle. The cutoff energy
will become lower for a larger emission angle. In 1994, Becker et al. [115] performed the
calculations for the angular distributions of different ATI orders with a theory derived
from the SFA. Their results are shown in Figure 5.21 (b), which are in accordance with
the experimental measurements [115]. As discussed above, the SFA can reproduce the
main features of the experimental results and suggests an identical physical picture
to the semiclassical model.

The physical picture of the rescatteringmodelwas confirmed by numerically solv-
ing the TDSEwith a SAE. In 1994, Paulus et al. [79] found that the plateau of high order
ATI spectra extends to higher energy with increasing laser intensity, as shown in the
upper panel of Figure 5.22. The experimental results were well reproduced by numer-
ically solving the one dimensional TDSE, as shown in the lower panel of Figure 5.22.
This investigation verified that the plateau of high order ATI spectra canbeunderstood
in the framework of the SAE, which is consistent with the rescattering model.
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5.6.3 Resonance-like enhancement in ATI spectra

Generally, there are two kinds of theories to explain the resonance-like enhancement
(RLE) in high order ATI. One explanation is that it is similar to the Freeman reso-
nance [78], where the RLE structures originate from multiphoton resonance with in-
tensity dependent excitedbound states [116–123]. The excited electronmayabsorbone
more photon to be ionized, which possesses a nonzero initial velocity and is rescat-
tered by the core multiple times. In this process, the electron may achieve an energy
of 6Up–8Up. in the laser field. From the viewpoint of quantum mechanics, the in-
terference of the scattered electron wavefunction leads to the RLE structures. Several
groups have carriedout the calculationswith the procedure of numerically solving the
TDSE and found that the excited states can be identified in resonance whenever RLE
structures appear. In the upper panel of Figure 5.23, the calculated PES canwell repro-
duce the measurements in a large energy scale. In the lower panel of Figure 5.23, the
details within eachATI order can also be replicated. This result support the resonance
mechanism of RLE structures.
The other theory is under the framework of the SFA. Although the RLE structures
cannot be replicated with the simplest semiclassical rescattering model [81], they

Fig. 5.23: Comparison of the measured and calculated PES for Ar. After [116].
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Fig. 5.24: Comparison of measured (left) and calculated (right) photoelectron kinetic energy spectra
for Ar. After [85] and [124].

emerge if the constructive interference of many electron orbits is included in the cal-
culation [71, 124–130]. As shown in the right panel of Figure 5.24, the RLE structures
in the calculated PES are in line with the experimental measurements shown in the
left panel of Figure 5.24. The energy difference between the effective ionization po-
tential and the ground state is precisely equal to the energy of n times photon energy
for the specific laser intensity of In. The condition for the constructive interference is
that the laser intensity is equal to In. If the laser intensity I > In and the absorption
of n photons is not sufficient for the atom to be ionized, the ionization channel of n
photons is thus closed. When the laser intensity is slightly larger than In, very low
energy electrons will emerge and be rescattered by the Coulomb potential of the core
many times alongside the oscillation of the laser field. The interference of these orbits
leads to RLE structure in the PES. It is noteworthy that the constructive interference is
crucial in both theories. However, there are no excited states involved in the second
theory, which is the most important difference between the two theories.
Although a lot of experimental endeavors have been made, it is still not possible to
exclude any of the theoretical explanations discussed above. Paulus et al. [71] and
Milošević et al. [130] investigated the RLE structures in high order ATI for noble gas
atoms subject to a multicycle laser field and explained their experimental measure-
ments with SFA theory. In 2003, Grasbon et al. [131] found that the RLE structures
disappear if a few-cycle laser field rather than a multicycle laser field was applied.
These experimental results are consistent with the theory where the RLE is closely
related to the interference of multireturn orbitals. In 2010, Cornaggia [132] further ex-
perimentally investigated the PES for several simple molecules, such as H2, N2, O2,
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CO2, N2O, etc. The results demonstrated that the RLE structures only exist in PES for
H2. In 2013, Quan et al. [133] systematically studied the high order ATI spectra with
respect to laser intensity and found the RLE structures in the PES for N2 but not for
O2. With SFA theory, Quan et al. reproduced the experimental results. The theoretical
analysis indicated that the observed difference between N2 and O2 can be attributed
to the different symmetry of their ground state wavefunctions. It is noteworthy that
the difference may not exist within the resonance mechanism. Therefore, this latest
result supports the multiple orbitals interference mechanism in the framework of SFA
theory. At present, the physics behind RLE structures is still under debate and further
experimental and theoretical explorations on this issue are required.

5.6.4 Low energy structure in ATI spectra

The low energy structure in the PES is one of the most important findings for ATI.
With an intense laser pulse with a rather long wavelength (e.g. in the mid-infrared
regime), atomic ionization falls well into the tunneling ionization regime. Quan et
al. [70] reproduced the experimental measurements with a semiclassical model con-
sidering the ionic Coulomb potential, as shown in Figure 5.25. Panel (a) shows the cal-
culation results based on the semiclassical model. The five curves from top to bottom
are calculated with different parameters: (1) without Coulomb potential, laser wave-
length of 2000 nm; (2) with Coulomb potential, laser wavelength of 2000 nm; (3) with
Coulomb potential, laser wavelength of 1500 nm; (4) with Coulomb potential, laser
wavelength of 1250 nm; and (5) with Coulomb potential, laser wavelength of 800 nm.

Fig. 5.25: Calculated (a, c) and measured (b, d) low energy ATI spectra for Xe. See text for details.
After [70].
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Fig. 5.26: (a) Measured angle resolved PES for Xe. (b), (c) Calculated angle resolved PES for Xe with
and without considering the Coulomb field respectively. (d) Full width at half maximum of measured
angle resolved PES. (e) The evolution of tunnel ionized electron energy with respect to time. (f) The
evolution of the transverse momentum of a photoelectron with respect to time. The laser intensity is
8.0 × 1013 W/cm2 and the wavelength is 2000nm. After [134].

The laser intensity is 8.0 × 1013 W/cm2. Panel (b) shows the experimental measure-
ments. The laser wavelength is 2000 nm and laser intensities are 6.4 (upper curve)
and 3.2 (lower curve) × 1013 W/cm2. Panel (c) shows the semiclassical calculation
results with parameters identical to those of (b). Panel (d) shows the experimental
measurements at a wavelength of 1500 nm and laser intensities of 10.0 (upper curve)
and 4.0 (lower curve) × 1013 W/cm2. As shown, the measured PES (b) can be well
reproduced by the calculation (c). Note that the photon energy is very small at a mid-
infrared laser wavelength compared with that at 800 nm, so the spacing between the
ATI peaks is relatively smaller. The laser focusing effect further makes the ATI peak
barely visible and leads to smooth PES curves, which is in good agreement with ex-
perimental results, as shown in Figures 5.25 (b) and (d).
For the high energy part of the low energy structure (HLES), we can understand its
physical origin from Figure 5.26 [134]. In Figure 5.26 (a), the measured angle resolved
PES are shown, where an appreciable peak can be identified in the energy interval of
0.5–4 eV, corresponding to the dip of the curve in Figure 5.26 (d). These results are ad-
ditional evidence for the underlying mechanism of the HLES. The semiclassical calu-
lations with Coulomb potential included can reproduce the experimental measure-
ments, as shown in Figure 5.26 (b), but the calculation without Coulomb potential
failed to reproduce theHLES. The kinetic energy (determined dominantly by the longi-
tudinalmomentum)and the transversemomentumof the electron trajectorywithfinal
emission angle of 1.3° and of 3.5 eV is depicted with respect to time in Figures 5.26 (e)
and (f). For comparison, the trajectories with identical parameters are depicted where
the only difference is the inclusion or exclusion of the Coulomb potential in the cal-

 EBSCOhost - printed on 2/13/2023 9:33 PM via . All use subject to https://www.ebsco.com/terms-of-use



330 | Wei Quan, Xuanyang Lai, Xiaojun Liu, Jing Chen

Fig. 5.27: The very low energy structure and the corresponding longitudinal momentum distributions
for noble gas atoms Ne (a, d), Kr (b, e) and Xe (c, f). The solid arrows indicate the very low energy
structure and the dashed arrows the HLES. After [84].

culation. With the comparison, it is easy to discover that the Coulomb potential can
affect both the longitudinal and transversemomenta of the electron. For the longitudi-
nal momentum, the Coulomb potential shifts the distribution. For example, as shown
inpanel (e), the electron kinetic energy is decreased at the instant of 0.25 times optical
periods and increased at 0.75 times optical periods. Note that the Coulomb potential
can shorten the time span from the tunneling ionization to the return, whichmodifies
the electron dynamics significantly. As for the transverse momentum, the Coulomb
potential can reduce the transverse momentum significantly, which is closely related
to the distance between the electron and the core. As shown in Figure 5.26 (f), the
transverse momentum degrades significantly at three moments, when the electron
moves nearest to the core. The Coulomb potential lowers the emission angle from 6.5
degrees, which is obtained in calculation without Coulomb potential, to 1.3 degrees.
This the emission angle leads to a narrower distribution in Figure 5.26 (a) than in Fig-
ure 5.26 (b). Furthermore, although the final energy of the electron is 3.5 eV in Fig-
ure 5.26 (e), the energy of the electron when it returns to the core can be up to 90 eV
(~3Up), which means that even for the photoelectron with high return energy, the
Coulomb potential can affect its dynamics significantly. The detailed theoretical anal-
ysis can be found in [134, 135].
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The PES and longitudinal momentum distributionsmeasured with COLTRIMS for
noble gas atoms subject to laser fields with different wavelengths and intensities are
shown in Figure 5.27. For the photoelectron kinetic energy spectra at 800 nm, the ATI
peaks can be identified clearly, which fade out when the wavelength is increased to
1800 nm. In the meantime, HLES becomes more and more significant. Note that the
very low energy structures (VLES) below 1 eV are indicated in all the spectra. The en-
ergy of VLES is around 0.5 eV at 800 nm and in the interval of 0.1 − 0.2eV when the
wavelength is increased to 1320 and 1800nm. Interestingly, the double hump struc-
tures appear in all the longitudinal momentum distributions. There is a minimum
at zero momentum and a pronounced hump on each side that consists of a series of
peaks. The peak of the hump corresponds to the VLES in PES.

These experimental results can be reproduced by numerically solving the TDSE,
as shown in Figure 5.28. If the short range potential is employed, instead of the long
rangeCoulombpotential, thenall theLESdisappear, includingHLESandVLES,which
means that VLES is also the result of interactions between the photoelectron and the
long range Coulomb potential. In 2002, Chen et al. [135] calculated the longitudinal
momentum distributions for He and the results are qualitatively in agreement with
Figure 5.27. According to their analysis, the double hump structure can be attributed
to multireturn low energy electrons. Kästner et al. [136, 137] and Wu et al. [84] pro-
posed a ‘bunching’ mechanism for the VLES. According to this theory, the tunneling
photoelectron ionized within a certain interval of the laser phase can go back to the
core with zero momentum. Moreover, the momentum that the electron acquired from
the laser fieldmay be totally compensated by the Coulomb field, which leads to a peak
structure (VLES) in the momentum and energy distributions, as shown in Figure 5.29.
In 2014, theoretical work with a softened potential was performed by Lin et al. [138],
which demonstrated that HLES is due to the larger range of the Coulomb potential,
and VLES is due to the nearer Coulomb potential. Note that these electrons possess
very low kinetic energy and locate farther than 10 a.u. from the core during the in-
teraction. In contrast, to produce high order ATI with backscattering electrons, the
distances have to be around several a.u. Detailed theoretical analysis can be found
in [84, 136, 137].

As discussed above, the semiclassical calculation can reproduce the experimen-
tal data and also the results by numerically solving the TDSE. This can be understood
because the LES appears in the PES for atoms ionized in a deeply tunneling ionization
regime, where thewavelength is long enough and the photon energy ismuch less than
the ponderomotive energyUp. According to the discussion in Section 5.4, the semiclas-
sical model is supposed to work well. In contrast, there are problems in the treatment
of LESwith the SFAbecause in this approximation, the ionic potential is completely ig-
nored. According to the semiclassical analysis, the ionic Coulomb potential is crucial
for LES. Unfortunately, there is no convergence for the S-matrix calculation with long
range Coulomb potential, as described in equation (5.67). Therefore, it is expected that
the SFA fails to reproduce LES [83]. Yan et al. [139] improved the quantum orbit proce-
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Fig. 5.28: (a), (b) The calculated PES and longitudinal momentum distributions by numerically solv-
ing the TDSE. The solid curve in the middle is the calculation result with the model potential for Xe.
The upper dash-dot line is the calculation result with the hydrogenic potential model. The lower
dash line is the calculation result with short range potential. (c), (d), (e), (f), (g), and (h) are PES
and longitudinal momentum distributions calculated with the semiclassical model. (c) and (f) Ne at
800nm; (d) and (g) Kr at 1320nm; (e) and (h) Xe at 1800nm. After [84].

dure based on the SFA and calculated 108 quantum orbits in the combination field of
the Coulomb field and laser field. They eventually reproduced the experimental mea-
surements with equation (5.72) employed to calculate the transition matrix elements.
Guo et al. [140] managed to avoid the divergence problem by including ground state
depletion in their calculation procedure and achieved the HLES with equation (5.67).
They further studied the scaling of LES with respect to the Keldysh parameter and the
ponderomotive energy to elucidate the significance of long range Coulomb potential
in LES. It is noteworthy that all the calculations mentioned above can only reproduce
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Fig. 5.29: Evolution of the longitudinal momenta of photoelectrons with respect to time for four
different trajectories calculated with a semiclassical model. The solid lines are for the calculation
with Coulomb potential considered, while the dotted lines are for the calculation without Coulomb
potential.

the HLES. To reproduce VLES, it is necessary to include higher orders of the S-matrix,
which poses a great challenge because of the divergence problem.

5.6.5 Doubly charged ion yields from NSDI

The theoretical method for NSDI is muchmore difficult than for ATImentioned above.
In the study of ATI process, a single active electron approximation can be well em-
ployed. But for NSDI process, it involves electron-electron interaction and is a typi-
cal three body Coulomb system strongly perturbed by a strong laser field. Due to the
increase of the spatial dimensions, the requirement of calculation capacity becomes
much larger than that of a single electron. Furthermore, since the exact form of the
interaction between the electron and ion is not clear, it is difficult to study the NSDI
process theoretically [141, 142]. Currently, the widely used approaches can be sepa-
rated into two categories [141]. One is called the ‘single step’ theory, including numer-
ical solution of the TDSE as well as the completely classical methods. Note that both
methods are first principle theory. The other category is the ‘multistep’ theory, includ-
ing the S-matrix theory and semiclassical theory. These methods can all reproduce
(at least qualitatively) the experimental observations well, but they also have some
shortcomings. Numerical calculation of the TDES is time consuming, and in practice,
a variety of approximations have to be employed. In addition, TDSE simulation cannot
give an intuitively physical picture. The calculation of the completely classicalmethod
is also time consuming and usually its result cannot be quantitatively well compared
with the experimental observation. The shortcoming of the multistep model is that
the physical processes are studied with the lack of a solid physical principle. Here, we
take ion yield of NSDI, ionmomentum distribution along laser polarization direction,
and correlated electron momentum distribution as examples to compare these kinds
of theoretical calculations with experimental results.
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Fig. 5.30: Ionization yields as a function of laser intensity. (a) Ion yields for single and double ion-
ization of He for the laser fields with λ = 780nm, and pulse duration of 160fs. After [143]. (b) ADK
simulation of the ion yields for single and double ionization of He. Inset shows the ratio of yields of
He2+ and He+. After [61]. (c) Yields of the single and double ionization of a model atom as a function
of laser intensity with a completely classical method. After [53].

Figure 5.30 shows the experimental observations and theoretical calculations of
the yields of single ionization and double ionization of He atoms in linearly polarized
laser fields as a function of laser intensity. In Figure 5.30 (a), the symbols + and x de-
note the measured yields of the singly and doubly charged He ions respectively. The
solid line is for the SFA calculation and the dashed line represents the yield of theHe2+
ions by a sequential ionization process based on SAE approximation. The measured
ion yield of He2+ is many orders of magnitude higher than the prediction based on
SAE, indicating that the production of He2+ involves a strong electron-electron corre-
lation.

The calculation of the S-matrix theory can very well reproduce the experimental
results in a wide range of laser intensities. The theory includes not only the free elec-
tron from above threshold ionization, but also the second electron impact-ionized by
the first electronwhen it recollideswith the ionic core in the presence of the laser field,
as well as the energy exchange between the two electrons [143]. In general, the laser
pulse used in the S-matrix theory is a monochromatic laser field. For the laser pulse
with duration 160 fs in experiments, the infinitely long pulse is a good approximation.

In Figure 5.30 (b) the dotted lines and dashes correspond to the tunneling ioniza-
tion rates of He and He+ with the ADK model, while the filled circles represent the
results calculated with the semiclassical model. The inset shows the ratio of yields of
He2+ and He+ as a function of laser intensity, where the filled circles are the results in-
cluding the rescattering processes and the solid line is a fit to experimental data [61].
The semiclassical method qualitatively reproduces the experimental data. For the ra-
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tio of yields between He2+ and He+, the semiclassical method is especially consistent
with the data. In the calculation, it is assumed that the outermost electron is ionized
by tunneling ionization, and the motion of the tunnel-ionized electron is completely
determined by the classical Newtonian equation in the presence of the laser field and
ionic Coulombpotential. The ionized electronmight return to the core and collidewith
the second electron, leading to the simultaneous ionization of the two electrons. The
interaction of the two electrons is the Coulomb interaction.

Figure 5.30 (c) exhibits the ion yields for the single and double ionization of a
model atom as a function of laser intensity calculated with a completely classical
method. The filled circles represent the yield of doubly charged ions, and the filled
triangles denote the yield of the doubly charged ions [53]. Even though the quantum
effect is not considered, the yield of doubly charged ions from the classical method
as a function of laser intensity is qualitatively consistent with the data. Moreover, the
completely classical method also predicts that the yield of triple ionization exhibits
the so-called ‘knee’ signature of NSDI. Comparedwith the S-matrix theory, the advan-
tages of the semiclassical and completely classical methods are that a clear physical
mechanism can be obtained by analyzing the classical trajectory, and the form of the
laser field can be easily changed. Even so, the shortcomings of the two methods are
also obvious, i.e. quantum effects cannot be considered.

5.6.6 Ion momentum distribution from NSDI

Another important experimental measurement in NSDI is the differential momen-
tum distribution of doubly charged ions. For some specific laser intensities, NSDI
will exhibit a double hump structure in the ion momentum distribution along the
laser polarization direction and the maximal yield appears at the positions with
nonvanishing momenta. Figure 5.31 (a) shows the measured momentum distribution
of doubly charged ions of He along the laser polarization direction at intensity of
6.6×1014 W/cm2, wavelength of 800 nm and pulse duration of 220 fs. The ionization
yields are maximal at the momentum around ±2 a.u.

Figure 5.31 (b) shows the momentum distribution of doubly charged ions of He
calculated with the semiclassical method. The laser parameters are the same as that
in (a). Semiclassical calculations qualitatively reproduce the experimental observa-
tions. Particularly after smoothing of the results to reduce the statistical error, the
curve shows a double hump structure as in the experimental data. A closer inspec-
tion shows that the positions of the peaks in the calculated momentum distribution
of He2+ are larger than that of the data, while the yield near zero momentum is lower
than the experimental observation. Figure 5.31 (c) shows the S-matrix simulation of
the momentum distribution. The amplitude of the maximalmomentum, the positions
of the peak in the distribution, and the width of the momentum are in good agreement
with the data. The only difference is that near zero momentum, the calculated yields
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Fig. 5.31:Measured and calculated momentum distributions of doubly charged ions in the direction
of the laser polarization. (a) Experimental data of He2+. After [90]. (b) Semiclassical simulations. The
laser parameters are the same as in (a). After [144]. (c) Simulation with S-matrix theory. After [145].
(d) Simulation with completely classical method and its comparison with the data. After [52].

are significantly lower than the experimental results. The reason may be that the cal-
culation does not consider the impact-excitation double ionization channel [145]. Fig-
ure 5.31 (d) shows the results with the completely classicalmethod, aswell as the data.
The advantages of classical calculations are that they can be used to back-analyze the
various electron trajectories. The trajectories can be categorized into two classes: one
may produce a single peak (indicated by Z) at zero momentum; the other will pro-
duce a double hump structure (represented by NZ) in positive and negative symmetry
at nonvanishing momenta. The experimental observation of the double hump struc-
tures can be well understood by the combination of these two kinds of trajectories, as
shown in Figure 5.31 (d).

5.6.7 Correlated electron momentum distribution from NSDI

In 2007, Staudte et al. [92] and Rudenko et al. [105] found that the correlated electron
momentumdistributions fromNSDI of He exhibit a finger-like pattern. The theoretical
analysis [92, 146] shows that the finger-like structure is related to the electron-electron
repulsion in the double ionization process. Figure 5.32 (a) shows the measurement
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Fig. 5.32:Measured and calculated correlated electron momentum distributions from double ion-
ization of He. (a) Experimental data. After [92]. (b) TDSE simulations. After [92]. (c) Semiclassical
calculation results. After [146]. The parameters used in (b) and (c) are the same as those in (a). k‖a
and k‖b represent the momenta of the two electrons along the laser polarization direction.

by Staudte et al. with a linearly polarized laser field, where I = 4.5 × 1014 W/cm2,
λ = 800nm and pulse duration 40 fs. The white line represents the 2√Up cutoff mo-
mentum predicted by the classical model. As shown in Figure 5.32 (a), the momentum
distribution extends beyond the classical limit. Figure 5.32 (b) shows the TDSE sim-
ulation, which qualitatively agrees with the data. In order to reduce the amount of
calculation, the motion of two electrons is confined to the laser polarization direc-
tion. This simplified approach may give rise to a deviation from the experimental re-
sults. Figure 5.32 (c) is the semiclassical calculation, where the black curve denotes
the 2√Up cutoff momentum. The semiclassical calculation with the Coulomb poten-
tial qualitatively reproduces the finger-like structure. However, if the Coulomb poten-
tial is replaced by a short range potential, the finger-like structure disappears. This
fully shows that the long range Coulomb interaction between the two electrons is the
physical origin of the finger-like structure [146].

5.7 Current research frontiers

In the previous sections, we introduced two typical physical phenomena: above
threshold ionization and nonsequential double ionization, which are generated by
the interaction of atoms with multicycle laser pulses at near-infrared wavelengths
with the intensity in the range of 1013–1014 W/cm2. Recently, with the rapid devel-
opment of ultrafast laser technology, the study of strong field atomic physics has
further extended in depth and scope. Some new research fields are gradually being
developed. In the following, we will briefly introduce some recent progress in strong
field atomic physics.
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5.7.1 Absolute phase effect of the few-cycle laser pulse

At the end of the twentieth century, laser pulseswith the durations less than 10 fswere
achieved [147, 148]. For Ti:sapphire laser systems, the central wavelength of the laser
pulse is about 800 nmand the period of one optical cycle is 2.7 fs. Thus, the laser pulse
with the pulse duration less than 10 fs contains only a few optical cycles. This kind of
femtosecond laser pulse is called the few-cycle laser pulse.

Compared to the long laser pulses, in addition to the laser wavelength, intensity,
and pulse duration, another important parameter, the carrier-envelope phase (also
called the absolute phase), plays an important role in the interaction between atoms
and the laser field. A few-cycle laser field can be usually written in the following form:

E(t) = E0(t) sin(ωt + φ) , (5.78)

where E0(t) denotes the pulse envelope, ω is the laser oscillating frequency (or car-
rier frequency), t is the time, and φ is the carrier-envelope phase, i.e. the absolute
phase. When the absolute phase is varied, the electric field of the few-cycle laser will
be changed significantly. Figure 5.33 shows the change of the electric field of the few-
cycle laser field with the absolute phase φ. When φ = 0, the maximumelectric field of
the laser field is along the positive direction, while when φ = π, the maximumelectric
field of the laser field is along the negative direction. In both cases, the components
of the electric fields along the positive and negative directions are asymmetric. Only
when φ = π/2, are the positive and negative components of the electric field of the
laser pulse symmetric. Because the interaction of atomswith the strong laser field, e.g.
above threshold ionization and nonsequential double ionization processes, is closely
associated with the electric field form of the laser field, can the strong field atomic
process be controlled by changing the electric field form through the absolute phase.

Using the quasistatic model, Dietrich et al. [152] first studied the influence of the
absolute phase of the circularly polarized few-cycle laser pulse on the photoioniza-
tion process. Their simulation results showed that the photoelectron angular distri-

Fig. 5.33: Electric field of the few-cycle laser field as a function of time with the different absolute
phases. (a) φ = 0, (b) φ = π/2, (c) φ = π. After [149].
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bution is strongly dependent on the absolute phase. Thus, they proposed measuring
the absolute phase of the laser pulse in experiment using the peak position of the
photoelectron angular distribution. In 2001, Paulus et al. [149] first studied the abso-
lute phase effect on the photoionization process during the interaction of atoms with
the few-cycle laser pulse. In the experiment, the noble gas atoms were ionized by the
circularly polarized laser pulse and the photoelectrons emitted along two opposite
directions were detected by two detectors. The absolute phase of laser pulses can be
revealed after the correlation analysis of the number of photoelectrons detected by the
two detectors. The experimental results show that the absolute phase effect is obvious
for a few-cycle laser pulse with duration of 6 fs, but the absolute phase effect cannot
be seen once the pulse duration increases to 8 fs. Moreover, this effect becomes weak
after considering the focus volume effect, and the longer the laser pulse, the much
weaker this effect. Milošević et al. [153] analyzed the experimental results with SFA
theory and proposed a method to measure the pulse duration of the few-cycle laser
pulse without phase stabilization.

Based on the previous works, in 2003 Paulus et al. [150] proposed an experimen-
tal method to measure the absolute phase of few-cycle laser pulses. They used a pair
of glass wedges to optimize the dispersion and adjust the CEP of the few-cycle laser
pulse, and additionally systematically measured and compared the CEP dependence
of the ATI spectra emitted along the opposition directions. In Figure 5.34, for the lin-
early polarized laser field with pulse duration of 5 fs, central wavelength of 760 nm,
and intensity around 1014 W/cm2, the experimental results show that the photoelec-
tron spectra along the opposition directions change with absolute phase of the few-
cycle laser pulse. In particular, for high energy electrons, the ratio of the electron
yields emitted in the different directions approaches one order of magnitude. The dra-
matic changes of the high energy electron spectra with the absolute phase can bewell
understood with the rescattering model. First, due to the exponential dependence
of the tunneling ionization probability on the laser electric field, for the few-cycle
laser pulse the photoionization is most likely to occur in one or two optical cycles
near pulse peak. Second, in such an optical cycle, only electrons ionized by tunneling
in a very narrow time may return to the parent ion. After the elastic collisions with
ion, the electron is accelerated and gains more energy from the laser electric field,
leading to the generation of the high energy electron. These two constraints suggest
that the high energy photoelectron strongly depends on the absolute phase of the few-
cycle laser pulse. Combinedwith semiclassical calculations and experimental results,
they achieve a precisemeasurement of the absolute phase of the few-cycle laser pulse
through the ratio of high energy electrons emitted along two different directions.

In 2005, Lindner et al. [154] experimentally showed the ‘double slit’ interference
of the ionized electronwave packets in the time domainwith the phase stabilized few-
cycle laser pulses. In the experiment, they carefully selected the absolute phase of the
few-cycle laser pulses such that the detected electrons are from different time ‘win-
dows’ in the laser pulse. The interference of the electron wave packets from different
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Fig. 5.34: (a), (b), (c), (d) and (e) PES of Xe along the positive and negative polarization directions of
the laser pulse with different absolute phases. (f) PES along the positive and negative polarization
directions of the laser pulse without phase stabilization. After [150]. (g), (h), (i), (j), (k) Momentum
distribution of Ar2+ along the laser polarization direction with different absolute phases. (l) Mo-
mentum distribution of Ar2+ along the laser polarization direction without phase stabilization. Af-
ter [151].
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channels results in significant interference patterns in the above ionization threshold
photoelectron spectra. Their experiments also showed that the control of the coher-
ent ultrafast electron behavior in the suboptical-cycle timescale can be achieved by
modulating the absolute phase.

Like above threshold ionization, the atomic NSDI process also strongly depends
on the absolute phase of few-cycle laser pulses. In 2004, Liu et al. [151] studied themo-
mentum distribution of Ar2+ using ion-electron momentum correlation spectra. They
found that for the laser pulse with a pulse duration of 5 fs, a central wavelength of
760 nm, and intensity around3.5×1014W/cm2, the ionmomentumdistribution along
the laser polarization shows a significant asymmetry, and this asymmetry canbemod-
ulatedwith the absolute phase, as shown in Figure 5.34. In fact, before this experimen-
tal work, Liu et al. [155] had developed a semiclassical model based on the electron
rescattering to study the absolute phase dependence of the photoelectron momentum
distribution in nonsequential double ionization. They found that with the variation
of the absolute phase, the electron momentum distribution gradually moves from the
first quadrant to the third quadrant. Because the measured momentum of the double
charged ion is equal to the sum of two electron momenta, the experimental results
agree well with theoretical predictions.

The atomic photoionization process is sensitive to the laser pulse duration and
the absolute phase, which can be used for the real time diagnosis of the few-cycle fem-
tosecond laser pulse. For example, in 2009, based on Paulus et al.’s works, Wittmann
et al. [156] further developed an absolute phase measurement method with the high
order above threshold ionization, and realized a high precision measurement of the
phase, i.e. less than 10mrad. In the experiment, they set up a ‘stereo-ATI’, simi-
lar to Paulus et al.’s works, to obtain the absolute phase value by measuring and
comparing the photoelectron spectra along two opposite directions of the laser polar-
ization. Since the interaction region allows a high density of the gas target, enough
high-energy electrons can be obtained for a single laser shot, and thus an accurate
measurement of the absolute phase for a single laser pulse can be achieved. Sayler et
al. also used the stereo-ATI to achieve a real time accuratemeasurement of laser pulse
duration for the few-cycle laser pulse [157].

Although there are still some technical challenges to measure absolute phase for
the current stereo-ATI technology, for example the influence of the pulse duration and
the intensity fluctuation on the measurement results cannot be fully eliminated, the
stereo-ATI technology for measurement of the absolute phase has greatly promoted
the study of the electron dynamic behavior in the subcycle time scale [158–160]. The
latest developed stereo-ATI technology based on the solid state sample [161] is free of
vacuum systems, making it more practical and convenient.
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5.7.2 Atomic ionization by superintense laser field

In previous sections, we mainly discussed the interaction of atoms with intense laser
of intensity around 1013–1016 W/cm2. With further increase of the laser intensity,
many highly charged ions will emerge. Additionally, the relativistic effect and mag-
netic field effect will also make the interaction of atoms with strong laser fields more
complicated. Recently, attention has been paid to atomic ionization by the superin-
tense laser field. For example, in 2005 Palaniyappan et al. [162] experimentally mea-
sured the ion yields of the noble gas atoms as a function of laser intensity in the range
1014–1018 W/cm2.

As shown in Figure 5.35, by comparing the experimental results with the ADK sim-
ulations, the ions of Ne2+, Ne3+, Ne4+ and Ne5+ are mainly generated from the non-
sequential double ionization in a certain intensity range, which can be seen from the
‘knee’ structure in the figure. The experimental results were simulated with a three
dimensional semiclassical model under relativistic conditions. Theoretical analysis
shows that when the light intensity is higher than 1017 W/cm2, the Lorentz force of
the magnetic field of the laser field begins to affect the behavior of electrons, which
leads to the suppression of the rescattering. Almost at the same time, Giubbini et
al. [163, 164] measured the ion yields of noble gas atoms in the laser intensity range

Fig. 5.35: Ion yields (from Ne+ to Ne8+ from left to right) as a function of the laser intensity. Filled
circles: experimental data; dotted line: ADK theoretical model calculations; solid line: a three di-
mensional rescattering model calculation including the relativistic effects. After [162].

 EBSCOhost - printed on 2/13/2023 9:33 PM via . All use subject to https://www.ebsco.com/terms-of-use



5 Atomic physics in ultrafast intense laser fields | 343

1016–1018 W/cm2 and observed highly charged ions (up to 15+). In their theoretical
analysis, the relativistic effects are also taken into account. They found thatwhen laser
light intensity is close to the relativistic region, the widely used rescattering mecha-
nism for the nonsequential double ionization is largely suppressed. The possible rea-
sons are that the electron impact ionization cross-section decreases with increasing
charge state, or the diffusion effect of the return electron wave packet increases and
the magnetic component of the laser field influences the dynamics of the electron.

5.7.3 Molecular ionization in intense laser fields

Compared with the simple atom, the molecule system has a complex electronic struc-
ture and multiple atomic nuclei. The behavior of molecules in strong laser fields is
significantly different from that of atoms. How the complex structure of a molecule
affects its dynamic behavior in a strong laser field is a hot and challenging issue in
current research.

The influence of molecular structure on the ionization is first found in the mea-
surement of the total ionization probability of molecules. In the mid-1990s, it was
found that in the near-infrared femtosecond laser field, the ionization probability of
some molecules is much smaller than that of their companion atoms (the atom with
similar ionization potential as the molecule), i.e. it exhibits strong ionization suppres-
sion [165]. Figure 5.36 shows the ionization probability of the diatomic molecules (N2
and O2) and the noble gas atoms (Ar and Xe) measured by Guo et al. [166] as a func-
tion of laser intensity. Note that the molecule N2 and the atom Ar chosen in the exper-
iment have similar ionization potential (N2: 15.58 eV, Ar: 15.76 eV), while the molecule
O2 has similar ionization potential to the atom Xe (O2: 12.8 eV, Xe: 12.76 eV). As one
can see from the figure, for N2 and Ar, the changes in the ionization probability with
laser intensity are almost the same, but surprisingly, compared with atomXe, the ion-
ization probability of the molecule O2 is significantly lower, showing a strong ioniza-
tion suppression. This molecular ionization suppression phenomenon has attracted
wide attention in the strong field physics community and many theoretical models
have been developed in the past ten years. For example, in the molecular-ADK (MO-
ADK)model [167] the appearanceof themolecular ionization suppression is attributed
to different asymptotic behaviors of the ground state wavefunctions. Another expla-
nation attributes the ionization suppression to the multielectron screening effect in
molecules [168]. Quantummechanical S-matrix theory however predicts that this phe-
nomenon is related to the multicenter structure of molecule, i.e. the interference be-
tween photoelectron wave packets emitted from the different atomic centers leads to
ionization suppression [169]. Figure 5.36 shows the quantummechanicalS-matrix cal-
culation, which well reproduces the experimental results. Furthermore, in 2012 Lin et
al. [170] experimentally and theoretically studied molecular ionization suppression.
By measuring and comparing the ionization yields of the molecules (O2 and N2) and
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Fig. 5.36: Single ionization probabilities of N2, Ar and O2, Xe as a function of the laser intensity for a
laser pulse with a pulse duration of 30 fs and a central wavelength of 800nm. Measured results are
shown in the upper panel. After [166]. S-matrix calculation is in the lower panel. After [169].

their companion atoms (Xe and Ar) in intense near-infrared and mid-infrared laser
fields, they found that the molecular ionization suppression with respect to its com-
panion atom strongly depends on the laser intensity andwavelength. No suppression
was seen in the molecule N2 in comparison with its companion atom Ar. The study
strongly supports the emergence of molecular ionization suppression frommolecular
two-center interference, while both themolecular ADK formulation andmultielectron
screening model failed to predict the observed wavelength dependence of ionization
suppression.

The structure of diatomicmolecules also affects the nonsequential double ioniza-
tion process. In Figure 5.37, Eremina et al. [171] measured the correlated electron mo-
mentum distribution from nonsequential double ionization of molecules N2 and O2.
Experimental results show that, as with the noble gas atoms, the electron momentum
correlation distribution of the double ionization of the N2 molecule is mainly in the
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Fig. 5.37: Experimental correlated electron momentum distribution from nonsequential double ion-
ization of molecular N2 at the laser intensity of 1.5 × 1014 W/cm2 (left) and O2 at the laser intensity
1.7 × 1014 W/cm2(right). The laser wavelength is 800nm and the pulse duration is 35 fs. After [171].

first and third quadrants,while formolecular O2, the electronmomentumdistribution
is in the near-zero momentum region. In their work, they implemented the molecular
structure and thedouble atomic center interference effects into the rescatteringmodel.
The simulation results very well reproduced the experimental results, suggesting that
the molecular structure significantly affects the correlated electron emission.

According to the tunneling ionization theory, the ionization probability depends
exponentially on the ionization potential of the system. As for a complex molecular
system, the energy of the highest occupied molecular orbital (HOMO) may be not too
much larger than that of the other occupiedmolecular orbitals (e.g. HOMO-1, HOMO-2,
etc.). Therefore, the contribution from differentmolecular orbitals needs to be consid-
ered in the ionization processes of the molecule. Especially for some specific molec-
ular orientations, the contribution from HOMO-1 or even HOMO-2 molecular orbitals
to strong field ionizationmay become significant. In 2008, McFarland et al. [172] mea-
sured the high order harmonic generation of molecular N2 with different orientations
and observed the contribution from the HOMO-1 molecular orbital to the tunneling
ionization. In 2009, Akagi et al. [173] experimentally studied the ionization behavior
contributions from different molecular orbitals of HCl. For the HCl molecule, the en-
ergy of the highest occupied molecular orbital is −12.747 eV, while the energy of the
second highest occupiedmolecular orbital is −16.265 eV, relatively close to the former.
In experiments, they measured the fragments from the HOMO-1 channel to determine
the contribution from HOMO-1. Figure 5.38 shows that after the ionization from the
HOMO state, the generated ion is in the ground state (X2Π) without dissociation. In
contrast, the ionization of molecular orbital HOMO-1 state will generate the excited
state (A2Σ+) ion, which will be dissociated by coupling to the 22Σ+ state. In experi-
ments, the contribution from the HOMO-1 state to the ionization process can be ob-
served by detecting the atomic ion signal from dissociation.

During the past decade, it became possible to use the intense field driven tun-
nel-ionized electron beam to probe molecular structures and ultrafast dynamics pro-
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Fig. 5.38: Ionization and dissociation of molecular HCl subject to an intense laser field. After [173].

cesses, as the ionized electron beam has ultrahigh temporal and spatial resolution.
In 2002, Niikura et al. [174] first proposed a ‘molecular clock’ scheme by analyzing
the electron wave packet features from hydrogen molecules in a strong laser field.
By comparing the proton kinetic energy spectrum from the dissociation of molecu-
lar hydrogen in the linear polarization and elliptical polarization fields, they obtained
information on the vibrating wave packet of H+2 induced by recollision of the tunnel-
ionized electrons. In combinationwith theoretical calculations, they revealed that the
ionized electron wave packet has high current density and short pulse (~1 fs) features.
Oneyear later, using the correlationproperties of the rescattering electronwavepacket
and the parent ion from the strongfield ionization ofmolecular hydrogen, and bymea-
suring the kinetic energy distribution of protons frommolecular dissociationwith dif-
ferent laser wavelengths, they observed the vibration of the nuclear wave packet of
D+2 from the multiphoton ionization of D2 with a time and spatial resolution as high
as 200 as and 0.05 Å respectively [175].

As previously mentioned, because of the multiatomic center nature of molecules,
the intense field ionized electron in molecules may come from different atoms. As
in Young’s double slit interference of light, the ionized electron wave packets from
the different atomic centers may interfere with each other. The interference pattern is
closely associated with the molecular structure, e.g. nuclear distance. Based on this
picture, in 1996 Zuo et al. [176] proposed an effective method to probe the structure
and dynamics of molecules by laser induced electron diffraction. Later, this method
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was further developed and improved [177]. In 2008, Meckel et al. [178] experimentally
studied themolecular structure and the dynamics using laser induced electrondiffrac-
tion. They measured the three dimensional electron momentum distributions of the
diatomic molecules N2 and O2 spatially aligned with intense laser pulse, and further-
more obtained information on the ground state of the electron orbit and the position
of the parent ion. After that, Okunishi et al. [179] and Kang et al. [177] experimen-
tally measured the angular distribution of the high order ATI of randomly oriented
molecules and further revealed the relationship between the electron angular distri-
bution and molecular structure in its ground state in terms of quantum mechanical
S-matrix theory. In 2012, Blaga et al. [180] studied the ultrafast change of the bond
length of the molecular ions N+2 and O+2 with time using the laser induced electron
diffraction scheme. According to the rescattering picture, the return time of the tun-
nel-ionized electron wavepacket induced by the laser field is related to the laser wave-
length. By measuring and comparing the diffraction patterns from the scattering of
the tunneling-ionized electron with the parent ion at different wavelengths, informa-
tion on the time evolution of the molecular bonds can be obtained. In their work, they
measured the electronmomentum spectra at three differentmid-infraredwavelengths
and the corresponding electron scattering cross-section was extracted from the elec-
tron momentum spectra. Furthermore, by comparing the experimental results with
theoretical calculations, a best-fit value of bond length of the molecular ion at vari-
ous wavelengths was extracted from the experimental data. Their study showed that
with the laser induced electron diffraction method, one may simultaneously detect
the dynamics of electrons and ions with an unprecedented time resolution of a few
femtosecond and spatial resolution of subangstroms.

5.7.4 Strong field atomic physics in XUV and X-ray regimes

In the previous sections, we mainly introduced the progress of strong field atomic
physics in the long wavelength range (near-infrared andmid-infrared band). For long
laser wavelength, the electron motion is relatively fast in comparison with the oscil-
lation of the electric field of the laser pulse. Thus, it is reasonable to consider the
laser field as a quasistatic field for which the semiclassical or even classical model
can be used to understand the interaction of atomswith strong laser fields and the dy-
namic processes involved. Recently, with the development of free electron laser tech-
nology [183–185], laser pulses with wavelengths in the range from extreme ultraviolet
(XUV) to X-rays, pulse durations of a few femtoseconds, and peak laser intensities of
1018 W/cm2 or even higher, can be achieved, which provides a powerful tool to study
strong field atomic physics at short wavelengths.

In 2009, Richter et al. [181] systematically studied the ionization behavior of dif-
ferent noble gas atoms with extreme ultraviolet pulses generated by the free electron
laser in Hamburg (FLASH) with wavelength of 13.7 nm (corresponding to photon en-
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Fig. 5.39: (a), (b) and (c): Time of flight mass spectrum of Xe produced by the free electron laser. The
photon energy is 90.5 eV, the laser pulse duration is about 10 fs, and the laser intensity is (a) 2.5 ×
1012 W/cm2, (b) 1.7 × 1015 W/cm2, and (c) 2.0 × 1015 W/cm2. After [181]. (e) and (f): Recoil ion
momentum distribution of single atomic ionization (e) and double ionization (f) of He atoms in the
laser pulse with a photon energy of 44eV, a pulse duration of 25 fs, and intensity of 1 × 1014 W/cm2.
After [182].

ergy 90.5 eV) and laser intensity up to 2×1015 W/cm2. Their experiments showed that
the ionizationprocesses of thenoble gas atoms in theXUVband shows a strongdepen-
dence on the species. For example, for the atoms Ne, Ar, and Kr, highly charged ions
(e.g. charge number of 7) can be observed with the highest laser intensity, while for
atomic Xe, charge numbers can be as high as 19, just as shown in the left panel of Fig-
ure 5.39. The highly nonlinear ionization behavior of Xe atoms cannot be understood
with the standardmodels developed in the optical wavelength, e.g. the tunneling ion-
ization theory based on the quasistatic field approximation. In the short wavelength
laser field, the ionization process is significantly affected by many factors, e.g. inner-
shell electron structure of the atom, electron correlation and resonance. The observed
highly nonlinear ionization behavior of atomic Xe may be related to the giant reso-
nance effect of its 4d state.
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Similar to strong field ionization in the optical band, the measurement of the
ion yields cannot provide much information about the physical mechanism of ion-
ization. Recently, the differential ion and electron momentum distributions have also
beenmeasured.With recoil ionmomentum spectroscopy, Rudenko et al. [182] studied
the simplest two-photon two-electron ionization process of the two-electron system,
i.e. the He atom, using the laser pulse generated by the free electron laser (FLASH)
with photon energy of 44 eV and laser intensity of up to 1014 W/cm2. They experi-
mentally measured the momentum distributions of He+ and He2+. They found that
the two momentum distributions are significantly different; see the right panel in Fig-
ure 5.39. Theoretical calculations show that the distribution of double charged ions
originates from the nonsequential ionization process. The ion distribution concen-
trated at near-zero momentum indicates that two electrons tend to show back-to-back
emission (opposite momentum direction), a significant anticorrelation feature. This
work provides a benchmark to develop themany-body quantum theory for few-photon
and few-electron interaction systemsand ishelpful to further understandelectron cor-
relation in the XUV regime.

With the further decrease of the wavelength of the free electron laser pulse to
the X-ray band, the the ionization of the inner shell electrons will become dominant,
which will generate numerous electron relaxation processes, e.g. Auger and the cas-
caded processes, resulting in the generation of highly charged ions andmore complex
interactions between atoms and the strong laser field. Young et al. [186] studied the
interaction of the noble gas atomswith anX-ray laser pulse generated by anX-ray free-
electron laser (Linac Coherent Light Source, LCLS) (light intensity 1018 W/cm2, wave-
length in the range 1.5~0.6 nm, photon flow about 1015 photons/Å2). Considering that
the binding energy of the 1s electron of an Ne atom is 870 eV, Young et al. chose three
typical photon energy values: 800 eV, lower than the ionization threshold; 1050 eV,
higher than the ionization threshold; and 2000 eV, higher than the ionization thresh-
old for all charge states of neon. They experimentally measured the time of flight mass
spectra of the ionization of neon. By comparing the data and the theoretical simula-
tions, the laser pulse parameters, such as the photon flow and the pulse duration, can
be determined. Their results showed that even though the laser intensity gets up to
1018 W/cm2, the interaction of atoms with the X-ray laser pulse mainly takes place
through a series of single photon absorption process. Recently, Fukuzawa et al. [187]
extended the study of the interaction of radiationwith X-ray laser pulses to the hard X-
ray laser pulse generated by the X-ray free electron laser (SPring-8 Angstrom Compact
free electron Laser, SACLA). They studied the multiphoton and multielectron ioniza-
tion of the noble gas atomXe in the hard X-ray range with photon energy up to 5.5 keV.
Their results showed that the Xe atom can absorb five or evenmore hardX-ray photons
and the number of the ionized electron can get up to 26. Due to the strong electron-
electron interaction inside atoms, each photon can cause five electron ionizations on
average.
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5.8 Summary and outlook

In this chapter, recent progress in strong field atomic physics has been reviewed, and
the importance of atomic structure and electron-electron correlation has been demon-
strated in the ionization dynamics of atoms subject to intense laser fields. Most re-
cent advances include wide employment of few-cycle laser pulses in this research
area, enabling the exploration of the intense field-atom interaction, e.g. the NSDI pro-
cess [159], with an unprecedented time resolution of attoseconds. Meanwhile, by em-
ploying elliptically polarized light, one adds an additional dimension to the interac-
tion, providing more details on the strong field atomic processes [188–192] and facili-
tating the understanding of electronic dynamics on attosecond timescales [193–196].

Nevertheless, the research progress reviewed in this chapter ismainly constrained
to the near-infrared wavelength region and to simple atoms and molecules. The re-
cent development of ultrafast optical parameter amplifiers (OPAs) in the mid-infrared
wavelength region enables the exploration of the wavelength scaling of the semiclas-
sical aspects in intense laser-atom interactions, while the rapid development of free
electron laser technology, which can produce intense laser pulses in extreme ultra-
violet and even X-ray regions, will reveal novel atomic physics phenomena. In this
case, the inner-shell electrons will be first ionized, followed by an Auger process. A
full understanding of this ionization process involves the interplay of the inner-shell
electronic structure, electron-electron correlations and the resonance.

Moreover, in the past few years, considerable progress has beenmade towards the
understanding of how complex systems, such as molecules, clusters and even solids,
interact with intense laser fields. Many novel effects, such as multiatomic center in-
terference, molecular alignment andmany-body effects, start to play a role in interac-
tion processes. However, it is still an open question whether the well accepted theo-
retical models, such as strong field approximation (SFA) and the rescattering model,
whichwere developedmainly in studies on the simple atomic andmolecular systems,
can still apply to the complex systems. In particular, the understanding of electron-
electron correlation in this context is still largely an open question. All in all, one ex-
pects that the study of atomic and molecular dynamics in strong laser fields will con-
tinue to be one of the most rich and challenging topics within atomic, molecular and
optical physics in the years to come.
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6 Ultrafast spectroscopic techniques and ultrafast
photophysics in polymers

6.1 Introduction to ultrafast spectroscopy

6.1.1 Development of femtosecond ultrafast lasers

The world’s first laser was born in the 1960s [1]. On 15 May 1960, Theodore H. Maiman
successfully made the first laser with a ruby, whose working wavelength is 0.6943µm.
It opened a new door for people to explore nature. As a new type of light source, which
was coherent, it deeply influenced the whole scientific world, including physics,
chemistry, biology, materials, and information science. It also prompted new interdis-
ciplinary research. Optics itself developed new study fields, such as nonlinear optics
and quantum optics.

Ultrafast pulsed laser sources have very short pulse duration, so that light energy
concentrates in an ultrashort timescale, generating ultrahigh peak power. Shorten-
ing the laser pulse width is an important aim of laser technology. At first, short laser
pulses were limited by Q-switch, with an output power of ~106 W and pulse width of
10−9–10−10 s [2, 3]. During themid-1960s,mode locking technologywas invented. The
mode locking ruby laser and neodymium glass laser created ultrashort laser pulses of
picosecond duration. Then femtosecond dye lasers, which had broadband spectra,
generated short light pulse of ~100 femtosecond (10−15 s, fs) [4]. The further multiply-
ing of pulse peak power was realized by chirped pulse amplification (CPA) appearing
in the same period [5, 6]. This technique disperses the laser spectra in order to stretch
the pulse and reduce peak power safely amplify the pulse energy. Finally, the pulse is
compressed back to a femtosecond one. This reduces the nonlinear effect and avoids
the damage due to a reduced intense electric field inside the gain medium. The tech-
nique increased peak laser pulse power by five to six orders of magnitude, or even
higher, while keeping the pulse width. This technology is still a major way to obtain
high pulse energy femtosecond laser sources. In 1990s, the invention of all-solid-state
femtosecond lasers, such as Ti:sapphire lasers, greatly increased their accessibility
and commercialization,making the wide application of ultrafast lasers possible. This
led to the fast developments in optical science and applications. Ti:sapphire femtosec-
ond lasers usingKerr-lensmode locking technology (KLM) greatly simplified the struc-
ture of laser systems, making the miniaturization of femtosecond laser light sources

Shufeng Wang, Kang Meng, Qihuang Gong (corresponding author), Peking University, School of
Physics, Beijing 100871, China

https://doi.org/10.1515/9783110304558-006

 EBSCOhost - printed on 2/13/2023 9:33 PM via . All use subject to https://www.ebsco.com/terms-of-use



362 | Shufeng Wang, Kang Meng, Qihuang Gong

possible, improving their stability at the same time [7]. Using dispersion control and
compensationmethods, such as chirpedmirror, we canmake full use of the ultrawide
fluorescent spectrum of Ti:sapphire to achieve ultrashort femtosecond pulses of a few
cycles (4 ~ 5 fs) [8].

6.1.2 Ultrafast spectroscopic techniques

Spectroscopy is an important method in optical science, which uses the light spec-
trum to study various substances and their interactions. The spectrum represents elec-
tromagnetic radiation arranged according to wavelength, frequency, photon energy,
wave number, and so on, with relative intensity variation. Spectroscopy provides in-
formationon electronic structures, such as energy levels of atoms andmolecules, den-
sities of states, molecular geometries, the nature of chemical bonds, and reaction ki-
netics. It is a method for both qualitative and quantitative analysis.

The development of ultrashort pulsed lasers is the basis of femtosecond ultra-
fast spectroscopy. This technique can probe initial reactions or processes in the fields
of physics, chemistry, and biology that steady state or Q switching laser technologies
can’t reach. For example, the vibration, bondbreakingand formationprocess of chem-
ical bonds occur in the femto- to picosecond scale, requiring systems capable of fem-
tosecond time resolution.

6.1.2.1 Fluorescence upconversion
Fluorescence upconversion is a spectroscopy technology using sum frequency in non-
linear optical crystals (NLOcrystals, suchasBBO (bariumborate), LBO (lithiumborte),
and LiIO3) to convert and detect fluorescence dynamics. The experimental setup is
shown in Figure 6.1. The 800nm femtosecond laser pulses produced by a femtosec-

Fig. 6.1: Fluorescence upconversion setup.
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Fig. 6.2: The principle of fluorescence upconversion.

ond oscillator are partially frequency doubled through a BBO crystal to get a 400 nm
light source for pumping the sample and generating fluorescence. The fluorescence
is then focused on a second NLO crystal. The remaining 800nm light pulses are also
focused onto this second NLO crystal after passing an optical delay line, acting as
gate pulses. When the fluorescence and gate pulses are spatially overlapped on this
crystal, their sum frequency is produced. The energy of generated photons is the sum
energy of fundamental frequency photons and fluorescence photons, extended into
the ultraviolet range. The fluorescence participating in the sum frequency is the part
that temporally overlaps with the gate pulse. The amplitude of sum frequency signal
is proportional to the fluorescent strength when it overlaps with the gate pulse. By
scanning the optical delay line, we can change the relative time delay between the
fundamental frequency pulse and fluorescence, so as to obtain the relative intensity
of fluorescence relaxation at various time delays. By tuning the angle of the second
BBO crystal, we can achieve sum frequency phase matching of the fundamental and
different fluorescence wavelength. The principle for time resolved detection is shown
in Figure 6.2.

The sum frequency process on nonlinear optical crystals requires phasematching
of fluorescence and gate pulse photons (energy and momentum conservation) [9]

ωS = ωF + ωG , (6.1)
kS = kF + kG , (6.2)

where k is the wave vector, ω is angular frequency, and S, F, and G represent sum fre-
quency, fluorescence, and the fundamental frequency light respectively. In collinear
or approximate collinear cases, the conservation ofmomentum (phasematching) con-
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dition can be written as: ng
λG
+ nL
λL
= nS
λS

. (6.3)

Because the sum frequency occurs only at the gate pulse timescale, the time resolution
of this technology can reach the order of a femtosecond pulse’s width, which greatly
exceeds the resolution of photoelectric detectors. In addition, better signal-to-noise
ratio (SNR) canbe achieved as the ultraviolet signal has nearly zero backgroundnoise.
It should be noted that the fluorescence pulse and gate pulse overlapping in spacewill
result in aweakening in time resolution. ThickerBBOcrystals will also reduce the time
resolution of fluorescence upconversion.

6.1.2.2 Fluorescent optical parameter amplification
The fluorescence upconversion technology is suitable for detecting the fluorescence
dynamic process because of its high signal-to-noise ratio. However, as it is limited by
the NLO crystal’s phase matching, we can only obtain fluorescence decay at a single
wavelength for one scan. Additionally, this method is not sensitive to weak fluores-
cence, which limits the detection for samples of low luminous intensity. Therefore,
a different kind of ultrafast fluorescence detection method, time resolved fluorescent
optical parametric (FOPA) amplification technology, can be applied [10, 11].

The FOPA technique uses the optical parametric amplification process to directly
achieve wideband spectral dynamics of weak fluorescence signals. When weak fluo-
rescence enters the nonlinear crystal at the same time as another higher energy pho-
ton under phasematching conditions, the weak fluorescence will be amplified. Strong
pump light converts its photon into a signal photon at the same frequency as the fluo-
rescentphotonandan idle lightphoton. This conversionprocess increases thenumber
of fluorescence photons, and thus amplifies fluorescence. The efficiency of the ampli-
fication can reach ~106. Experiments verify that amplified fluorescence and the in-
cident weak fluorescence are linearly related, which correctly represents fluorescence
kinetics. In addition, by choosing a specific cutting angle of the nonlinear optical crys-
tal, we can obtain homogenous phase matching conditions in a broad spectral range,
i.e. all the fluorescence in the range can be homogenously amplified synchronously.
The time resolution of this method is also decided by the pulse width of the pump
light. The setup is shown in Figure 6.3.

To have effective FOPA, high pump pulse energy is needed, such as that obtained
from a chirped pulse amplification (CPA) system. The femtosecond pulses are fre-
quency doubled through a BBO crystal, and then used as the pump for the optical
parametric process. When frequency doubled light pulses passing through the BBO
crystal are above an intensity threshold, circular cone radiationwill be created (para-
metric superfluorescence produced by pulsed laser, shownas circular cone radiation).
It has been found that when the crystal rotates along its vertical axis, the radius of
the colored cone radiation changes. The blue edge changes faster than the red edge.
Therefore, when the crystal rotates, multiple wavelengths, from green to red, overlap
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Fig. 6.3: The setup of time resolved optical parametric amplification technology.

Fig. 6.4: The broadband FOPA based on cone emission [13].

in space at a certain angle, as shown in Figure 6.4. The crystal angle in whichmultiple
wavelengths overlap is the working angle for broadband FOPA. When weak fluores-
cence is injected along this angle as a seed light, bright amplified fluorescence can
be observed [12]. After amplification, fluorescence is recorded by spectrometer. By
changing the delay line, we can directly read time resolved emission spectra (TRES).

Since this technology has ultrahigh amplification (~106), it is sensitive to a small
number of fluorescent photons. Spectra obtained by a single gate pulse can display
discrete photons. To obtain a continuous and smooth transient fluorescence spec-
trum, integration and averaging are required. The high amplification also requires
stability of the laser light source during integration. Experiments have proved that
the fluctuation of conical emission (out of the amplified area) is proportional to that of
pump energy and amplified fluorescence. So, by referring to the fluctuation of conical
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radiation, we can effectively correct the FOPA signal. This greatly reduces the integra-
tion time, and improves the signal-to-noise ratio.

6.1.2.3 Transient absorption
The two ultrafast time resolved spectroscopic methods mentioned above are used to
detect the fluorescence of a sample. However, fluorescence is emitted from the lowest
excited state according to the Kasha rule. The intensity of fluorescence is proportional
to the S1 population. Femtosecond time resolved fluorescence spectrum detection
thus studies the evolution of the population dynamics of emissive excited states and
the related environment. However, there are a variety of nonemissive excited states
and other products in molecular systems, which are related to physical, chemical and
biological processes. After excitation, the population will transfer and redistribute to
other states, producing various products. Although some processes transferred from
emissive to nonradiative products can be detected by the fluorescence, their dynam-
ics cannot be fully observed. This means that time resolved fluorescence spectra have
their limitations. As an example, using fluorescence spectra, we can observe organic
photovoltaic devices for exciton cooling, diffusion, exciton annihilation, charge sepa-
ration and other physical process related with excitons, which are emissive. However,
charge separation states, polarons, and their diffusion and recombination cannot be
observed [14, 15]. In Cytochrome C, the ligand separation of +3 and +2 iron ions [16],
and in some proteins, light induced conformation variations do not directly correlate
with fluorescence emission [17].

The nonradiative states can transit to higher states by absorbing photons. Tran-
sient absorption then can be applied to study excited state population dynamics. Ra-
diative states can also be detected in transient absorption in the form of stimulated
emission. Therefore, this method can be used to detect ultrafast dynamics processes
more comprehensively. The transient absorption method is a powerful way to study
the ultrafast dynamical processes of complex systems.

The setup of the transient absorption technique is shown in Figure 6.5. A strong
pump beam excites the sample at t = 0, and populates the electronic states of the
sample. Another probe light passes through an optical delay line (single wavelength

Fig. 6.5: The light path diagram of a transient absorption spectrum.
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or supercontinuum, with a much lower energy than that of pump light) and overlaps
with the pump light at same spot on the sample, at the time delay ∆t. The probe pulse
has different transmittance according to the time delay. The recorded intensity of this
probe light is then compared with that when pump light is absent, to achieve the vari-
ation in transmittance, ∆T. The intensity of the probe light before going through the
sample is I0(v), and the sample thickness is l. According to the principle of the Beer–
Lambert law, light intensity after going through the sample is [18]

I(v, 0) = I0(v) × 10−εvN(0)l . (6.4)

After time ∆t,
I(v, ∆t) = I0(v) × 10−εvN(∆t)l , (6.5)

where εν is the molar absorption coefficient of samples at frequency ν. N(0) is the
population at t0 and N(∆t) is the population when absorbing the probe photon. The
absorption value OD at t = 0 and t = ∆t can be expressed as

OD(n, 0) = log 1
T(n, 0) , (6.6)

OD(n, ∆t) = log 1
T(n, ∆t) , (6.7)

where T is transmittance. According to equations (6.6) and (6.7), the variation of OD
is

∆OD(n, ∆t) = log T(n, 0)
T(n, ∆t) = log I(n, 0)

I(n, ∆t) . (6.8)

Together with (6.4) and (6.5) we can get

∆OD(n, ∆t) = εν [N(∆t) − N(0)] l . (6.9)

For a thin filmwhose absorption coefficient and thickness are fixed, the change of the
absorption is proportional to the population of a certain energy level after delay ∆t.
The change of the population shows the evolution of dynamic processes over time.

Although we can obtain the dynamic processes of electronic states in complex
systems by transient spectroscopy, determining the products and distinguishing the
overlap of their absorption in spectra is more difficult. In addition, the products may
have small population numbers or absorption cross-sections, requiring high signal-
to-noise ratio in detection. Optical chopper, lock-in amplifier, boxcar, reference light,
and improved light source stability can be applied to effectively reduce the noise of
the probe signal. The supercontinuum probe is generated by a nonlinear process in
transparent media, while the tunable single wavelength probe is generated through
multiple steps (e.g. OPA). The stability is influenced by light source fluctuation and the
environment. By splitting the probe light into two beams, one acts as a reference beam
going through a sample area where there is no pump light. This reference beam helps
eliminate pulse-to-pulse instability. Monitoring the changes of the pump intensity is
also an effective way to improve the signal-to-noise ratio.
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6.1.2.4 Streak camera
The femtosecond ultrafast spectroscopy techniques above can give us time resolved
spectra to the femtosecond pulse width limit. However, they demand very precise
adjustment of the system. They are complicated and have low efficiency in data col-
lection. The longest timescale is up to few nanoseconds, limited by optical delay
line. For some processes that occur between femtoseconds and nanoseconds, such as
macromolecular structure evolution, we can use slower but a more efficient acquisi-
tion method: the streak camera. The streak camera has many advantages, including
simple equipment, picosecond time resolution, and easy adjustment. The whole time
resolved fluorescence spectrum can be obtained in a single scan. Because it is not an
all-optical technique, the limit of time resolution is picoseconds [19, 20]. However,
through different configurations, the instrument can detect a wide range of dynamics
occurring over ranges from picoseconds to milliseconds.

Picosecond time resolution can be achieved in the streak camera by high speed
spatial electric field scanning. It can also be combined with an external spectrometer
for temporal spectral resolution. Theworkingprinciple is shown inFigure 6.6. Incident
light goes through the spectrometer, and separates in space at the exit. It then goes
through the lens and enters the slit of streak camera. Different spectral components
distribute along the slit, so that each wavelength can be independently detected. The
light then is imaged onto the cathode of the streak tube to generate photoelectrons.
These photoelectrons fly through the streak tubewhile being accelerated by a perpen-
dicular field linearly varying with time. Then the photons (electrons) at different time
delays experience different perpendicular accelerating fields, corresponding to differ-
ent deflection angles. When the electrons arrive at a two dimensional microchannel
plate, they are separated in space according to the initial photon energy and time de-
lay. Throughmultiplication, the electronsbombard the screenandgenerate the image,
with one dimension for spectrum direction and the other for time. Therefore, the tem-
poral delay of the fluorescence is converted into the spatial distribution of the bright-
ness. So, with a streak camera, we can get a complete fluorescence spectral-temporal
two dimensional map at once.

Fig. 6.6: The principle of the streak camera.
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6.1.2.5 Instrument response function, IRF
Instruments respond to an ultrashort pulse with an output of a certain width and
shape. For the femtosecond spectroscopy techniquesmentionedabove, their temporal
resolution limit is the pulse width. Due to geometric configuration or dispersion, this
response is likely to be broadened. For a streak camera, the femtosecond optical pulse
will be broadened to picoseconds or longer. This kind of response can be referred to
as instrument response function (IRF). For temporally continuous signals, the decays
are observed as convolutions of the signal I(t) and the IRF. We must deconvolute the
signal to get the ultrafast dynamic process. A signal described by a multiexponential
model can be written as

I(t) = n∑
i=1

Ai exp (−tτi ) , (6.10)

in which Ai is the amplitude of the i-th exponential decay, and τi is the life of the i-th
exponential decay. The data F(t) obtained by the experiment is

F(t) = +∞∫
−∞

IRF (t󸀠) n∑
i=1

Ai exp(− t − t󸀠τi
) dt󸀠 . (6.11)

This convolution for other relaxationmodels, suchas stretched exponential or a power
law, has a similar form.

To access true ultrafast dynamics processes, we must measure the IRF precisely.
In ultrafast systems, we need to ensure that the optical path for IRF measurement is
consistent with that of signal measurement. In the streak camera, wemust ensure the
consistency of the measurement conditions, e.g. that the spectral slit width is con-
sistent with the temporal axis slit width. Ultrafast IRF can be measured by the self-
correlation experimental method, while in a streak camera system the scattering of
the pump pulse at the sample can be taken as the source for measuring IRF. By decon-
volution, we can finally get the ultrafast dynamics process in various models.

6.2 Ultrafast photophysics in polymers

6.2.1 Introduction on optoelectronic materials and their physics

Photophysical processes are induced by light excitation of atoms and molecules, in-
cluding excited state internal conversion, molecular twisting, proton transferring, in-
tersystem crossing, etc. These processes depend on the states being excited and their
temporal evolution. Therefore, the core issues in molecular photophysics are elec-
tronic level evolution via structure and the correlation of electronic states, including
ground states and excited states.

The electronic levels of molecules relate to the configuration of atoms in the en-
vironment, so they vary with modification, structure, environment, and many other
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Fig. 6.7: The bonding orbit and antibonding orbit in diatomic molecules.

factors. The linear combination of atomic orbitals-molecular orbital (LCAO-MO) the-
ory can be applied to explain the formation of molecular orbits (MOs), which is a lin-
ear combination of atomic orbits (AOs). Each of the valence electrons of the molecule
makes a contribution. These electrons can move in the conjugated molecular region
anddonotbelong to the individual atomsanymore. The sharingof atomic orbits forms
MOs and new energy levels formolecules. Demandsmust bemet for proximity energy,
symmetricalmatching, equality with number of AOs, Pauli exclusion principle and so
on. MOwavefunction ψ can be used to describe the corresponding molecular motion,
for example two identical atomic orbits ΦA and ΦB generate two molecular orbits by
interaction, which are shown in Figure 6.7. One MO energy is lower than the AO, form-
ing the bonding orbit. The other is higher, forming the antibonding orbit.

Primary MOs include the bonding π and σ orbits, the n orbits of lone pair elec-
trons, and the antibonding π* and σ*orbits. The π orbits are generated by the paral-
lel overlay of atomic p orbits. Parallel p orbits of multiple adjacent atoms in a nodal
plane of the molecular plane can eventually form a continuous π orbit, the extended
π bond, which is the main influence on the energy levels of conjugated molecules and
conjugated polymers. n orbits are nonbonding orbits in lone pair electrons containing
heteroatoms. For example, such one pair p electrons exist on the nonbonding orbits in
molecules containing oxygen, sulfur and nitrogen atoms. The π orbits and n orbits are
involved in visible spectrum absorption. The molecular skeleton is composed of σ or-
bits. Two s, an s anda p, or two p orbits overlapping can form such σ orbits. It is amain
form of bonding between atoms, forming stable compounds. The σ bonding orbit re-
sults in a large gap between energy levels, corresponding to the ultraviolet absorption
transition. For the compounds without conjugate electronic structure, the absorption
occurs in the ultraviolet region, which is a behavior of σ bonding absorption. As for
the compounds with conjugated electronic structure, the absorption shifts to the vis-
ible region, and varies with the conjugated structure. For example, planarization of
conjugated molecules may enhance conjugation, resulting in a red-shifted spectrum.
Conversely, the twisting of the molecular chains has the opposite effect. Aggregation
of polymer chains can extend the conjugation from molecular chains to intermolecu-
lar bonds, thereby enhancing conjunction and spectral shifting. With this change, we
can tell the degree of aggregation of the molecular chains.
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The molecules of organic polymers can transit from a ground state to an excited
state by light excitation of certain wavelengths. The change of electron distribution
contributes to the changes of the forces between atoms, all of which might result in
variations in molecular structure. New physical and chemical changes will emerge
alongside the excited state. All the responses determine thematerial functions and the
realization of applications. In optical functional materials, the generation of excited
states is the beginning of photoelectric conversion. After this, different phenomena
will occur, including light induced electron transfer, photoisomerization, resonance
energy transfer, proton transfer, intersystem crossing, chemical bond breaking, re-
structuring and so on. It is complicated to determine the temporal relationships for
these processes. In term of dynamics of these processes, there are great differences in
the order of magnitude over which they take place, as the excited state dynamics act
on timescales from femtoseconds (fs) up to milliseconds (ms). The whole procedure,
from photon absorption to the accomplishment of charge transport, contains a series
of sequential or parallel processes, which will be described in detail in the following
section.

Throughout photoelectric conversion, the first step is to obtain energy by excita-
tion. The conventional view is that all the significant photochemical and photophys-
ical processes begin at the activation of the lowest excited singlet state (S1) or the
lowest triplet excited state (T1). The ground state (S0) in molecules will be excited to
a singlet excited state, for example S1 and S2, by absorbing the corresponding energy
of a photon. Molecules in higher excited states will relax to the lowest singlet excited
state by internal conversion, due to the overlapping of the vibrational levels and elec-
tronic energy levels.

Deactivation is caused by electrons leaving the S1 excited state. This process can
be exposed to many different chemical and physical processes, including radiative
transition, nonradiative transition, energy transfer, electron transfer, intersystem
crossing, proton transfer, and chemical reactions. The first four processes are partic-
ularly important in photoelectric materials.

(1) Radiative transition
Radiative transition is theprocess bywhichmolecules in the excited state jumpback to
the ground state by emitting a photon, including fluorescence and phosphorescence.
Fluorescence is the light generated by transition between electronic states of the same
multiplicity, e.g. by the common S1 → S0 transition, which is in the timescale of
nanoseconds (10−10–10−8 s) corresponding to spontaneous emission lifetime. P3HT,
the commonlyusedpolythiophenematerial inpolymerphotovoltaic devices, has aflu-
orescence lifetime of ~600ps [21], which canbedetected bymeans of time resolved flu-
orescence spectra or photon induced absorption spectra. Phosphorescence is induced
by the transition between a triplet state and a singlet state, typically the T1 → S0 tran-
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sition. The phosphorescence transition is forbidden according to the transition selec-
tion rules.However, it canoccur becauseof the couplingof spinandorbit. Thedecayof
phosphorescence ismuch slower than that of fluorescence with a lifetime ofmicrosec-
onds to seconds or even longer. In excited state dynamics, the revolution of molecules
will lead to variation of the population in the S1 state, or molecular structure and en-
ergy levels,whichare faster thanfluorescencedecay, and cannotbedetectedbymeans
of ultrafast fluorescence spectra. Therefore, pump probe and other measurements are
instead needed to detect processes after transition from the S1 state.

(2) Nonradiative transition
Nonradiative transitions refer to the transitions from the excited state to the ground
state without emitting a photon. They occur at the isoenergetic points of the different
electronic potential surfaces. The position of the points relates to vibrational energy
levels. The higher vibration energy levels of the lower electronic state coincide with
the lower vibrational energy levels of the higher electronic state, which makes the
electron in the higher excited state transfer to the ground state, and then cool down to
a lower vibrational energy level by relaxation. No photons are emitted as the system
energy remains constant. Besides transition to the ground state, the transition from
higher excited state to lower excited state is also nonradiative, for example Sn → S1.
This kind of process occurs at very fast timescales of picoseconds. The S1 state is the
main resource for photophysical processes and photochemistry. Intersystem crossing
(ISC) is also nonradiative. It is the transition between a triplet state and a singlet state
with electron spin inversion, for example, S1 → T1.

(3) Energy transfer
Energy transfer is the process by which the energy of one molecule gained by exci-
tation transfers to another molecule. It is possible that one molecule transits to the
ground state, and the neighbor one transits from the ground state to excited state by
accepting energy from the firstmolecule. It is also possible that the neighbormolecule
transits from its excited state to higher state, e.g. singlet exciton annihilation in a poly-
mer system. For macromolecular materials, the molecular scale is much greater than
the interchain distance and the conjugated chromophore scale. In such systems, an
exciton represents a localized excited state over chain segments, and is the unit for
energy transfer.

Förster resonance energy transfer (FRET) [22] is themostdiscussed energy transfer
method in conjugated polymer systems. The transfer rate is inversely proportional to
the sixth power of the distance r, which is between the donor and acceptor

kT = 1
τ0D
(R0r )6 , (6.12)
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in which τ0D is the excited state lifetime of the donor without energy transfer, and R0
is the Förster characteristic radius

R0 = 0.2108[[κ2Φ0
Dn
−4
∞∫
0

ID(λ)εA(λ)λ4dλ]]
1
6

, (6.13)

in which κ2 is the orientation factor,Φ0
D is the quantum yield of donor without energy

transfer, n is the average refractive index, ID(λ) is the fluorescence spectroscopy of the
donor, and εA(λ) is molar absorption coefficient of acceptor.

FRET is the process by which the energy donor dipole transits, followed by ac-
ceptor excitation. Another kind of energy transfer without emissive dipole transition
is called Dexter-type energy transfer. In this model, the excited electron of the donor
molecular transfers to the nonground state of acceptor molecules directly, and a
ground state S0 electron of the acceptor molecule conversely transfers to the S0 of the
donor molecule. The result is equivalent to the situation in which the donor molecule
stays in the ground state, and the acceptor molecule in the excited state. This kind
of energy transfer requires that the donor and acceptor are sufficiently close (< 1 nm),
thus exhibiting electron orbit overlay. For this reason, Dexter-type energy transfer is
also called short range energy transfer. The rate of this energy transfer shows expo-
nential decay as the distance between donor and acceptor increases, and the rate of
decay is faster than FRET:

kDexter = KJ exp(−2RDAL ) , (6.14)

in which J is overlay integration of the absorption and emission spectrum, K is the
experiment related factor, RDA is distance between donor and acceptor, and L is the
radius of van der Waals forces.

In polymer materials, the question of which kind of transfer is dominant remains
controversial. According to the phenomenon, energy transfer can be divided into two
different types, downhill energy transfers and isoenergetic energy transfers, by the
initial injected energy and relationship of energy levels. Hot exciton energy transfer
occurs between excitons at high excited state energy and the adjacent chromophores.
As hot excitons have the energy to transcend the barrier, they transfer very fast, in
several ps or even in the sub-ps timescale [23–26]; the isoenergetic energy occurs af-
ter hot excitons have lost excess vibrational energy. This energy transfers to nearby
chromophores with similar energy levels. The rate is relatively slow, in the 10–100 ps
range, since the driving force for overcoming the barrier is from thermal fluctuations,
etc. [27, 28].

Exciton annihilation is another kind of energy transfer process under high excita-
tion density, both for singlet and triplet excitons. When the excitons are close, singlet-
singlet annihilation and singlet-triplet annihilation occurs. In these processes, the en-
ergy from an excited exciton transfers to another, with the former transiting back to
the ground state and the latter transiting to a higher excited state.
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(4) Electron transfer
Electron transfer refers to the process by which a donor molecule in the excited state
offers an electron to a molecule in the ground state (oxidative electron transfer), or as
an electron acceptor receives an electron from a molecule in ground state (reductive
electron transfer), thereby generating an ion pair. In polymer photovoltaic devices,
after light absorption, excitons transport out excited state electrons, and eventually
a current output forms, completing the electron transfer process. In the polymer or
fullerene (charge acceptor), the rate of electron transfer is rather fast, generally less
than 100 fs, which can reach 100% efficiency; the reverse electron transfer is much
slower.

6.2.2 Fundamental photophysics in polymers

6.2.2.1 Generation of excitons
When a polymer absorbs a photon, it will produce an exciton, which is an excited state
with an electron and a hole coinciding in space. The existence of excitons indicates
that the Coulomb attraction force is very strong. This is different from semiconduc-
tor materials. Because of the diversity of polymers and their preparationmethods and
conditions, the exciton binding energy directly relates to the specific material. To en-
sure the separation of positive and negative charges, either additional energy must be
injected or and electric field must be applied. Therefore, the exciton binding energy
is used to describe the energy difference between the excited state and free charge,
which has been verified in many experiments [29, 30]. However, if free charge is di-
rectly generated by light excitation in semiconductors, no intermediate state forms.

Polymer chains have a certain periodicity, so they have some similar characteris-
tics as inorganic semiconductors, and they are called one dimensional semiconductor
materials. Optical excitations can be taken as interband transitions. The excitation
process of many polymers, which is of Frenkel type, is different from semiconduc-
tor materials. (Frenkel exciton refers to materials with a small dielectric constant.)
The electron and hole have a strong Coulomb interaction, so that they form a small
exciton, similar to the scale of a repeat unit. Exciton binding energy is usually 0.1–
1 eV. The correspondingWannier–Mott exciton in semiconductors is present in a large
dielectric constant material. The dielectric shielding effect reduces the electron-hole
Coulomb interaction, which makes the exciton radius larger than the periodic struc-
ture, so its bound energy can be very small, about 0.01 eV, which makes the exciton
unstable. Therefore, the choice of whether to employ the semiconductor band model
or the molecular exciton model depends on the exciton binding energy. In the molec-
ular exciton model, the electron and hole have a strong interaction, so charge separa-
tion requires additional energy to occur. Of particular note in organic semiconductors,
the polymer MEH-PPV has a 0.7(±0.15) eV binding energy [31], and P3HT has a ~0.3 eV
binding energy [32]. Smaller (0.06 eV) and larger (1 eV) binding energy polymers also
exist [33].
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The lower the degree of polymerization is the absorption bluer. The inhomoge-
neous broadening of absorption spectra of conjugated polymers is related to the spec-
tral unit (chromophore) scale, and the distribution of length determines the distri-
bution of the corresponding energy levels. Generally speaking, for long molecular
chains, torsion and bending constitute defects in the molecular chain, breaking the
conjugation of molecules, thus forming the boundary of chromophores. The quantifi-
cation calculations show that only the chemical defects thatmake the conjugated car-
bon skeleton saturated (such as the double bond being replaced by a single bond satu-
ration, etc.) canbreak the conjugationand then form theboundaries of chromophores.
This single bond can be produced by chemical synthesis. The structural defects, for
example the bending of the molecule in the plane, the molecular plane bending or
twisting, and the cis and trans isomers, can change the degree of delocalization, but
do not clearly define the boundary of chromophores, resulting in termination of con-
jugation. The absorption may even shift to the red when the plane bends [34, 35].

The above models and analysis are based on a static ground state configuration.
By researching the change of the interatomic forces after excitation, it was discovered
that the rearrangement of atoms in the excited state will cause excitation localized to
the chromophore. Due to the longmolecular chain owning the lowest energy, excitons
tend to be localized to these long conjugated structures. These stabilized excited state
electron distributions also relate to the structure defects. Excited conjugated struc-
tures will be divided into regions along the spectrum. The bent structure of the molec-
ular plane may become an excited state trap due to low energy, making the exciton
localized. In cis isomers the defects are more complicated as both traps and nontraps
are likely to occur. Obviously, the excited state localization time associates with the
atomic rearrangement time, which is on the sub-picosecond scale. For example, for a
polythiophene, PTOPT, pump probe anisotropy relaxation studies reveal a process of
about 37 fs [36]. This process includes the initial rapid cooling and localization, similar
to the timescale of molecular vibration of C-C bonds.

Because of the complexity of the polymer morphology, excitons generated by ex-
citationmaynot be the only result. If higher energy photons are injected for excitation,
for example in P3HT films, polaron pairsmay be generated within 100 fs by direct con-
version of hot excitons [37]. Polymers that contain both a charge donor and acceptor
have a wide absorption band due to the donor-acceptor dipole. Therefore, this bene-
fits the absorption of sunlight in organic photovoltaic devices. The location of positive
and negative charges along this polymer chain only partially overlaps. Therefore, the
form of the excitation is more likely to be polaron pairs [38].

6.2.2.2 Energy transfer and exciton migration
The energy transfer occurs following the formation of the photogenerated excited
state. First, the excitons are generated, which cover a few chain segments. Next, ex-
citon and energy propagation leads to the spatial position change. For an isolated
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molecular chain, exciton migration is intrachain; if the polymer chains aggregate,
transport includes interchain migration. Transfer can occur during the entire lifetime
until it reaches the bound sites, which are low energy points in the propagation path,
suchas dimers and other structures. It can also separate on thewayand form electron-
hole pairs, which deactivate the original excited states. Suchdeactivationsmaybedue
to impurities. If the deactivation sites do not emit photons, i.e. excitons transfer to the
ground state via nonradiative transition, there will be a loss of energy; if these sites
are emissive, we can achieve the required emission of light of a certain wavelength
by designing this particular impurity, which is important for organic light-emitting
diodes (OLEDs) and other light-emitting devices. For example, the white OLED spec-
trum needs to be similar to the sun’s radiation, but the polymer emission spectrum
of a single material cannot cover the entire visible region because of the limited gap
width value. Therefore, doping with other chromophores in blue-emitting OLED de-
vices, such as green and red fluorophores, is necessary. When the device is excited,
the energy transfers from the polymer host to the doped chromophores, resulting in
multicolor light emission in one device, which appears white. Therefore, the energy
transfer is of great significance for the application of the device. The key design points
deal with the relationship of energy levels between host polymer and doping chro-
mophores, requiring adjustments to the material’s microstructure configuration, thus
affecting the efficiency of energy transfer and other characteristics of the emission
spectrum. In the OLED device, electrons and holes recombine in special sites. The
principle of organic photovoltaic devices is opposite to OLED devices, whose prin-
ciple is that excitons generated by light excitation are converted into free charges.
Therefore, excitons need to be effectively transmitted to the specific sites to conduct
charge separation. In a photovoltaic device, the design of sites and the configuration
of polymers are both important and indispensable steps. The transport of charge is
also affected by polymer configuration or charge receptor, and the overall design can
lead to efficient charge separation.

The conjugation of polymers affects exciton transporting properties. In the trans-
ferring process, the positive and negative charges are bound together by the Coulomb
interaction, forming excitons and transfer energy in the form of dipole resonance.
In Förster energy transfer, the donor and acceptor chromophores transfer energy via
dipole resonance in space. The emission spectra of donors are usually redshifted
(Stokes shifted) compared to absorption, and overlap with the absorption spectrum of
the acceptor. The degree of overlap, the distance between the donor and acceptor, and
the orientation determine the rate of energy transfer. The rate is proportional to the
sixth power of the distance, and strongly correlates with the orientation (orientation
factor changes from 0–4). Thus, energy transfer is closely related to the configura-
tion of the molecular chains, which can be used for observation and investigation
of the molecular chain configuration. The Förster model, which treats the dipole as
a point dipole, requires that the scale of the chromophore is much smaller than the
distance between chromophores. However, in the polymer, the chromophore includes
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several segments, making it difficult to meet this requirement. Transition density ap-
proximation and linear dipole approximation can overcome this deficiency.When the
transition density between sites is small, such as in triplet exciton transitions, Dexter-
type energy transfer can occur. This refers to the charge exchange process caused by
orbital overlap.

The spectral overlap usually discussed in energy transfer is based on steady state
emission and absorption spectra. Actually, in excited states, spectral dynamics is very
complicated, since ultrafast (< 100 fs) processes involve intramolecular vibrational re-
laxation and exciton self-trapping; excited state restructuring and thermally induced
configuration rearrangements occur on picosecond timescales. These nonthermal
equilibrium processes are much shorter than the fluorescence lifetime. Therefore,
emission in ultrafast processes is a very small portion of the steady state fluorescence
spectra. However, its role on energy transmission is critical. The contribution of these
nonthermal equilibriumprocess to the proportion of energy transfer depends on their
own rate of energy and electron transfer processes.

The rate of initial energy transfer depends on the absorbed photon energy. Be-
cause of the diversity of polymer configurations, chromophores of different conjuga-
tion lengths exist. A smaller chromophore has a higher energy level than a larger chro-
mophore, so its absorption and emission shift to blue. When excitation is at the blue
side of the absorption band, these smaller chromophores are more likely to be excited
than the larger ones. Their radiation has a large overlap with the absorption of the
longer polymer chain. If these long chains are close, and have similar orientation,
then energy transfer will occur very rapidly. The energy will continuously transmit to
larger chromophores until it finds the lowest energy site [39]. Usually, the lowest en-
ergy sites are called traps. The rapid transferring of energy to the large chromophores
is what we called hot exciton transfer.

If the excitation is at the red side of the absorption band, these larger chro-
mophores are more likely to be excited than the smaller ones. In this case the energy
of the excitons is similar to excitons located in the trap. This situation can be seen as a
state in which the hot exciton transfer process is isoenergetic. The energy of adjacent
sites is not less than the excited site, so the emission and absorption spectra overlap
is small. There is only a small probability of energy transfer to the surrounding chro-
mophores. However, due to the role of thermal fluctuations and spectral homogeneity
broadening, the spectral overlap increases for donor and acceptor, enhancing energy
transfer. This situation requires that the excitation point and surrounding sites have
similar energy, so this transfer is called isoenergetic energy transfer. This transport
process requires a material with good uniformity. In uniform or ordered materials
energy can transmit for a long distance; in disordered materials, excitons are more
easily trapped.

These two energy transfer process can bewell separated from their dynamics. The
hot exciton energy transfer process is usually completed within a few picoseconds af-
ter excitation, and some can even be shorter than a picosecond. Isoenergetic energy
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transfer processes continue for hundreds of picoseconds. The time and frequency of
these two processes jumping between sites are also quite different. By transient ab-
sorption for anisotropic spectra and spectral moving, the two energy transfers can be
observed in polythiophene polymer materials, such as PDOPT. Within the initial 1 ps,
anisotropy decreases rapidly and the spectra shift to red, which is ascribed to hot ex-
citon energy transfer. For the following tens of picoseconds or even longer timescales,
the anisotropy continues to decrease with isoenergetic energy transfer. This process is
associated with the excitation wavelength: if the excitation photon energy is higher,
the hot exciton energy transfer process has a high energy starting point, and thus a
longer relaxation time; if excitation photon energy is lower, the initial excitation is al-
ready close to the end of the hot exciton energy transfer, and thus this process will end
much faster.

Energy transfer will make particles in the excited state move to the low energy
sites, and the spectrum canbe observed shifting over time in the dynamic spectra. The
evolution of polarization anisotropy, including transient absorption and fluorescence
anisotropy, reflects the changes of dipole orientation in the energy transfer process.
The hot exciton energy transfer process can be observed by evolution of population,
spectral shift, polarization anisotropy dynamics and so on; the isoenergetic energy
transfer process manifests during relatively slower anisotropy evolution, and spectral
shift behavior is not significant. However, the evolution of the energy transfer and
anisotropy depends on different aspects of the specific polymer configuration. For ex-
ample, the hot exciton transfer process in a uniform, isotropic material can be very
efficient, so that the anisotropy decays rapidly to zero. The isoenergetic transfer pro-
cess still continues after that, even though no anisotropy can be observed any more.
In this case, the anisotropy dynamics cannot be seen along the energy transfer. Thus,
in highly disordered systems, such as a polymer film, there are multiple channels for
energy transfer, and the anisotropy will diminish after the initial several transitions,
while the energy transfer process continues. On the other hand, in ordered polymer
systems, anisotropy reaches a nonzero constant value, even after energy transfer has
been completed. Polymer aggregation means the polymer locally orders as crystals. If
ordered regions exist as lower energy sites, then efficient energy transfer is not pos-
sible, so that anisotropy is maintained. Therefore, by means of fluorescence spectral
shift, anisotropy studies, and control of excitation conditions, we are able to study
anisotropic or isotropic materials efficiently.

Through comparison between intrachain and interchain energy transfer pro-
cesses, it is generally considered that intrachain transfer is inefficient and slow while
the interchain transfer is highly efficient and occurs at high speed. In the Förster en-
ergy transfermodel, there are chain segments connected in linewithin chromophores.
Therefore, the coupling is weak. Using transition density and a wire dipole, a stronger
interaction and faster rate of transition can be obtained. However, a large number of
experimental and theoretical studies have shown that the interchain and intrachain
energy transfer processes have similarly high rates [40, 41]. The high rate of the inter-
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chain process is due to themultiple transporting channels, which are in relation to the
specific chain arrangement. For example, polymers containing small side chains can
be closely clustered, so that energy transfers fast. However, if the polymer contains
large side groups, thenmolecular chains cannot effectively contact, so energy transfer
is limited [42].

The exciton transport distance of polymers can be observed by fluorescence de-
cay with an added quenching mechanism. As an effective charge acceptor, PCBM and
many other fullerene derivatives may be used as quenchers to observe exciton trans-
port. Excitons in P3HT can be transported for a distance of 2.6–2.7nm [43–45]. There
are some disadvantages of employing fullerenes, e.g. fullerenes tend to diffuse into
the polymer, blurring the interface, and resonance energy transfer may occur. Samuel
et al., using TiO2 as a charge acceptor (quencher) to overcome the above difficulties,
obtained a diffusion distance of ~8.5 nm for P3HT [46].

6.2.2.3 Exciton annihilation
In polymers, two different types of energy transfer processes can be found in the ex-
cited state. As described above, excitons transfer from the excited site to the nonex-
cited site. The hot exciton transfer process results in continuous redshift of the emis-
sion spectrum, and lower energy sites become occupied, making the transfer slower
and slower. Another transfer process is excitons giving their energy to already excited
sites. This occurs at high concentrations of excitons, and is called singlet-singlet ex-
citons annihilation (SS). The two excitons collide with only one live exciton while the
other exciton is quenched to the ground state. This causes the number of particles in
the excited state to be lowered. If the singlet excitons can evolve into triplet excitons,
then singlet-triplet (ST) and triplet-triplet (TT) exciton annihilation can also occur in
the material.

Singlet exciton annihilation is a common phenomenon in molecular crystals,
photosynthesis systems, J-aggregates, conjugated polymers and so on [47, 48]. This
process takes into account overlap of emission spectra and the excited state absorp-
tion spectrum, which manifests as a redshifted wide absorption band with respect
to the ground state absorption. After annihilation, the high energy excitons return
to thermal equilibrium of the excited state by intramolecular vibrational relaxation
via the thermal conversion process. This quenching process requires a relatively high
excitation density; at a lower density, the excitation annihilation phenomenon will be
significantly weakened. However, if the excitons in the polymer canbe transmitted for
a long distance, then even in low density situations exciton annihilation can occur.

The exciton-exciton annihilation process will lead to quenching of one exciton,
while the other exciton in is preserved in a high excited state, interrupting the origi-
nal spectrum moving process. For anisotropy studies, excitons initially have the high
dipole orientation. Due to the energy transfer associated with the chromophore ori-
entation, these excitons can be strongly quenched, resulting in a very fast anisotropy
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relaxation. Thus, rapid decay of anisotropy associated with the light intensity can be
observed.

This complex process is nonlinear, reflecting exciton transfer speed and concen-
tration. It can be used for the study of dynamics of excitons, i.e. energy transfer pro-
cesses. Under a certain pump intensity, annihilation is coupled with diffusion pro-
cesses. In the initial excited state energy transfer, the exciton annihilation is mixed
with the spectral shift and anisotropy relaxation. The velocity of the exciton in the hot
exciton energy transfer process varies with its position in energy level, which makes
the collision occur, so that exciton annihilation rate is energy dependent. Anisotropic
changes affect the mutual exciton orientation over time, and therefore can affect the
annihilation rate. This makes observation of the initial stages of the energy transfer
phenomena quite complex. When the system reaches thermal equilibrium and uni-
form orientation, the spectral shift and anisotropy no longer reflect the excited state
energy transfer process. In this case, the exciton annihilation can still influence the
evolution of an excited state population, so that it can be used to study this process.
The exciton annihilation process is more likely to occur in the film than in the solu-
tion, because the excitons can move in three dimensional space in the film but only
in one dimension in solution, which greatly reduces the probability of encountering
other excitons. To obtain a similar annihilation rate, a much higher pump intensity is
needed in solutions than in films.

At a higher intensity of excitation, singlet and triplet states can quench singlet
states, and this is called singlet-singlet annihilation (SS) or singlet-triplet annihila-
tion (ST). Which one is dominant depends on whether the excitation light source is
a continuous or pulsed light, the efficiency of intersystem crossing, and the annihila-
tion rate. In the pulse excitation condition, if the pulsewidth is less than the lifetime of
the singlet excited state, the instantaneous excitation energy is high and the average
intensity is low, meaning singlet annihilation is the main process. SS annihilation be-
haves as a nonexponential decay of the excited state. High average power is required
for ST annihilation, anddue to the triplet state cannotbedirectly generated by light ex-
citation, but is instead generated by accumulated intersystem crossing from singlets,
or by conversion from singlet annihilation. ST annihilation leads to a single exponen-
tial decay of excited states, strongly correlated with the intensity of excitation. In ST
annihilation, the transfer of the triplet state excitation is much lower than the singlet
one, but also more efficient. However, due to the highmobility of singlet excitons, the
overlap of the absorption spectrum of triplets and the emission spectrum of singlets
makes the distant Förster energy transfer process happen, which quenches the singlet
excitons efficiently [49].

With a femtosecond or picosecond laser source, singlet exciton annihilation can
be used to study time domain exciton dynamics. The method requires laser pulses of
shorter duration than the average lifetime of singlet excitons. Singlet exciton anni-
hilation occurs when the light intensity reaches a certain level, called the intensity
threshold of singlet exciton annihilation. When the excitation density in MEH-PPV
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reaches 3 μJ/cm2/pulse (7×1012 photons/cm2/pulse), the singlet exciton quenching
process appears prominently in exciton dynamics. As described above, the quench-
ing efficiency depends not only on the incident light intensity, but also on the specific
configuration of the material. Different material preparation methods vary the aggre-
gation of molecular chains, resulting in different singlet exciton transfer processes,
and thus affecting the efficiency of singlet exciton annihilation. This means that in
the literature, experimental results are also different, even for the same polymer. For
example, for MEH-PPV films prepared with either chlorobenzene or tetrahydrofuran
as solvents, the exciton annihilation rate between the two is an order of magnitude
different [50].

For a relatively high efficiency intersystem crossing polymer, under certain con-
ditions of pulsed excitation, singlet-triplet exciton annihilation can also be observed.
To distinguish this from singlet-singlet annihilation and singlet-triplet annihilation,
we need to change the pulse energy and repetition rate. By maintaining the pulse
energy and changing the pulse frequency, the singlet-triplet annihilation process
will be affected, but not singlet annihilation. Then, by fixing pulse frequency and
changing pulse energy, singlet annihilation can be studied. For example, in poly-
thiophene POMeOPT, due to the sulfur atom, the intersystem crossing efficiency
reaches 50% [51]. The exciton lifetime of this system is 270ps. For 6 μJ/cm2/pulse
(2×1012 photons/cm2/pulse), the average light intensity is less than 0.5W/cm2, and
either SS or ST annihilation is obvious. In 2.5 kHz frequency, the SS annihilation pro-
cess appears as nonexponential decay, which gradually becomes faster as the pulse
energy increases.

Exciton-charge collision can also induce annihilation. At high pump intensity,
when charges are effectively accumulated, effective resonance energy transfer can oc-
cur between excitons and charge states, i.e. annihilation happens. The strength of ex-
citon-charge annihilation relates to the product of concentrations of charge and exci-
ton, and a quadratic relationship to the incident light intensity [52]. For high average
intensity light, charge states can be accumulated and be observed. Charge pairs can
directly result in the formation of excited state quenching [53, 54]. Exciton-charge an-
nihilation can be described by Förster energy transfer.

6.2.2.4 Generation of charges
Thepresence of electrons andholes in conjugated polymerswill cause atomic arrange-
ment (chemical bonds) to change, with the formation of polarons. In photoelectric
conversion materials, polarons are the form of carriers. Polymer molecules with po-
larons differ from the nonexcited polymer molecules in the spatial configuration. The
existence of polarons in molecular chains can be judged by this difference. Similar
to the exciton, the polaron is also in the form of a given domain, which occupies the
scale of several repeat units. For example, in MEH-PPV, the polaron occupies approx-
imately 2–3 repeat units [55–57]. The polaron band energy is inversely proportional
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to the length of the oligomer, which is a similar characteristic to the S1 and triplet
states [58].

The generation of photocharges is an important fundamental issue in optoelec-
tronic applications. In photovoltaic and electroluminescent devices, conversion be-
tween light and electricity is the core function. Carrier generation can be directly ob-
served in experiments. There are experiments that suggest charge in PPV is generated
because of excessive energy before excitons cool [59]. Arkhipov thought that excited
states with high vibrational energy produce three kind of particles: excitons, charge
pairs, and separated charges, via a two step process. Exciton dissociation is completed
first by self-ionization, forming pairs of charges, which is associated with the polymer
vibration cooling, occurring within a few picoseconds. Then charge pairs can dissoci-
ate to free carriers. Although the exciton generation process does not depend on the
applied electric field, it will enhance the generation of carriers. An applied electric
field can compete with internal Coulomb potential to prevent the formation of exci-
tons or to affect excitons during its ionization [60, 61].

Figure 6.8 represents the time resolved differential curve of the exciton state
(1.72 eV) and the charge induced absorption state (1.9 eV). Charge pairs continue to
be produced within the lifetime of tens of picoseconds. From the dynamics of charge
pairs we know the rate of charge generation decreases along with time.

In short, high binding energy in polymers, which induces a high potential barrier,
can be overcome by applying an electric field, providing additional vibration energy,
(> 1 eV, by high photon energy excitation), or by exciton annihilation. The external
electric field threshold can be observed, indicating that a barrier exists between exci-
tons and charge pairs. However, the external field assisted generation process is slow,
and it can be observed in the entire process of the exciton lifetime. Due to the disorder
of polymer systems, the binding energy and the time of charge transfer have a certain
distribution, resulting in a charge generation rate changing over time. In this system,
the ultrafast charge generation and vibrational relaxation process compete with each
other. The charge generation process of hot excitons located in the S1 state is therefore
strongly time dependent. In the system with exciton binding energy close to zero, the

Fig. 6.8: The time resolved dynamics of ex-
citon state (1.72 eV) and charge induced ab-
sorption state (1.9 eV) [62].
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chargegenerationprocessdependsonexcitonmotions, since excitonsneed tomove to
the charge separation sites to generate charge pairs. Therefore, the charge generated
timescale is about 1 ps. This is significantly different from the slow generation process.
Without an external electric field, the charge generation yield is low; conversely, the
yield is increased by applying an external electric field.

When the exciton splits into charges, the gap of charges is several nanometers.
Arkhipov observed exciton transitions between two quasistatic states. The two qua-
sisteady states are produced in the conjugated chain segments under strong electric
field, which are in neutral exciton state, and electron states located at both ends of
the segments. In this study, charge separation space reached 6nm; outside the region
of Coulomb interaction and the barrier. Quantum mechanics calculations on excited
states of these conjugated polymers show large charge separation distances of a few
nanometers, even without an external field [63].

6.2.2.5 Charge transport in polymers
Whether and how the charge pairs separate into free charges are the key steps to un-
derstanding how photoelectric conversion of the polymer materials is achieved. How-
ever, controversy still exists around the intrachain and interchain charge separation
mechanism. If we are using a one dimensional semiconductor approximation, pho-
toexcited carriers delocalize on the polymer chain. Boundaries and defects of con-
jugated polymers can be considered as scattering and trapping centers of charges.
According to this concept, the interchain charge transport is less important, but can
reduce the probability of charge recombination. Others believe that charge separation
between the chain and on the chain both happen. Meng and Hong suggested that the
excitons are trapped in the boundary of the molecular chain, and the charges are gen-
erated in the adjacentmolecular chains, so that charge recombination can be reduced
by a barrier constituted by the boundary. Extending the lifetime provides charges with
more chances to escape Coulomb interaction. This is similar to themechanism in non-
conjugated polymers and amorphous molecules in the crystal [64]. Plefer observed
that the external electric field can facilitate charge generation when the orientation of
the molecular chain of the PPV in a Langmuir–Blodgett (LB) film is strictly perpendic-
ular to the field. Experiments observing the charge generation efficiency by changing
the space between themolecular chains also confirmed the possibility of an interchain
charge generation mechanism [65].

Exciton generation, transfer, and charge generation processes can be observed in
real time via a variety of methods, but observation is much more difficult after charge
generation, because between paired bound charge and free charge, there is very little
difference in the spectra. Nonspectroscopic measurements, such as electronic ones,
can be more effective in detecting space charge mobility characteristics. But the time
resolution of these methods can only be nanoseconds. Time of flight (TOF) mass spec-
trometrymethods can provide subnanosecond time resolution, and therefore can pro-

 EBSCOhost - printed on 2/13/2023 9:33 PM via . All use subject to https://www.ebsco.com/terms-of-use



384 | Shufeng Wang, Kang Meng, Qihuang Gong

vide macroscopic carrier mobility information. Heeger, who used ultrashort electrical
pulses to detect photoconductivity, made the time resolution reach tens of picosec-
onds. This research showed that light conductivity relaxationhas a timescale of tens of
picoseconds [66]. Noncontact time resolved microwave and terahertz measurements
can be applied to the field with similar resolution [67].

6.2.2.6 Excitation quenching
In polymer film materials, the fluorescence quantum efficiency is usually from 5 to
30%. A large amount of the excitation energy is quenched by traps due to film mor-
phology and impurities present in the film. It also strongly correlates with the exci-
tation light intensity. Since there is flexibility in molecular chains and uncertainty of
contact between chains, defects (nonradiation transition point, such as dimers, ag-
gregates, etc.) will naturally be present. These defects and impurities together will
produce the fluorescence quenching effect.

At low excitation light intensity, the interaction between the particles, such as
singlet exciton annihilation, single-triplet exciton annihilation, and exciton-charge
annihilation, can be ignored. Note that such a low excitation intensity relates to the
pulsewidthand theparticular polymer type. In general, continuous laser energy lower
than 1W/cm2 can satisfy the above condition. Then the quenching of the excited state
includes internal conversion, intersystem crossing, exciton dissociation and defect
states quenching. For this polymer system, what is the main reason(s) for the quench-
ing of the excited state? There is a dependency on the specific polymer and configura-
tion. Even for the same polymer, since each molecular chain has different configura-
tions and defects, there are differences even between the molecular chains.

The rate of intersystem crossing and internal conversion is associated with the
chemical structure of the polymer molecules. Intersystem crossing efficiency can be
more than 50% [68]. This makes intersystem crossing the main reason for singlet ex-
citon deactivation. The absence of spin-orbit coupling makes intersystem crossing in-
efficient and dependent on the singlet-triplet energy level difference, which is similar
to small organic molecule characteristics. For some special polymer without efficient
spin-orbit coupling, intersystem crossing can still happen. For example, in MeLPPP,
approximately 37% of the singlet excitons will transform into triplet excitons [69].

In the polymer film, energy can be efficiently transferred due to the excited state,
and defects in the molecular chain structure can effectively quench excited states.
Such defects can be caused by errors in the synthesis process. In the polymer PPV, the
structural defects aremainly due to the main chain structure vinylidene double bond,
which is not fully formed (single, triple bond instead of double bond), oxidation, the
cis and trans isomers, and soon. Thesedefects cut conjugated systems, causing charge
transfer, and resulting in a decrease of fluorescence quantum yield. For instance, a
MEH-PPV film stored in air will experience a few percent reduction of the quantum
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yield after oxidation. In addition, the impurity defects and aggregation defects can
also lead to the quenching process.

6.2.3 Examples of polymer systems

6.2.3.1 Ultrafast photophysics of the branched polythiophene system
Polythiophene (PT) is a macromolecular compound produced by polymerization of
thiophene monomers. By doping conjugated π orbits, it will have a certain conductiv-
ity. Therefore, polythiophene and similar organic conducting materials have been a
hot research topic in recent years. In terms of applications, polythiophene based ma-
terials in organic photovoltaic devices have been widely studied. In 2000, the Nobel
Prize in Chemistry was awarded to the three scientists, Alan Jay Heeger, Alan Graham
MacDiarmid, and the Japanese scientist Hideki Shirakawa, for their contributions to
organic conducting polymers.

Conductivity is the most important property of these conducting polymers. The
conjugation crossing the molecular chain can let electrons delocalize along the con-
jugated polymer backbone, which is the path of charge extraction in photovoltaic de-
vices. In addition to conductivity, the optical properties of polythiophene are also
important. Conjugation and aggregation will generate broadened absorption in the
visible region towards the solar spectrum, improving generation of excitons and sep-
aration of charges. Furthermore, since the conjugation is associated with the spec-
trum, changes in environmental factors, such as solvent, temperature, electric poten-
tial, and so on,mean the polythiophenemain chainmayhave torsion and conjugation
damage, which leads to changes of color that can be used as a sensor.

Since, in the polythiophene with fullerene doped systems, photoelectric conver-
sion efficiency of about 5% can easily be obtained for the bulk heterojunction struc-
ture, a lot of attention has been paid to its photovoltaic applications. How to further
enhance its photoelectric conversion efficiency is an important target of this study. The
study focus is onwhether the use of branched thiophene devices could create an inter-
nal charge path to enhance electron transportation, thereby improving conversion ef-
ficiency. Experiments show that attachingpendant groups can improve the photoelec-
tric conversion efficiency. The one dimensional polythiophene derivative P3HT (Poly
(3-hexylthiophene-2,5-diyl)), with amolecular weight of 68,000was used; two dimen-
sional polythiophene derivatives are obtained by chemical synthetic methods [70].
Figure 6.9 is the chemical structural formulas of P3HT and three branched polythio-
phene derivatives. The side chain of the three polythiophenes has one, two and three
vinyl thiophenes, called P1, P2, and P3 respectively. The three materials can be dis-
solved in many organic solvents such as chlorobenzene, chloroform, and toluene. If
the side chain density is defined as the ratio of thiophene units containing side chains
to the total number of thiophene units in the main chain, for P1, P2 and P3, it is 50%.
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Fig. 6.9: P3HT and its branched derivatives.

(1) Steady state spectrum of branched molecules of polythiophenes
Research into polymer system dynamics using ultrafast spectroscopic methods re-
quires a combination of transient state and steady state spectroscopy, and othermeth-
ods. Thematerial needs to be carefully characterized in order to study the effect of the
side chain of two dimensional polythiophene and its length on the configuration, mi-
crostructure, conjugation, absorption, the excited state dynamics and other issues.
The above four samples (P3HT, P1, P2, P3) in solution and in solid film have been
detected by emission spectra of the steady state absorption, transient absorption, flu-
orescence spectroscopy, and X-ray diffraction spectra.

Figure 6.10 shows steady state absorption and emission spectra of P3HT, P1, P2,
and P3 in chlorobenzene in the form of solution and film. The solid lines are the ab-
sorption spectra, dashed lines are the emission spectra.

For the steady state absorption spectra of a chlorobenzene solution, P3HT has a
main absorption peak at about 456nm due to polythiophene conjugated π-π * tran-
sition backbone; however, after adding side chains, the two dimensional samples
showed two absorption peaks. The absorption is similar with π-π * transition of P3HT,
but with relative redshift, which means that the energy level has been lowered after
adding the side chain, as a result of the cooperation of the main chain and the side
chain. The significant redshift of the absorption peaks from P3HT to P3 are shown,
as at P3HT of 456 nm, P1 at 490nm, P2 at 554 nm, and P3, it is not possible to read a
clear location. However, according to the redshift of UV and visible absorption peaks
it can be inferred that if the P3 visible absorption peak does occur, it will still appear
as redshifted relative to P2. This redshift is due to the polythiophene conjugated side
chain,which increases the overall degree of polymer conjugation. The coplanar of the
thiophene ethylene side chain and the thiophene ring in the main chain reduce the
energy level. The levels of P1 and P2 decrease to 2.0 and 1.8 eV respectively, which is
advantageous in increasing the coverage of the solar spectrum to enhance the absorp-
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Fig. 6.10: The steady state absorption and emission
spectra of P3HT, P1, P2 and P3 in chlorobenzene in
the form of solution and film.

tion of the solar spectrum, thus helping to improve the power conversion efficiency.
At the same time, along with redshift of the absorption spectrum, the high visible
absorption peak gradually decreases, because the side chains are dense. When in-
creasing the number of vinyls, the long side chains become entangled, and a larger
steric hindrance affects the conjugation of main chain. This makes the backbone of
the polymer chaindifficult to extend in the original plane, resulting in distortion of the
spatial configuration, thereby reducing their degree of conjugation and absorption
intensity. For P3 containing three thiophene vinyl side chains, the side chain group
greatly exceeds the scale of main chain periodicity connecting to the side chain,
which can easily lead to a huge torsion of the main chain plane, resulting in a main
chain conjugation drop. The corresponding absorption peak intensity then becomes
small. Thus, large side chain structures would reduce the π-π conjugated degree of
P3. According to reports, reducing the density of the side chain is an effective way to
solve the steric hindrance, namely by inserting some thiophene units between the
backbone units to increase the distance between the side chains [70, 71].
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Another absorption peak is at the near-ultraviolet region owing to the absorption
of conjugated thiophene vinyl side chains [72, 73]. For absorption peaks in the near-
ultraviolet region, the absorption peak from P1 to P3 apparently redshifts (P1 located
at 350nm, P2 located at 424nm, P3 located at 464nm),which is due to the length of the
side chain increasing, and the total conjugation degree gradually increasing. Notably,
for the overall absorption, P3 is blueshifted compared with P3HT, but the efficiency of
P3 based devices is higher than P3HT based devices.

For the measurement of steady state fluorescence spectra of solution samples,
we can select two absorption peaks to excite. For example, excitation at 350 nm and
490nm for P1 corresponds to the excitation of a side chain and a backbone chain.
Experiments show that both excitations produce consistent fluorescence spectra. P2
and P3 have the same results, indicating that the excitation of side chains can lead to
a two dimensional intramolecular energy migration towards the backbone chain [74].
In addition, the ratio of the relative fluorescence quantum efficiency of these samples
is 36:12:3:1. That is, as the side chain length increases, the fluorescence quantum effi-
ciency gradually decreases. This is because decreasing the molecular chain conjuga-
tion causes defects, leading to fluorescence quenching.

(2) Transient spectrum of branched polythiophene molecules in solution
By means of the transient pump probe technique, the excited state dynamics can be
studied for materials of a wide spectral range. By single wavelength scanning, the
complete transient spectrum from450 nm to the infrared region canbeobtained. Tran-
sient absorption spectra of P3HT, P1, P2 and P3 in chlorobenzene solution are shown
in Figure 6.11. Delays for 0, 0.2, 0.5, 4, 10, and 100 ps of visible and near-infrared tran-
sient absorption spectra are shown. The pump wavelength is 415 nm. Before explain-
ing the transient spectral information, we first illustrate several phenomena of tran-
sient spectra.
(1) Photobleaching (PB): After excitation, the population of electrons located in the

ground state is reduced, so the transient absorption signal absorption decreases
(∆OD < 0) or transmittance increases (∆T/T > 0); this is called ground state
bleaching. This signal generally corresponds to the steady state absorption spec-
trum, usually located near the excitation wavelength. The observation of this sig-
nal represents the excitation conditions of the sample, and the dynamics of the
excited state returning to the ground state. If there is a complex process of inter-
mediate states, the relaxation of the excited state is inconsistent with the recovery
ground state population.

(2) Simulated emission (SE): This process means a particle in an excited state can be
induced to transit to theground statebyprobe light, emittinga stimulatedphoton.
The observed signal is at a similar position towards the steady state emission spec-
tra, usually in the red side of ground state bleaching, appearing as absorbance
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Fig. 6.11: Transient absorption of P3HT and its deriva-
tives, pumped at 415nm.

decreases (∆OD < 0) or transmittance increases (∆T/T > 0). These relaxation
process and ultrafast fluorescence decay signals can confirm each other.

(3) Photoinduced absorption (PIA): PIA refers to the additional absorption feature
due to the pump light. This absorption comes from the photoexcited electrons
in an excited state, which further absorb photons in probe light and transit to a
higher energy level, appearing as absorption increases (∆OD > 0) or transmit-
tance decrease (∆T/T < 0). For the study of excited state dynamics applying tran-
sient absorption experiments, nonemissive states can be directly observed. At the
same time, various photogenerated relaxation processes can be detected, besides
the S1 excited state.

Transient transition enhanced signals at 470, 500, 466, and 506 nm signal of P3HT,
P1, P2, and P3 represent ground state bleaching, as shown in Figure 6.12. For P3HT, at
570 nm there is another relatively flat transition enhanced signal, which is stimulated
emission, consistent with the steady state fluorescence emission peak of P3HT. For P1,
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Fig. 6.12: Transient decay of P3HT and its branched derivatives, from stimulated emission to pho-
toinduced absorption.

at 584 nm there is also a stimulated emission signal, consistent with its steady state
fluorescence peakwavelength,whose intensity is decreased compared to that of P3HT.
When the length of side chain is two, the intensity of the simulated emission (SE) sig-
nal of P2 is further lowered, even slightly reversed, and shown as enhanced absorp-
tion. For P3, the stimulated emission signal has been transformed into a light-induced
absorption signal (570 nm); from negative to positive. Therefore, from P3HT to P3, as
side chain length increased from zero to three, the transient absorption spectra of a
stimulated emission signal of about 570 nm evolved into a light-induced absorption
signal. From the evolution, it can be inferred that from P3HT to P3, with the increas-
ing of side chains, the planar structure of the main chain is damaged by the effect of
steric hindrance. Defects will gradually increase, so singlet excitons excited from the
main chainor transferred from side chains through intramolecular energy transfer are
quenched or trapped by suchdefects, resulting in the excited state quenchingprocess.
This result is also consistent with the decreasing of fluorescence quantum efficiency
in the steady state spectrum.

By means of picosecond resolution streak camera technology, the singlet exciton
lifetime of the four samples can be measured. As shown in Figure 6.13, fluorescence
relaxation curves of four samples in solution are detected at eachfluorescence peak by
this measurement. The dotted lines represent the instrument response function (IRF).
From the data we can see P3HT, P1, and P2 have similar fluorescence decay, while
the decay of P3 is significantly accelerated compared with other three samples. By
exponential fitting (solid line), the fluorescence decay curves of relaxation processes
canbe described by two exponential decays (τ1 and τ2 represent two lifetimes, a1 and
a2 represent the amplitude of these two lifetimes respectively)

F(t) = a1 exp(−tτ1 ) + a2 exp(−tτ2 ) . (6.15)
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Fig. 6.13: The fluorescence relaxation dynamics of the four samples in chlorobenzene solution de-
tected at the fluorescence emission peak. The excitation wavelength is 415nm.

Tab. 6.1: The fitting results of fluorescence relaxation of the four samples in chlorobenzene solution.

a1 τ1/ps a2 τ2/ps

P3HT 570nm 0.111 (10%) 76.8 0.997 (90%) 624.8
P1 584nm 0.255 (23%) 119.5 0.836 (77%) 596.5
P2 594nm 0.278 (25%) 190.0 0.816 (75%) 691.6
P3 570nm 1.240 (90%) 86.0 0.136 (10%) 372.9

The fitting results are shown in Table 6.1. All the results contain a fast decay process
of around 100 ps, which comes from the exciton quenching by the defects of spatial
configuration of the main chain. Another slower relaxation process, ~600ps, comes
from the singlet exciton spontaneous emission process.

From P3HT to P2, the amplitude of the fast decay increases from about 10 to 25%.
The introduction of a side chain causes weak steric hindrance to the planarization
of the main chain and a weak increase in defect density. Therefore, the ratio of the
first process increases slightly. According to equation (6.16) an average lifetime can be
obtained:

τ = a1τ1 + a2τ2
a1 + a2 . (6.16)

The average lifetime of the three samples from P3HT to P2 is about 600 ps, which is
consistent with relative reports of polythiophene [22, 75, 76]. As for P3, a1 increases to
90%, which takes the average lifetime to 120 ps. This is because the side chain length
is more than the repetition period in the main chain, resulting in side chain entan-
glement and a significant weakening to the planar structure of the main chain. This
damage almost destroys the conjugation structure, so that chromophores across sev-
eral chains are relatively close to the defects, thereby enabling a sharp fluorescence
quenching and the short fluorescence lifetime τ2. Likewise, it can be inferred when
the side chain length increases from zero to two, the side chain steric hindrance to pla-
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narization backbone, and to interconnection between the side chains, is small. Influ-
ence on the polymer backbone is gradually increasedwith side chain length. However,
when the side chain contains three vinyl thiophenes, strongentanglement is produced
between side chains, which directly leads to the occurrence of substantial distortion
of the polymer backbone. Intense steric hindrance almost destroys the conjugation
structure of the backbone, and the strong excited state quenching process occurs.

(3) Excited state evolution and charge recombination of polythiophene branched
molecular thin films
By the above research, the difference in configuration of molecular chains of several
polymers can be obtained. As photoelectric functional materials, research on the dy-
namic behavior of thin film devices and photoelectric conversion processes is more
important than for other polymers. Reports on devices with two dimensional poly-
thiophene photovoltaics have confirmed that they are more efficient than one dimen-
sional P3HT based devices. As mentioned above, P3 has a greater defect density of
molecular chains, which makes absorption bluer. Transient absorption experiments
and X-ray diffraction spectra can reveal the effect of branches on the two dimensional
polythiophenes on their charge recombination dynamics. This guides the design for
new polymer photovoltaic materials.

Results of transient absorption measurements of P3HT, P1, P2, and P3 films are
shown in Figure 6.14. For transient absorption spectra of thin film samples, besides
ground state bleaching and stimulated emission, the most noticeable thing is the vis-
ible band from ~600nm to the infrared region. As can be seen from the figure, four
transient absorption spectra of the polymer film samples contain two photoinduced
absorption bands. One is in the visible region (650–700nm), and the other is in the
vicinity of 900nm in the near-infrared region. According to relevant reports [76], PIA
in the visible region comes from absorption of interchain polarons, PA3, correspond-
ing to the charge separation state; and the PIA in the near-infrared region is from ab-
sorption of intrachain exciton, PA2, as shown in Figure 6.15.

To verify the sources of photon induced absorption bands, the PIA signals at
890nm and 665nm were observed by pumping P3HT film with different excitation
densities, as shown in Figure 6.16. This is because the two excited state dynamics
have a different relationship with pump intensity. From the figure it can be easily seen
that the PA2 relaxation process is associated with the pump density. For instance,
at high energy conditions it performs a very fast relaxation process. The reason is
that the exciton concentration is high at high pump energy density, and diffusion of
the exciton in the material is applicable. During transfer, excitons collide with each
other, resulting in singlet exciton-exciton annihilation. While under the same con-
ditions, with the pump energy density gradually increasing from 100 μJ/cm2 up to
1000 μJ/cm2, the relaxation process of PA3 doesn’t change significantly. This infers
that the dynamics of the process associated with the PA3 is localized, independent
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Fig. 6.14: PIA signals of P3HT, P1, P2, and P3 film.
Pump wavelength is 415nm with a fluence of
150 μJ/cm2.

Fig. 6.15: Interchain polaron absorp-
tion of PA2 and intrachain exciton
absorption of PA3 [76].

of excitation density. Its initial fast relaxation can be fitted with exponential decay
(t−1/2), which indicates the polaron twin composite [77]. The dependencies of PA2 and
PA3 relaxation signals on pump energy density, and the exponential decay of PA3, are
consistent with previous reports of Vardeny et al. [76, 78], confirming the two sources:

 EBSCOhost - printed on 2/13/2023 9:33 PM via . All use subject to https://www.ebsco.com/terms-of-use



394 | Shufeng Wang, Kang Meng, Qihuang Gong

Fig. 6.16: The relaxation of photon induecd PA2
and PA3 of P3HT film with different excitation
densities.

PA2 is from polythiophene intrachain excitons, and PA3 is from polythiophene chain
interchain polaron pairs.

For different side chains, we need to compare transient absorption spectra of PA2
and PA3 of our four samples, which is shown in Figure 6.17. By comparison, PA2 re-
laxation kinetics are almost consistent for all samples, i.e. the dynamic process of in-
trachain excitons is similar. However, PA3 relaxation kinetics are associated with the
side chain length, i.e. the longer the length, the slower the relaxation kinetics.

It is recognized that the PA3 relaxation in the first few ps can be fitted with an ex-
ponent function. The dynamics in Figure 6.17 aremainly shown for polaron dynamics.
To compare, we fit the result curves with a multiexponential model. After fitting, we
can get three exponential decay components, as shown in Table 6.2.

PA2 decay kinetics of the exciton relaxation process represent the polythiophene
main chain. Because the pump light (415 nm) energy is higher than the polythiophene
film steady state absorption band edge (650–700 nm) energy, excitons will first be ex-
cited to a higher energy level with ultrafast decayprocess τ1 (0.6–0.8ps), representing
exciton transfer fromahigher energy level to a lower energy level. This coolingprocess
corresponds to excitons transiting from higher vibration states to lower energy states.
Two slower relaxation processes, τ2 (about 12 ps) and τ3 (about 450ps), are derived
from isoenergetic transfer after ultrafast hot exciton relaxation (τ1) [21]. From P3HT to
P3, due to direct excitation of the main chain excitons and the similarity of the main
chain structure, the intrachain exciton relaxation process is basically consistent.

However, for interchain relaxation of polarons, polythiophene samples of differ-
ent side chain lengths exhibit different characteristics of relaxation. For PA3, ultrafast
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Fig. 6.17: Photon induced dynamics of P3HT
(◻, black), P1 ( ⃝), P2 (△) and P3 (󳶚); the solid
lines are the fitting results. The pump wave-
length is 415nm with the excitation fluence of
150 μJ/cm2. The relaxation of intrachain ex-
citons PA2 is measured at 890 nm. The relax-
ation of interchain polarons of P3HT and P3 is
measured at 665 nm, while that of P2 and P3 is
measured at 690 nm.

Tab. 6.2: The fitting results of PA2 and PA3 of P3HT, P1, P2, and P3 films.

Samples and probe
wavelengths

Fitted parameters (ps)

τ1 τ2 τ3
PA2 band
P3HT 890nm 0.7 (60%) 13 (20%) 464 (20%)
P1 890nm 0.7 (49%) 13 (24%) 457 (27%)
P2 890nm 0.8 (51%) 11 (22%) 421 (27%)
P3 890nm 0.6 (50%) 12 (29%) 460 (21%)

PA3 band
P3HT 665nm 0.9 (75%) 9 (13%) 254 (12%)
P1 665nm 0.9 (60%) 11 (22%) 244 (18%)
P2 690nm 0.9 (59%) 11 (21%) 242 (20%)
P3 690m 0.9 (48%) 10 (24%) 247 (28%)

relaxation τ1 (0.9 ps) characterizes the geminate recombination of polaron pairs,
which has a high energy and high mobility. As the length of the side chain increases
from zero (P3HT) to three (P3), the portion of geminate recombination decreases, from
75% for P3HT, to 48% for P3. For samples with longer thiophene vinyl side chains,
the distance between the polymer backbones increases, which means longer spatial
distance for geminate recombination, resulting in a reduced probability of recom-
bination. Other polaron pairs are relatively localized and have lower energy. Their
separation location is not far. Due to their lower energy, they cross the barrier for
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recombination at a smaller rate, resulting in lower kinetic relaxation rate with the
corresponding fitting of τ2 (9–11 ps) and τ3 (about 250 ps) [78].

In reports, polymer photovoltaic solar cells based on two dimensional polythio-
phene, P2 andP3, have a PCEof 2.57 and 3.18% respectively, exceeding P3HTbased de-
vices (2.41%) under the same experimental conditions [70]. Yu et al. reported that [71]
when the side chain contains only thiophene groups (excluding vinyl), the perfor-
mance is also enhanced by improving the open circuit voltage compared with P3HT
based devices.

This indicates that the chemical design of two dimensional polythiophene helps
improve the performance of polymer photovoltaic devices and can be a direction for
development of new polymer photovoltaic materials. Ultrafast spectroscopy studies
show that the recombination probability of interchain delocalized polarons is re-
duced, which helps more polarons further separate into free charge by the built-in
electric field effect, and this is the main reason for this photovoltaic cell device per-
formance improvement. Meanwhile, large side chain steric hindrance may lead to
serious weakening of conjugation. Therefore, we can consider altering the effects of
steric hindrance on the conjugation of two dimensional polythiophene by adjusting
the density of side chains.

Chemical modifications of two dimensional polythiophene change not only the
probability of recombination but also its microstructure. Figure 6.18 shows X-ray
diffraction (XRD) results for these four polythiophene films. P3HT has a characteristic
diffraction peak for lattice at 2θ = 5.4°, which means an ordered layer structure of
P3HT [79, 80]. According to the diffraction peak,we can calculate that the distance be-
tween P3HT layered structures is 1.63nm. Nevertheless, the other three polythiophene
materials P1, P2, and P3 have no diffraction peaks, indicating that the microstructure
of the two dimensional polythiophene material is an amorphous structure. This amor-
phous structure has a consistent steady state and transient spectrum with solution
samples in chlorobenzene: because the steric hindrance caused by the side chains in
polythiophene leads to distortions in the space, the spatial arrangement cannot be in
order.

Fig. 6.18: The XRD results of P3HT, P1, P2, and P3
thin films.
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In P3HT’s ordered layer structure there exists accumulation and aggregation between
layers, whichwill increase the possibility of recombination of polarons. Itsmicrostruc-
ture also becomes amorphouswith the addition of thiophene vinyl side chains, which
increase the spatial distance between polymer chains and effectively reduces accu-
mulation, aggregation and recombination. What’s more, the side chains provide new
charge transfer channels, thereby enhancing the charge transport ability, which is
one of the factors of the performance improvement of two dimensional polythiophene
photovoltaic devices.

6.2.3.2 Advances in thiazide polymers
Because the thiazine group has a six-membered ring containing electron-rich N atoms
and an S atom, as shown in Figure 6.19, it has strong electron-donating properties
and low oxidation potential [81]. In addition, because dihedral the angles formed by
six-membered C-N-C bond and C-S-C bond are 140° and 141.9° respectively, it has a
spatial configuration of the butterfly type in the ground state, which is significantly
different from carbazole and fluorine groups [82, 83]. This effectively reduces the hy-
drodynamic volumes of corresponding polymers and π-π aggregation [84], and will
greatly improve the optical properties of polymer solid films.

In recent years in the field of photovoltaic cells, due to this strong electron-do-
nating property, thiazide group polymers have often been used in dye-sensitized so-
lar cells [86–88] and polymer photovoltaic cells [89, 90], in which the thiazide acts
as an electronic donor, with phenylquinoline as an electron acceptor. Electrolumi-
nance devices based on thiazide also achieved great progress [82, 91–93]. Daub and
Shirdel et al. studied some intramolecular energy transfer and electron transfer ki-
netics from thiazide to pyrene and flavin groups in dimers and trimers [94–97]. Re-
searches show that the electron donor-acceptor type in a polymer system can effec-
tively reduce the bandgap, thus enhancing absorption of solar radiation. In these poly-
mer structures, intramolecular charge transfer is a frequently occurringphotophysical
process in the excited state S1 after excitation, which is often associated with torsion
of certain groups around a single bond, forming the twisted intramolecular charge
transfer (TICT) state [94, 95].

Fig. 6.19: The chemical structure formula and spatial configuration of the corresponding thiazine
polymer [85].
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Fig. 6.20: Three polythiazide polymers.

For polymers containing thiazides, thiophene, furan, carbazole and other organic
functional groups,many researchers have obtained the spatial configuration and elec-
tronic states of S0 and S1 by theoretical calculation [98–103]. The variation of spatial
configuration of conjugated polymers affects their conjugation length, bandgap, and
so on. The torsional relaxation of the spatial configuration also has a great impact on
the performance of PV devices. By means of time resolved fluorescence spectroscopy,
spatial torsional relaxation of a thiazinyl donor-acceptor (DA) polymer and the form-
ing of TICT states are revealed.

We present several thiazine polymers synthesized by the Knoevenagel and Wittig
method [104]. The chemical structures are shown in Figure 6.20. PQ is constituted by
thiazine and ethylene groups, and PQT and PQFhave introduced thiophene and furan
groups on the base of the PQ, respectively. They form a DA structure, containing 6.8
repeating units.

Figure 6.21 is steady state absorption spectra of the three polymers in tetrahydro-
furan (THF) solvent. They both show two absorption bands, one at 400–440nm, and
another at 300–330 nm. Absorption at 400–440nm is derived from π → π* transition
of delocalized π electrons [105]. Qiu et al. studied polymers of different thiazine vinyl

Fig. 6.21: Absorption of PQ, PQT, and PQF in THF.
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Fig. 6.22: The steady state absorption of PQT in toluene, chloroform and DMF.

chain lengths. With increasing chain length, the degree of conjugation increased, and
the bandgap Eg also decreased [106]. PQ absorption is consistent with the reported
polymer containing six repeating units, which confirms that the chain length of PQ is
about six. The figure also shows that PQT and PQF have a redshifted and have wider
absorption spectra compared with PQ due to increased conjugation length, n → π∗
transition of nonbonding electrons in thiophene and furan S and O atoms [26], and
intramolecular charge transfer in the DA structure. The addition of thienyl and furyl
reduced the bandgap of phenothiazine.

The thiazine polymer can be dissolved in solvents with different polarities,
e.g. toluene, chloroform, and dimethylformamide (DMF), of 1.23, 3.84 and 12.88 ×
10−30 C ⋅m respectively. In this series of solvents, steady state absorption spectra of
PQT and PQF remain constant, while the emission spectra redshift with increasing
solvent polarity, as shown in Figure 6.22. This shows that these types of polymers in
the ground state do not have intramolecular charge transfer, and no intramolecular
charge transfer (ICT) state forms. When the polymer is photoexcited to the excited
state, intramolecular charge transfer occurs and the ICT state forms, resulting in red-
shifted emission, which is characteristics of DAmolecular systems [91]. This is consis-
tent with reports of Jenekhe et al. on a thiazide-phenylquinoline copolymer [91, 92].

Another group of solvents of similar polarity but different viscosity, tetrahydrofu-
ran (THF), dichloroethane (DCE) and aniline, are chosen to compare the steady state
absorption and emission spectra of PQT and PQF, taking coumarin-152 as a reference.
Based on equation (6.17),

Qs = Ss
Sr

Abr
Abs

n2s
n2r

Qr (6.17)

PQT and PQF fluorescence quantum efficiency can be obtained (in which Qs, Ss, Abs,
ns andQr, Sr, Abr, nr are fluorescence quantumefficiency, the total fluorescence inten-
sity, the absorption coefficient and refractive index of the sample and standard sam-
ples, respectively), as listed in Table 6.3. As the viscosity of the solvent increases, the
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Tab. 6.3: Fluorescent quantum efficiency of PQT and PQF in THF, DCE, and aniline.

Solvent Dipole (10−30C ⋅m) Viscosity (mPa ⋅ S) QE (%)

PQT PQF

THF 5.70 0.550(20°C) 10.9 9.7
DCE 6.20 0.840(20°C) 9.6 5.9
Aniline 5.04 4.43(20°C) 1.5 1.0

fluorescence quantum efficiency of the sample decreases: fluorescence quantum effi-
ciency of PQT and PQF decreased from 10.9% and 9.7% to 1.5% and 1.0% respectively.

The emission spectra in solvents of different polarities indicates that in the ex-
cited state intramolecular charge transfer will occur. Based on the understanding of
polymermolecular structure, the viscosity of the polymer solventwill affect the config-
uration torsion, which is linked with the formation of the ICT state [107]. The decreas-
ing fluorescence quantum efficiency with increasing viscosity of the solvent indicates
that the presence of nonradiative relaxation channels related to spatial configuration
after PQT and PQF are excited. At the same time, the intramolecular charge transfer
is accompanied by torsion of the C-C single bond, forming a TICT state. The torsion
consumes exciton energy, making the fluorescence quantum efficiency decrease.

To further illustrate the relaxation of the torsion process, we use streak camera
fluorescence relaxation kinetics to compare the dynamics of the samples in different
viscosity solvents. For PQ, its fluorescence relaxation can be fitted with a single ex-
ponential decay, obtaining the fluorescence lifetime of 1.7 ns, as shown in Figure 6.23.
This is because the polymer of PQ is not a DA structure, without thiophene, furan, and
other groups. PQ molecules in the excited state transit to the ground state via direct
radiative relaxation without intramolecular charge transfer occurring.

But for PQT and PQF, because of the formation of a DA structure through the addi-
tion of thienyl and furyl groups, intramolecular charge transfer occurs after excitation.
Therefore,multiexponential decay is needed to fit the fluorescence relaxation process.
Figure 6.24 shows fluorescence relaxation of PQT and PQF in solvents of different vis-
cosity: THF, DCE, and aniline. (a) and (b) represent the experimental results of 2.2 ns
time window and fitting curves, (c) and (d) represent 160 ps time window and fitting
results. The excitation wavelength is 415 nm, and the fitting wavelength is the fluo-
rescence emission peaks of each sample. The solid lines represent the fitted curves
obtained by the instrument response function IRF and deconvolution software.

From Table 6.4, it can be seen that PQT in three solvents contains two fluores-
cence relaxation components: a rapid relaxation of about 10 ps and a slow relaxation
around 2 ns. The 2 ns relaxation process can generally be considered to be PQT exciton
fluorescence lifetime. The 10 ps fast relaxation process gradually slows down with in-
creasing solvent viscosity, from THF at 6.7ps, to dichloroethane at 14.3 ps, and aniline
at 17.7 ps. In PQT samples, the thiazide group has a strong electron-donating property,
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Fig. 6.23: Single exponential decay of PQ in THF.

Fig. 6.24: Fluorescent peak decay of PQT and PQF in THF, DCE, and aniline.

Tab. 6.4: The fitting result of PQ, PQT, and PQF in solvents.

THF Dichloroethane Aniline

PQ 1.7 ns – –

PQT 6.7 ps (38%)
1.9 ns (62%)

14.3 ps (40%)
2.0 ns (60%)

17.7 ps (55%)
1.9 ns (45%)

PQF 2.0 ps (37%)
12.4 ps (23%)
4.2 ns (40%)

1.3 ps (72%)
15.6 ps (13%)
4.5 ns (15%)

1.2 ps (79%)
22.8 ps (10%)
2.2 ns (11%)
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so electrons are prone to being transferred from the thiazide group to the intramolecu-
lar electron thiophene group, resulting in the formation of an ICT state. However, due
to the single bond between thiazide and thiophene, intramolecular electron transfer
processes in the molecular structure will be accompanied by twisting to form a TICT
state. Due to the PQTfluorescence relaxation process, the fast relaxation time of about
10 ps slows downwith increasing solvent viscosity, which infers configuration torsion
along with the intramolecular electron transfer, meaning that the increasing solvent
viscosity will slow down this process [107, 108]. In addition, the amplitude of fast re-
laxation increases as solvent viscosity increases, indicating that the higher the viscos-
ity of the solvent, the more excitation energy consumed by the nonradiative channel
of configuration torsion, which coincides with the decreasing fluorescence quantum
efficiency. Studies have shown that [98, 100–102] thiophene polymers or molecules
in the ground state configuration are generally nonplanar, while the excited state is
planar with high torsional freedom. From the nonplanar configuration to the planer
structure, the energy barrier is generally low (< 2 kcal/mol). This is also confirmed in
PQT intramolecular charge transfer accompanied by the occurrence of configuration
twisting, forming a TICT state.

In PQF samples this leads to a rapid relaxation process of configuration twist-
ing, and with increasing solvent viscosity, relaxation time of this process is from THF
at 12.4 ps, to dichloroethane at 15.6 ps, and aniline at 22.8 ps. However, studies have
shown that, [101, 103, 109] for the carbazole-furan polymer, the spatial configuration
of ground and excited states are flat or nearly flat. Here, the configuration twistingwill
not occur, which is contradictory with the results. This is likely due to the vinyl be-
tween thiazide and furan groups, which can cause photoisomerization between trans
and cis configurations [110]. In addition, there exists a 1–2 ps ultrafast process of PQT,
which may be derived from the nonradiative transitions induced by other solvents,
and the ultrafast nonradiative processes and configuration twisting together consume
exciton energy, making the fluorescence quantum efficiency PQF in the three different
solvents lower than that of PQT.

6.3 Photophysics of polymer complexes

6.3.1 Background and development of organic photovoltaic devices

With advances in science and technology and the change in our way of life, we formed
a severe reliance on energy. However, the oil depletion has always been a Sword of
Damocles suspended over the human race. Traditional energy resources will dry up
in the coming decades. Obtaining new energy resources is the world’s premier issue
for economic development. Solar energy is the key to solving this problem. Radiation
energy provided by the sunlight in the atmosphere is 1.37 kW/m2. In 2008, human-
ity’s total energy consumptionwas 143 PWH, less than one ten thousandth of the total
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solar radiation energy the earth received. Almost all the organic energetic materials
on earth derive from the sun’s energy, from coal, petroleum and natural gas, to the
photosynthesis of green plants. Green plants’ photosynthesis is one of nature’s most
efficient and most widely used energy harvesting and storage mechanisms. People
have learned from this photosynthesis process, generating a new field of green en-
ergy: solar energy photoelectric conversion.

In 1839, French scientist Edmond Becquerel discovered the photovoltaic effect: he
placed a platinum electrode in a solution of silver chloride, which displayed an elec-
tromotive force between the electrodes under light. In 1930, Schottky proposed the
theory of the photovoltaic effect of Cu2O. In same year, it was proposed for the first
time that the photovoltaic effect could be used for solar cells, which directly convert
solar energy into electricity. Theworld’s first piece of inorganic solar cells was born in
1954. G. L. Pearson, C. S. Fuller, andD.M. Chapin inBell Labs created the first solar bat-
tery with a silicon semiconductor. The energy conversion efficiency was 6% [111, 112].
Since then, inorganic solar cells were also developed, such as single crystal and poly-
crystalline devices like cadmium telluride and cadmium sulfide [113–115]. The energy
conversion efficiency greatly progressed, being more than 25% under laboratory con-
ditions [116].

The first piece of organic photovoltaic cells was born in 1958. Kearns and Calvin
used magnesium phthalocyanine dyes (MgPc) sandwiched between two electrodes
with different work functions to prepare the first organic photovoltaic cells. Electrons
were extracted by electrode with lowwork function, and holes were filled by electrons
from electrode high work function, which formed a photocurrent under illumination.
These organic photovoltaic cells depend on the Schottky barrier from the contact of
organic semiconductor films and two electrodes with differentwork functions, so they
are called single Schottky type organic photovoltaic cells, whose energy conversion ef-
ficiency is very low. Since then, organic photovoltaic cells hadmade no breakthrough
progress for a long period of time. In 1986 however, a landmark breakthrough was
achieved by Dr Tang from Kodak. He proposed a double membrane heterojunction
structure. This structure was similar to the p-n junction: the photoinduced excitons
broke at the heterojunction interface and formed carriers. He used a derivative of four
carboxyl perylene (PV, n-type) and copper phthalocyanine (CuPc, p-type) for a dual
layer membrane, making an organic solar cell with energy conversion efficiency of
1% [117]. In 1992, Sariciftci and coworkers found that excitons in organic polymer and
C60 interfaces could separate very efficiently. Fast electrons injected from the polymer
into the C60 molecule with high efficiency, while the reverse electron transfer was of
low speed. In 1993, they used MEH-PPV (polystyrene support) and C60 to make a dual
layer heterojunction polymer photovoltaic cell, with MEH-PPV as electron donor and
C60 as electron acceptor. The energy conversion efficiencywas 0.04% [118]. Since then,
C60 and its derivativeswere widely used as electron acceptors in polymer photovoltaic
cells [19, 20, 119–123]. However, in dual layer heterojunction devices, excitons can sep-
arate only at the interface of donor and acceptor. Since the exciton diffusion distance
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was only ~10 nm, the excitons away from the heterojunction interface recombined and
were lost before migrating to this interface [124]. This limits the thickness of the or-
ganic layers to be less than 20 nm, which is insufficient for absorbing solar radiation.
Therefore, it restricts the energy conversion efficiency of photovoltaic cell devices. To
overcome this limitation, people developed the concept of bulk heterojunction: mix-
ing films of donor and acceptor materials by evaporation or spin coating. Nanoscale
donor-acceptor interfaces were formed within the microstructure of the organic layer.
This greatly increased the heterojunction interface. This meant the photoinduced ex-
citons could separate at nearby interfaces over a short distance to efficiently generate
carriers. This design broke the device thickness limitation caused by the exciton dif-
fusion distance. The device performancewas greatly improved. Based on this concept
of bulk heterojunction, polymer photovoltaic cells were greatly improved.

Now the structures of polymer photovoltaic cells are mostly bulk heterojunction
structures, as shown in Figure 6.25. Above the anode ITO glass base there is a hole
transporting layer (PEDOT-PSS film as commonly used) and an intermediate organic
layer, which is an electron donor and electron acceptor hybrid film. On themesoscopic
scale these form a blending interpenetrating network structure. A metal electrode is
evaporated above the film.

Fig. 6.25: Diagram of bulk heterojunction
polymer photovoltaic cell device structure.

In the polymer photovoltaic cells, the photoelectronic conversion process can roughly
be divided into four steps, as shown in Figure 6.26: [125, 126]
(1) After absorbing photons at certain energy, excitons are generated in the organic

material;
(2) The excitons diffuse to the D-A interface;
(3) On the D-A interface, electrons transfer from the lowest unoccupied molecular

orbit, (LUMO) of the donor to the lowest occupied molecular orbit (LOMO) of the
acceptor, producing bound carrier pairs from excitons;

(4) Bound carriers further separate into free carriers, and electrons and holes are col-
lected in the cathode and anode through the donor-acceptor interpenetrating net-
work, generating photocurrent in an external circuit.
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Fig. 6.26: The working principle of polymer photovoltaic cells.

Fig. 6.27: Typical I-V curve for photovoltaic cells.

The performance of polymer photovoltaic cells devices is shown by open-circuit pho-
tovoltage (VOC), short-circuit photocurrent (JSC), fill factor (FF) and power conversion
efficiency (PCE) as shown in Figure 6.27.

Vm and Jm are voltage and current corresponding to the maximum output power,
and the filling factor FF refers to the ratio of the maximum output power photovoltaic
battery and the product of the open circuit voltage and short circuit current:

FF = Vm ⋅ Jm
VOC ⋅ JSC . (6.18)

Photovoltaic energy conversion efficiency of η refers to the ratio of maximum output
power and the input optical power:

η = Pout
Pin

= FF JSC ⋅ VOC
Pin

. (6.19)

In the solar spectrum, most of the solar radiation energy is over 400 nm, as shown in
Figure 6.28. For donor materials of polymer photovoltaic cells, in order to be able to
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Fig. 6.28: Solar radiation spectrum [127].

absorb more solar radiation, finding and synthesizing low bandgap polymers is the
basis for improving battery components. At present, there are two kinds of polymer
used as donors in polymer photovoltaic cells.

(1) Poly-phenylenevinylene (PPV) and its derivatives
PPV and its derivatives, as shown in Figure 6.29, have good membranous and di-
verse synthetic methods [128]. They are widely used in the field of polymer photo-
voltaic cells [129, 130]. PPV-derivative based polymer photovoltaic cell efficiency can
be ~2.5% [131].

Fig. 6.29: PPV and its derivatives.

(2) Polythiophene and its derivatives
Polythiophene has higher carrier mobility than other polymers. For example, the car-
rier mobility of P3HT can be 3.1 × 10−3 m2V−1s−1 [132]. Through chemical modifi-
cation, polythiophene can reduce forbidden bands and its absorption spectrum can
reach the near-infrared range. It has become a research hotspot in the field of poly-
mer photovoltaic cells. Figure 6.30 shows some derivatives of polythiophene used in
polymer photovoltaic cells [133]. Among them, themost widely used derivative, which
has best performance, is poly P3HT, of which the energy conversion efficiency reaches
5% [134]. The research team led by Heeger reported a photovoltaic cell, made of thio-
phene copolymer andPC70BM,whose energy conversion efficiencywas6.1% [135]. An-
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Fig. 6.30: Polythiophene and its derivatives [134–136, 138].

other polythiophene derivative with an improved electron acceptor broke the record
with a conversion efficiency of 7.7% [136]. In addition, Li synthesized another kind
of fullerene derivative, ICBA. Together with P3HT, the energy conversion efficiency
reached 6.5% [137].

Polymer photovoltaic cells usually use fullerene (C60) and its derivatives as elec-
tron acceptors. C60 is a kind of carbon whose atoms are in clusters, with 32 surfaces
composed of 60 carbon atoms; it is also known as the football alkene. There are 60
π electrons at the surface of C60, forming an electronic conjugate system with very
strong reducibility and high electron affinity (2.6 eV to 2.8 eV). It can absorb up to six
electrons. It has no strong absorption in the visible area, so it is an ideal electron trans-
portmaterial [128]. However, the solubility of C60 molecules is poor, easily aggregated,
and not ready for films. Through chemical modification, we can get various fullerene
derivatives. Among them, themostwidely used is (6, 6)-Phenyl C61 butyric acidmethyl
ester (PCBM). In addition, through chemical modification we can also get other forms
of derivatives, as shown in Figure 6.31 [19, 139–141].
Research on the dynamics and photochemistry of polymer photovoltaic materials
plays an important role in the study of polymer photovoltaic cells, and it is the foun-
dation of the development of polymer photovoltaic cells.
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Fig. 6.31: Fullerene and its derivatives [19, 139–141].

Fig. 6.32: Diagram of a polymer photovoltaic cell’s physical process after absorbing photons.

In each step of the dynamics in polymer photovoltaic cells, the most important part
is charge transfer between the acceptor-donor heterogeneous interface and bound
charge generation, then the formation of free charges. Figure 6.32 illustrates the phys-
ical process of a polymer photovoltaic cell after absorbing a photon. kf is the rate of
excited states directly transiting back to the ground state, kCT is the charge transfer
rate, kD is the rate of bound charge separating into free carrier, kR is compound rate
of polaron recombination, kge the free charge’s geminate recombination, and knon−ge
is the nongeminate charge pair recombination [142, 143].

Electrons in the excited state of donors can transfer to the electron acceptor, or by
other ways (including radiative and nonradiative tranfer), back to the ground state.
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The charge transfer efficiency is [144]

ηCT = kCT
KCT + kf . (6.20)

For bulk heterojunction materials such as P3HT:PCBM, charge transfer is far greater
than mechanisms, so the charge transfer efficiency is close to 1. According to the
Marcus–Hush theory, the charge transfer rate is

kCT = 2πℏ E2B
1√4πλkBT exp(−(λ + ∆G0)2

4λkBT
) , (6.21)

where EB is Coulomb binding energy, λ is charge reorganization energy, ∆G0 is the
change of Gibbs free energy in the charge transfer process, kB is the Boltzmann con-
stant, and T is the absolute temperature. According to the Braunmodel, the probabil-
ity of a polaron in the bound state separating into free charge depends on the electric
field intensity E and absolute temperature T [145, 146]

P(T, E) = kD(E)
kD(E) + kR , (6.22)

where kD(E) is the rate of the bound charge separating into free carrier rate, and kR
is the recombination rate of bound charge rate having nothing to do with the elec-
tric field. On the basis of the Onsager theory [147], Braun obtained the relationship of
charge separation rate kD(E) and electric field intensity E, carriermobility ⟨μ⟩, dielec-
tric constant ⟨ε⟩, electron hole distance r and the absolute temperature T [146]

kD(E) = v exp (−EBkBT
)(1 + b + b2

3 + b3
18 + b4

180 + . . . ) , (6.23)

in which,

v = 3e⟨μ⟩
4πε0⟨ε⟩r3 (6.24)

b = e3E
8πε0⟨ε⟩k2BT2 (6.25)

EB = e2
4πε0⟨ε⟩r , (6.26)

where ε0 is permittivity of a vacuum. In bulk heterojunction polymer photovoltaic bat-
tery materials, the distance of the acceptor and the donor (the distance of the electron
and hole: x) is not a constant, but has a certain distribution. Equation (6.22) should
be written in the integral form of the electron hole distance x [148, 149]

P(T, E) = NF

∞∫
0

P(x, T, E)F(x)dx , (6.27)
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in which

F(x) = x2 exp(− x2
a20
) (6.28)

NF = 4
π 1

2 a30
. (6.29)

So, in polymer photovoltaic cells, the free carrier generating rate is

η(λ) = ηA(λ)ηCTP(T, E) , (6.30)

inwhich ηA(λ) is the polymer photovoltaic cell’s absorptivity of differentwavelengths.
In polymer photovoltaic cells, photoinduced current Jph is the difference of the

photocurrent JL with light and the dark current JD without light

Jph = JL − JD ; (6.31)

and without diffusion current [150],

Jph = eGL , (6.32)

inwhich, e is the electron charge, G is the rate of carrier generation, and L is the thick-
ness of the active layer. The built-in electron field in the device is

E = V0 − V
L , (6.33)

where V0 is the voltage when the photoinduced current Jph = 0.
Considering the diffusion current, equation (6.32) gives [151]

Jph = eGL [ exp (eV/kBT) + 1exp (eV/kBT) − 1 − 2kBT
eV ] . (6.34)

The production rate of carrierG is also the function of the temperature and the internal
electric field,

G(T, E) = GmaxP(T, E) , (6.35)

where Gmax is the production rate when all the polarons participate in the charge sep-
aration.

Combining equations (6.34), (6.35), and (6.27), we can get the equation of pho-
toinduced current in the polymer photovoltaic cells

Jph = eGmax [[NF

∞∫
0

P(x, T, E)dx]] L [exp (eV/kBT) + 1exp (eV/kBT) − 1 − 2kBT
eV ] . (6.36)

According to these theories of photocurrent, we can calculate the photoinduced cur-
rent in polymer photovoltaic cells, which fits the experimental data well, as shown in
Figure 6.33.
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Fig. 6.33: The photoinduced current in the
OC1C10-PPV:PCBM system [149].

6.3.2 Applications of ultrafast spectroscopy in polymer complexes

6.3.2.1 Photophysics of organic photovoltaic devices
Since the 1990s, the performance of polymer photovoltaic cells has been continuously
surpassed. At the same time, research on the dynamics of polymer photovoltaic mate-
rials became deeper. In 1992, the discovery of electron transfer from conjugated poly-
mers MEH-PPV to fullerene C60 opened a new era in the study of dynamics of polymer
photovoltaic cells [152].

In 2001, Brabec et al. studied the MDMO-PPV to PCBM electron transfer rate by
ultrafast spectroscopy, which was found to be about 45 fs, as shown in Figure 6.34.
Subsequently, much research confirmed that the electron transfer rate of conjugated
polymers to PCBM derivatives were within 100 fs. [24, 154–157] However, in the study
of Hwang et al., it was found that the photoinduced electron transfer from oligo
(thienylenevinylene) (OTV) to PCBM is 14 ps [158].

In addition, inside the polymer photovoltaic cells, carriers generated by electron
transfer and the corresponding charged stateshavedifferent relaxation lifetimes. They
have relatively long electron diffusion and energy transfer times, which are generally

Fig. 6.34: Ultrafast electron transfer from MDMO-
PPV to PCBM [153].
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on ns-µs timescales, and even up to ms [74, 159]. For example, in polyfluorene and
fullerene heterojunctionmaterials, recombination of geminated carriers is in the 30ns
time range; free carrier transportation and recombination are on the ns and even µs
timescale. Thus, in polymer photovoltaic cell materials, the photochemical and pho-
tophysical processes span a large timescale, from 10−15 to 10−3 s, across 12 orders of
magnitude.

Spatially, in order to provide abundant donor acceptor interface and a richly
connected blending interpenetrating network in bulk heterojunction polymer pho-
tovoltaic cells, two kinds of materials need to possess proper phase separation. If
separation is too small, interpenetrating networks may short circuit; if the separation
scale is too large, a lot of broken circuitswill form, so that photoinduced exciton won’t
separate effectively. Figure 6.35 shows the typical topography and phase separating
images of bulk heterojunction photovoltaic materials by atomic force microscopy
(AFM), revealing the different phase separation scales of acceptor and donor. The
choice of solvent, sample preparation environment, annealing temperature, anneal-
ing time, and other factors relate to this phase separation. From the photoexcitation

Fig. 6.35: The typical topography and phase separating images of bulk heterojunction materi-
als [160].
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and electron transfer to the free carrier collecting, the spatial scale for study is from
the molecular to the nanometer scale; also across several orders of magnitude.

The cross-link of polymer photovoltaic cell dynamics in the time domain and
space domain makes the research very complicated. Time resolved spectroscopy pro-
vides a powerful tool in this field. Using time resolved spectroscopy we can detect
all kinds of photophysical processes. Ultrafast femtosecond lasers can access time
resolutions down to ~10 fs, [153] which provides direct observation of the dynamics of
polymer photovoltaic cells with reliable experimental basis.

6.3.2.2 Ultrafast photophysics of polymer-fullerene composites
The Sundstrom group studied the dynamics from ultrafast (30 fs) to microsecond
(50 µs) timescales. They used femtosecond transient absorption technology and a
nanoflash photolysis method (nanosecond flash photolysis) to study short and long
dynamic process on the APFO3/PCBM system (APFO3, poly real [2,7-(9,9-dioctylflu-
orene)-Alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3-benzothiadiazole)]), with ratio of 1:1, 1:3 and
1:4 (weight ratio). When excited at 580 nm in the presence of PCBM, fluorescence
quenching obviously occurred (in the ratio of 1:1, the fluorescence quantum efficiency
was 0.4%) [161, 162], suggesting that PCBM directly affects the excited state of the
polymer, that is, the quenching occurs before the energy transfer in the polymer. This
quenching process can be confirmed by ultrafast fluorescence dynamics analysis:
fluorescence quenching in the ultrafast form, which is an extremely short excited
lifetime 200 fs. Without PCBM, this lifetime is ~50 ps.

The three transient absorption feature bands appear in ultrafast scales at 570 nm
for ground state bleaching, 700 nm for stimulated radiation, and 900nm for APFO3’s
excited state together with the carrier’s contribution. In pure APFO3 film, the last one
is the pure excited state absorption band, as shown in Figure 6.36 and 6.37 [163].

The complete dynamic measurement from the initial excitation to fully disap-
peared charge needs observation from femtoseconds to microseconds.

By observation of the complete timescale, the initial ~ 200 fs shows fast relax-
ation, followedby a 30ps rise and 30 ns decay process. Under lowpump light intensity
(< 6.6 × 1013 ph/cm2/pulse) the recombination process does not rely on the light in-
tensity; with the increase of light intensity (> 1×1014 ph/cm2/pulse), the recombina-

Fig. 6.36: (a) Pure APFO3’s transient
absorption spectra with 10 ps delay,
pumped at 580 nm, light intensity 1.2 ×
1014 photon/cm2/pulse. (b) APFO3/PCBM
mixture of 1:4, transient absorption under
same conditions [163].
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Fig. 6.37: APFO3/PCBM’s transient absorption curve in the complete timescale; the irradiation inten-
sity is (a) 2.3 × 1013, (b) 6.6 × 1013, (c) 1.1 × 1014, (d) 2.3 × 1014, and (e) 8.0 × 1014 (ph/cm2 per
pulse) [163].

tion process strongly depends on the pump intensity, the decay rate increasing quickly
towards light intensity. Internal energy transfer processes of the polymer can be de-
termined by the intensity dependent exciton-exciton annihilation process, with the
average exciton hopping time τh ≈ 6ps.

These timescales can be generally attributed to the ultrafast time process, with
200 fs as the ultrafast electron transfer process of the polymer from the excited state
to PCBM, of which the efficiency is ~100%. In some systems, the charge transfer pro-
cess from the polymer to fullerenes can reach 45 fs [153]. The result of electron transfer
is that a hole is produced in the polymer, which is attracted by the electron in PCBM,
forming a hole-electron pair, that is, the bound charge pair. Within ~1 ps this process
is complete, indicating that the photon absorbed converts to carriers efficiently. There-
fore, the charges are theonlyproduct of this process. This is shownas theabsorptionof
650–950nm broadband in the transient spectrum. Meanwhile, because this timescale
is obviously lower than the exciton’s jump time in the polymer, 6 ps, this is a process
that does not contain exciton diffusion. It also suggests full blending of PCBM and
polymer.

Slow processes at the nanosecond scale represent charge recombination. These
processesmaybe fromgeminatedor nongeminated recombination. Geminated recom-
bination is a local process, independent of the excitation intensity; nongeminated re-
combination is the process from free charges, so it is related to charge density and the
excitation intensity. However, the two timescales are similar. Under high charge den-
sity, the nongeminated recombination is faster. In APFO3/PCBM systems, when the
excitation intensity is less than 6 × 1013 ph/cm2/pulse, the recombination process is
time independent. When the light intensity is larger than 1 × 1014 /cm2/pulse, the
dependence starts to emerge, and the nongeminated recombination process becomes
the main process.
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Between ultrafast photocharge generation and charge recombination processes
at nanosecond timescales, a hundred picosecond scale rising signal can be observed.
This is a process from bound charge to free charges, throughwhich free charge density
increases, and competes with free charge recombination and Coulomb bound charge
recombination.However, in this system, the recombinationprocess of Coulombbound
charge is not significant.

When studying polymer/PCBM systems by ultrafast spectroscopy, we need to fit
different dynamic parts, to distinguish the contribution of each component in the sig-
nal. For the initial charge transfer process from the polymer to PCBM, we can fit with
a simple exponential; free charge generation also can be obtained by exponential fit-
ting. The geminated charge recombination process cannot use single or double expo-
nential or power lawfitting. TheGaussian distribution fitting in the log k3 space (decay
rate) can be applied. As a result, the rate constant k3 represents the average Gaussian
distribution. Its distribution may be derived from the charge transfer active energy or
transmission distance; in APFO3/PCBM systems it may include both contributions.

The pump intensity related recombination process includes two types: nongem-
inated charge recombination and collision of Coulomb charge pairs. The latter refers
to a process that occurs when the Coulomb charge pair density is too large and charge
pairs on the Onsager ball overlap in volume, interacting and leading to a charge re-
combination for one pair, while the neighboring pair still exists. These two processes
are pump intensity dependent second order process. However, the decay rate is not
time independent, but is a constant that can be defined as a time dependent rate
γ(t) = γ0/tα. Because the secondorder processusually dependson themotility, thede-
cay rate represents the charge’s motion in the system. The portion of geminate charge
recombination and nongeminate recombination is shown in Figure 6.38.

The recombination of carriers can be studied in time domain [164–174] and fre-
quency domain methods [175]. Time domain research methods include nanosecond-
millisecond transient absorption studies. Scriciftei found PPV/fullerene’s signal con-
sists of two parts: an ultrafast process (< 20 ns) dependent on the pump intensity,

Fig. 6.38: The relative proportion of geminated charge recombination
and nongeminated charge recombination in a 1:1 APFO3/PCBM sys-
tem, as well as the relationship with the incident light intensity [163].
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attributed to themotivated polaron recombination; and a slow process (100 ns–10ms)
as a complex process of confined polarons [166, 167]. The slow process indicates that
the timescale of charge transport can compete and give certain quantum efficiency.

In the study above, confined polaron recombination is the main recombination
process, while Janssen thought the ultrafast process was the main part of the charge
recombination [170]. In addition, whether the ultrafast process is a pump strength
dependent nongeminated charge recombination, or a pump independent geminate
charge recombination process is debated. In a P3HT/PCBM system, Mesker revealed
that 80% of the charge recombines within 30ns after excitation is geminated, as stud-
ied by infrared time resolved spectrum, while the rest of the charges persist up to the
millisecond timescale. The microwave conductivity test indicated that the charge re-
combination depends on the concentration of the PCBM, which can be geminate or
nongeminate. Therefore, the charge recombination is a problem that is difficult clear,
which may be due to the sample and difference in excitation conditions [172].

6.3.2.3 Absorption broadening of multicomponent polymers (PQ/MEH PPV)
Polymer photovoltaic cells with bulk heterojunction structures have a disadvantage:
the conjugated polymers have limited spectral absorption towards solar radiation,
while the absorption of fullerene derivatives, PCBM, is very weak. For example, for
the most commonly used polymer material, P3HT, the bandwidth is 1.9 eV, which can
absorb up to 22.4%of solar radiationphotons [176], whichmeansmost of the radiation
from the sun cannot be used. As a result, a variety of photovoltaic cell structures have
been proposed to enhance absorption spectra of materials.

All-polymer solar cells are a kind of structure that is effective in improving the
absorption. In these devices, some conjugated polymers take the position of elec-
tron acceptors. For example, the CN-ether-PPV [177], PCNEPV [178], DOCN-PPV [179],
and F8TBT [180] are used as substituted materials for molecular acceptors like PCBM.
These electron acceptor polymers play the role of PCBM.At the same time, they absorb
solar radiationphotons, whichwill provide significant improvement to the absorption
of photovoltaic cells. PCNEPV and MDMO-PPV, for example, cause the absorption of
the material to expand from 450–630nm to 300–630nm [181]. In all-polymer photo-
voltaic cells, the photon excites the polymer with wider forbidden band first, which
then transfers the energy to another polymer and performs photoelectric conver-
sion [130]. Recently, multicomponent polymer photovoltaic cells have been suggested
to overcome the exciplex and triplet state in the polymer photovoltaic cells [182–184].
In this structure, the second electron donor material is mixed with the original one,
increasing its ability to absorb photons. For example, a high and low degree of con-
jugated MEH-PPV are mixed, which shows extended absorption to 300–670nm. The
exciton transfer from low to high conjugated polymer is by resonance energy trans-
fer [185]. In cells based on P3HT:PCBM bulk heterojunction cells, F4Th4 was mixed
as another electron donor, which expanded the absorption to 300–700 nm. Energy
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Fig. 6.39: The chemical structural formula of
MEH-PPV and PQ.

transfer from F4Th4 to P3HT forms additional charge separation at the interface [186].
According to this, resonance energy transfer between the twodonor polymers inmulti-
component devices is an important dynamicalmechanism.Multicomponent mixtures
have also been used to improve the morphology of bulk heterojunction materials. Ex-
periments confirmed that MDMO-PPV [187] and P3HT nanofibers [188] mixed in bulk
heterojunction materials can improve the microstructure of the organic layer. In ad-
dition, the dye-polymer [189] and nanoparticle-polymer hybrid [190] methods can be
used to improve the absorption efficiency and photoelectric conversion performance
of the device.

Because polyphenylene vinylene (PPV) and its derivatives have good solubility,
good film-forming, and other excellent photoelectric properties, they are widely ap-
plied in the field of polymer photovoltaic cells [129–131]. MEH-PPV is one PPV deriva-
tive. Since the electron acceptor PCBMhas good energy level matchingwithMEH-PPV,
this derivative is often used as an electron donor in the polymer photovoltaic cell. The
chemical structure is shown in Figure 6.39 [191, 192]. Studies have shown that the
mixed MEH-PPV and PCBM of 1:4 has the best photovoltaic properties, with energy
conversion efficiency of 1.5–2% [131, 193]. However, because the MEH-PPV absorption
spectrum is fairly narrow compared with the solar radiation spectrum, sunlight can-
not be absorbed efficiently. This limits the possibility of improving MEH-PPV based
photovoltaic cell device performance. A multicomponent polymer photovoltaic cell is
suggested here: adding an electron donor polymer to the original bulk heterojunction
polymer photovoltaic cell. This is a way to regulate the absorption of the organic layer,
to expand its absorption bandwidth and match the solar spectrum. Solar radiation
absorbed by the polymer needs to transfer to another heterojunction donor material
(MEH-PPV) by means of resonance energy transfer. Finally, the excitons effectively
separate into charge at the heterojunction interface, so as to improve the performance
of polymer photovoltaic devices.

The two organic polymers chosen are MEH-PPV and PQ. Their absorption spectra
neighbor to each other. The emission spectrum of the PQ overlaps well with the MEH-
PPV absorption spectrum.

The dotted line in Figure 6.40 (a) is steady absorption spectrum of aMEH-PPV film
and a PQ film. The MEH-PPV absorption peak is near 500 nm, while its absorption at
400 nm is very weak. The absorption peaks of PQ are located at ~400nm. By mixing
these two kinds of polymer materials, we expect to extend the absorption spectrum of
the polymer materials. Mixing the PQ andMEH-PPV with 1:1 and 2:1 ratio, we get a hy-
brid film with steady state absorption as shown in the solid line in Figure 6.40 (a). The
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Fig. 6.40: (a) The steady state absorption spec-
trum; (b) the emission spectrum of MEH-PPV
and PQ mixed films in different proportions.

absorption spectrum presents the sum of the two polymers, both in peak position and
shape, indicating that there is no strong interaction in their ground state. The absorp-
tion spectrum has broadened effectively compared to the two polymers individually.
The introduction of PQ compensates for the insufficient absorption of MEH-PPV at
400nm. The shape of the absorption spectrum is tunable by adjusting the ratio of the
two polymers, which allows it to better match the solar radiation spectrum.

Additionally, we show steady state fluorescence emission spectra of several thin
film materials by 400nm excitation, as shown in Figure 6.40 (b). It is shown that the
PQ emission peak is 526 nm,with strong overlap to the MEH-PPV absorption. If the PQ
emissive transition dipole moment and MEH-PPV absorption dipole moment are par-
allel, then there should be resonance energy transfer from PQ to MEH-PPV [182, 183,
194]. The overlapping of donor emission spectrum and acceptor absorption spectrum
in FRET is shown as [195]

J(λ) = ∫∞0 FD(λ)εA(λ)λ4dλ∫∞0 FD(λ)dλ , (6.37)

in which FD(λ) is donor emission spectrum, εA(λ) is absorption spectrum of acceptor,
and transfer rate is determined by equations (6.12) and (6.13).

This is also confirmed by further measurements on steady state emission spectra.
As the PQ-MEH PPV mixing ratio is 1:1, only the MEH-PPV fluorescence emission at
591 nm is detected. Because the excitation wavelength is 400 nm, the PQ will largely
be excited, sowhen the PQ-MEHPPVmixing ratio is 1:1, almost all PQ absorption of the
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Fig. 6.41: Fluorescent relaxation dynamics of
PQ blended with PQ/MEH-PPV at 526nm, in
different ratios.

photon energy transfer to MEH-PPV is by means of resonance energy transfer. When
the ratio is 2:1, two peaks appear at 526 nm (PQ) and 591 nm (MEH-PPV). The ampli-
tude of PQ is very low while in its original position. This shows that PQ does not form
intermolecular aggregationswithMEH-PPV, so resonance energy transfer canhappen.

Thus, bymixing these two kinds of polymer, we extend the absorption bandwidth
in the solar spectrum ofMEH-PPV. By adjusting the ratio of these two kinds of polymer
we can easily adjust the matching to the solar radiation spectrum. The photon energy
absorbed by PQ may be transferred by resonance energy transfer to MEH-PPV. This is
the foundation of multicomponent polymer photovoltaic cells.

Using a streak camera, the fluorescence relaxation kinetics of PQ-PQ/MEH-PPV
mixed films in different proportions at 526 nm is shown in Figure 6.41. With increas-
ingMEH-PPV composition proportion, 526 nmfluorescence relaxation speeds up com-
pared with the PQ film fluorescence relaxation. The PQ fluorescence emission peak is
526 nm, so the addition of MEH-PPV makes PQ fluorescence quenching occur, which
also confirms the assumption of resonance energy transfer.
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Fig. 6.42: The fluorescent relaxation dynamics
of MEH-PPV blended with PQ/MEH-PPV films in
different proportions at 591 nm.

Further deconvolution fitting of relaxation curves is shown in Figure 6.42, while the fit-
ting results are summarized in Table 6.5. PQfilmfluorescence relaxation processes can
be fitted by a double exponential decay, whose time constants are 23.7 and 128.8 ps.
These two decay rates can be regarded as the exciton relaxation process of PQ thin
film samples. Fixing the longest time constant of 128.8 ps, then fitting the fluores-
cence relaxation of the two hybrid films, we get the third time constant: about 2 ps.
In a PQ:MEH-PPV = 2:1mixed film, the proportion of this ultrafast process is 57.8%; in
a PQ:MEH-PPV = 1:1mixed film, the proportion of this ultrafast process is 83.2%. That
is, the addition of MEH-PPV, provides exciton relaxation in the PQ of the mixed film
with onemore ultrafast relaxation channelwhose time constant is about 2 ps. The pro-
portion of this ultrafast process is proportional to the content of MEH-PPV. This 2 ps
relaxation channel is the resonance energy transfer process from PQ to MEH-PPV.

To finally verify this, it is necessary to analyze the MEH-PPV exciton relaxation
process. Figure 6.42 shows the results of fluorescence relaxation of MEH-PPV mixed
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Tab. 6.5: The convolution fitting results of fluorescent relaxation of MEH-PPV blended with PQ/MEH-
PPV films in different proportions at 526 nm.

τ1 (ps) a1 τ2 (ps) a2 τ3 (ps) a3
PQ 23.7 41% 128.8 59%
PQ:MEH-PPV = 2:1 1.9 57.8% 23.8 29.3% 128.8 12.9%
PQ:MEH-PPV = 1:1 2.8 83.2% 29.8 15.4% 128.8 1.4%

Tab. 6.6: The convolution fitting results of fluorescent relaxation of MEH-PPV blended with PQ/MEH-
PPV films in different proportions at 591 nm.

τ1 (ps) a1 τ2 (ps) a2 τ3 (ps) a3
MEH-PPV 14.0 51.6% 71.3 48.4%
PQ:MEH-PPV = 1:1 1.4 −49.7% 15.5 26.4% 71.3 23.9%
PQ:MEH-PPV = 2:1 1.4 −59.8% 16.1 13.6% 71.3 26.6%

with MEH-PPV films in different ratios at the MEH-PPV fluorescence peak (591 nm).
The fitting results are summarized in Table 6.6.

Fluorescence relaxation of MEH-PPV film can be fitted by double exponential de-
cay with time constants 14ps and 71.3 ps. When PQ composition is mixed in different
ratios, there will be a rising component of ~1.4 ps in the fluorescence decay in addition
to the two exponential decays. The amplitude of the component is 49.7%when the PQ
content is 50%, and 59.8%when the content of PQ is 67%, proportional to the content
of PQ. This corresponds to the ultrafast decay process of PQ at 526 nm. Thus, from two
aspects of donor and acceptor, it is confirmed that transfer rate is about 2 ps from the
PQ to MEH-PPV resonance energy transfer process.
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