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Preface

Very shortly after the discovery of “radioactivity”, and mainly because of the impact
the newly discovered radioelements radium and polonium had on natural sciences
at the beginning of the 20" century, Marie Curie, Pierre Curie and Ernest Rutherford
individually published the first books about radioactivity. In the preface to a book
summarizing his lectures (Curie P. Euvres de Pierre Curie. Publiés par les soins de la
Société francaise de physique. Paris: Gauthier—Villars; 1908, published posthumously),
Pierre Curie noted

[...] that radioactivity, although mainly connected to physics and chemistry, is not alien to
other areas of science and is gaining there increasing importance. The phenomena of radioac-
tivity are so manifold, its occurrence as miscellaneous and as prevalent in the universe, that it
must be considered in all branches of natural science, and in particular in physiology, ther-
apy, meteorology and geology.

More than a century later, this prediction and vision definitely has become true! Ra-
diation emitted from naturally occurring or manmade unstable radionuclides, rou-
tinely produced at large scale, has become a vital and in many cases indispensable
tool in research and development, in technology, in industry and in medicine.

This textbook is entitled NUCLEAR- AND RADIOCHEMISTRY, VOLUME 2: MOD-
ERN APPLICATIONS and illustrates the most important directions; structured into
several groups. The first group involves three chapters on material and geological
analytics (neutron activation analyses, nuclear mass spectroscopy, and nuclear dat-
ing). The second group covers four chapters on chemistry (radioelement speciation,
radiochemical separations, radioactive elements). The third group is on nuclear en-
ergy and nuclear energy plants. Group four in three chapters covers applications of
radioactivity in life sciences (tritium and carbon-14 labeling for in vitro studies, mo-
lecular diagnostic imaging in vivo, and endo-radiation therapy).

The application of radioactivity for various purposes is paralleled by the use of an
impressive number of different radionuclides with — in many cases — extraordinarily
high radioactivity, either addressing their production, separation, analytics or applica-
tions. Consequently, there is an urgent demand for adequate radiation measurement
and for understanding biological effects of radiation, ultimately expressed in terms of
radiation doses delivered to personnel and patients. Thus, the book starts with one
further group of two individual chapters on radiation measurement and radiation
dosimetry.

All the implementations of radioactivity today represent the essential impact ra-
dioactivity has on so many important fields. Nuclear power, radioisotope production,
diagnostic and therapeutic use of radiopharmaceuticals have in many cases become
everyday routine and are indispensable. Radioanalytical technologies occupy a unique
position at the final frontier of low-sensitivity elemental, material, geological, and
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VI —— Preface

astrophysical investigations. One may argue that there is no longer a field of “radio-
chemistry” or “nuclear chemistry” but radio- and nuclear “chemistries”.

Consequently, an impressive and steadily increasing number of chemists, physi-
cists, physicians, technologists, radiation safety personnel, and many other profes-
sionals are handling a variety of radionuclides for very different purposes. This is the
reason I believe that the present teaching book may serve as a source for many peo-
ple — and for students interested in the fascinating topic of “modern applications” of
radioactivity!

This VOLUME 2: MODERN APPLICATIONS completes the teaching book on NU-
CLEAR- AND RADIOCHEMISTRY, with VOLUME 1: INTRODUCTION published by De
Gruyter in 2014. Also in 13 chapters, Volume 1 discussed the atom’s structure, binding
energies and shell structures of nucleons, concept and mathematics of unstable nu-
clei, primary transformations (a, 8, spontaneous fission), secondary transformations
and post-effects, and, finally, nuclear reactions as related to radionuclide production.
The reader of the present volume is referred to Volume 1 for understanding the phe-
nomena of radioactivity, in particular the origin of radioactive emissions, which in
turn constitute the basic tool for MODERN APPLICATIONS of radioactivity ...

Modern methods and applications of radio- and nuclear chemistry are ex-
tremely versatile and thus each field deserves special attention. For me it is there-
fore obvious that (in contrast to earlier textbooks on radio- and nuclear chemistry)
the complex matter cannot be covered adequately by a single author. Instead, it is
the philosophy of this textbook that the 13 chapters are written by experts in each
particular field. Fortunately, not all, but the vast majority of these authors have one
thing in common: they are (for chapters 3, 7, 9, and 11) or were (chapters 6, 10, and
11) staff members or PhD students or are (for chapters 4 and 5) long-time collabora-
tors of my institute, the Institute of Nuclear Chemistry of the Johannes Gutenberg
University, Mainz, Germany. I am extremely grateful to all authors for their contri-
butions and patience.

Vichuquen, November 2015 | Mainz, July 2016
Frank Rosch
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Preface for the 2nd edition

Nuclear and Radiochemistry is, compared to the many other chemistries, a rela-
tively young branch of this fascinating science. When historically referred to Marie
Curiés identification of radium and the wording radioactivity as introduced by her,
nuclear and radiochemistry is about 120 years old (or young, if you wish). Within
this period, significant knowledge has been gained and since the first edition of
this teaching book, no fundamental changes occurred in respect to the basic con-
tent of unstable nuclei and their transformations.

In contrast, the many applications of radioactivity and unstable nuclei are con-
tinuously increasing — this is permanent “work in progress”. Accordingly, this 2°¢
edition represents an extended version of many chapters. Several corrections have
been made as well. I am grateful to all the students and colleagues who added valu-
able comments.

Vichuquen, December 2021 | Berlin, March 2022
Frank Rosch
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Alberto Del Guerra and Daniele Panetta
1 Radiation measurement

Aim: The interactions of radiation with matter are the basic processes underlying
the working principle of every radiation detection apparatus. This chapter focuses
on the methods and techniques for the detection of ionizing radiation. First, the dif-
ferent types of ionizing radiations (relevant in the context of radiochemistry) will be
introduced. In order to understand how a certain radiation can be qualitatively
and/or quantitatively assessed, it is important to figure out how it interacts with the
matter it traverses. In most cases, the result of such interaction is measured as an
electric signal by means of dedicated electronics, and then displayed on some suit-
able screen or printer. Such “active” detectors allow a real-time measurement.
Other detectors do not provide a direct reading, as they have to be exposed to the
radiation field for a given period of time: these detectors are called “passive”. An-
other way to distinguish among the various types of detectors is based on the physi-
cal and chemical properties of the substance that constitutes the sensitive volume
of the detector itself. They can be gaseous, liquid or solid. The choice of one or an-
other type of detector is mainly based on its final purpose: some are suitable as por-
table survey meters, others are better suited for personal monitoring, or for probing
the radiochemical purity of a radiopharmaceutical or detecting it for the purpose of
molecular imaging.

1.1 Physical basis of radiation detection
1.1.1 Types of radiation

The term radiation is applicable to every physical entity that is able to transport en-
ergy through space and time, away from the place where it originated (commonly
referred to as the source of the radiation). In the present context, radiation is emit-
ted in the course of transformations of unstable nuclei and interacts with matter.
This interaction is at the basis of radiation measurement. Several types of radiation
can be distinguished.! In the field of radiochemistry and nuclear chemistry we will
only deal with electromagnetic radiation and charged particles that can ionize the
matter they interact with. For this reason, these types of radiation are called ionizing
radiation. Table 1.1 classifies the relevant types.

1 This depends on the nature of the energy that is being transported. For instance, sound trans-
ports mechanical energy through longitudinal waves in an elastic medium: in this case, we refer to
acoustic waves or acoustic radiation.

https://doi.org/10.1515/9783110742701-001

printed on 2/11/2023 6:44 AMvia . All use subject to https://ww.ebsco. confterms-of-use


https://doi.org/10.1515/9783110742701-001

EBSCChost -

2 = Alberto Del Guerra and Daniele Panetta

Tab. 1.1: General classification scheme for radiation based on its ability to ionize matter.

lonizing Nonionizing

directly ionizing indirectly ionizing

(electrically charged) (electrically neutral)

a, B*/B~ and atomic electrons, X, Yy, hard UV, and n electromagnetic waves and particles
p, d and fissions fragments with <10 eV energy (e.g., infrared

radiation, visible light, soft UV)

1.1.2 Definitions

In this context “ionizing radiation” refers to radiation emitted from the primary (such
as beta electrons, a-particles, neutrons and fission fragments), secondary or post-
effect (such as internal conversion electrons or AUGER and COSTER—KRONIG electrons, y
and X-ray photons and bremsstrahlung) transformations of an unstable nuclide. The
source might have various dimensions, ranging from point-like or monoatomic layers
to volumes of milliliters, liters or (in industrial processes) even cubic meters, to solids
of various chemical and physical state and size, and to gases. The radiation emitted
from a source distributes in all directions (4 geometry). Thus it creates a radiation
field. A radiation detector represents a well-defined state of condensed matter, which
translates the effect of radiation interaction in that particular matter into a quantita-
tive and qualitative signal.

The energy transported by ionizing radiation is either represented electromagnet-
ically or associated to the kinetic energy of fast nuclear or elementary particles after
they have originated from a source. All particles with an electric charge can directly
ionize atoms when they interact with matter through multiple collisions driven by
coulomb forces: they are called directly ionizing radiation, cf. Vol. I, Chapter 12. Exam-
ples of directly ionizing radiation are a-particles, protons, light or heavy ions, muons
and other elementary particles with sufficient kinetic energy. Neutral particles and
electromagnetic waves (e.g., photons) do not have electric charge; they can ionize
atoms through few, sparse interactions. These latter interactions give rise to second-
ary charged particles that, in turn, can continue to ionize the surrounding atoms. Sec-
ondary electrons with sufficiently high recoil kinetic energy to travel into the matter
producing further ionization on atoms that are far away from the site of interaction
with primary radiation are called delta rays. Thus, neutral particles can ionize the
matter indirectly: for this reason this is called indirectly ionizing radiation. Commons
examples of indirectly ionizing radiation are neutrons, X-rays and y-photons.’

2 A photon is a quantum of electromagnetic energy, i.e., the elementary unit of the energy trans-
ported by an electromagnetic wave (in analogy, the electron charge is a quantum of electric
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1.1.3 Parameters describing a radiation field

In order to allow a quantitative description of radiation fields, some basic defini-
tions could be useful in the following sections. One could think of a radiation field
as a portion of three-dimensional space in which several particles move along indi-
vidual trajectories. At a given point P in the field there is a particle fluence (or flux),
@, defined as the number N of particles passing in a time interval At through a
sphere of cross-sectional area s centered in P, when s becomes infinitely small.
More formally:

@=—[m™]. 1.1

Because @ has the dimension of the inverse of an area, it is measured in m~2. Of
course, the number N is a stochastic quantity; thus, it is intended in the above
equation that the expectation value of N must be considered for the computation of
@ in a sufficiently long time interval.

The time derivative of eq. (1.1) gives another quantity expressing the number of
particles passing through P in the unit time. It is called fluence rate (or flux density)
and is denoted by ¢:

¢= % (%) [m~2s71]. (1.2)

The unit of measure of the particle fluence rate is m?s . The fluence and fluence
rate, as described above, only provide information about the number of particles
crossing a certain portion of space. Sometimes it is useful to have information not
only about the number of particles, but also about the total energy transported by
them. Let us denote by R the total kinetic energy of the N particles through P:

R= ZEini i=1,...M, (1.3)
i

where n; is the number of particles having energy E;, M is the total number of energies
available in the field, and Z; n; = N is the total number of particles. The distribution of
particles n; in each energy level in the field is called the energy spectrum of the radia-
tion. For simplicity, eq. (1.3) supposes that only a finite number of energies are

charge). Because of the wave-particle duality of quantum mechanics, the photon can be treated as
a particle with its own energy € = /v in the context of radiation detection. Among the types of elec-
tromagnetic radiation, not only X-rays and y-photons can ionize atoms, but also ultraviolet (UV)
light with sufficient energy. In fact, the electromagnetic spectrum can be conventionally partitioned
into ionizing and nonionizing at the energy of first ionization of the hydrogen atom, i.e., 13.6 eV
(approximately correspondingly to an electromagnetic radiation with a wavelength A =90 nm, i.e.,
below the “vacuum” UV light band).
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present among all the N particles: in this case there is a discrete energy spectrum.
Examples of radiation fields with a discrete spectrum are the photon field originating
from a y-emitting radionuclide (e.g., *™Tc, widely used in nuclear medicine, with
main gamma emission of 140.51keV) or the particle field originating from an -
emitter (such as '°Po, with E, = 5.3 MeV, often used in polonium-beryllium alloys to
create neutron sources). In the most general case, the energy of the particles in a
field can have an arbitrary value in a continuous interval between 0 and E ;.. In this
case, the summation in eq. (1.3) is replaced by an integral, and the radiation field is
referred to as a field with a continuous energy spectrum. Examples of radiation fields
with continuous spectra are the p-electron field emitted by, e.g., *C, the positron
field emitted by, e.g., ''C (widely used for radiotracer labeling in Position Emission
Tomography) or the photon field originating from bremsstrahlung.

In analogy to the definitions of particle fluence and fluence rate in egs. (1.1)
and (1.2), we define the energy fluence 1 and energy fluence rate 1, measured in
the SIin Jm™ and J m™2s7}, respectively, as:

Y= ‘;—1: [Jm™], (1.4)
Y= % (%) Jm2s]. (1.5)

1.2 Interactions of charged particles with matter

When a radiation field or an individual particle hits a target material (e.g., inside a
radiation detector), it can change some measurable physical parameter of the target
by transferring part (or all) of the transported energy to its atoms. Such modifica-
tions are exploited within all radiation detectors to build a measureable signal
(most often, an electric signal). The interaction mechanisms by which the radiation
energy is deposited in matter are diverse,> depending on (a) the type of radiation
(i.e., charged or neutral, heavy or light particles), (b) the energy spectrum of the
radiation field, and (c) the chemical and physical properties of the traversed matter.

1.2.1 Stopping power

Charged particles, such as protons, heavy ions or fast electrons and positrons inter-
act with electrons and nuclei of the atoms in the target via electric (CouLoMB) forces.

3 Cf. Chapter 13 of Vol. I.
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The energy loss (dE) by the incident particles per unit length (dx) in the target mate-
rial is described quantitatively by means of the stopping power, S:

dE
S=—a[l/m] (1.6)

The SI unit for stopping power is J/m; nevertheless, in the practice of nuclear meas-
urements, a more common unit of measure is keV/ pm.‘* Stopping power consists of
two components: one relative to the energy lost by COULOMB collisions, denoted by
S., and another due to radiative losses (i.e., bremsstrahlung), denoted by S,. Thus,

S=S:+S:. 1.7

Stopping power is a function of several variables, and its expression is slightly dif-
ferent for heavier particles such as protons, a-particles and larger ions, compared
to lighter particles such as electrons. For heavier particles, the mass stopping
power (i.e., the ratio of S to the material density p) has the following dependence on
the relevant variables:

727,
> for B<0.96
B 1.8)

Z2Z,In(B*) for 0.96<B<1,

Q

TIWn

where Zj, is the atomic number of the primary patrticle, Z, is the atomic number of
the target material and 8 =v/c is the particle velocity. The radiative component is
negligible at low kinetic energy for heavy charged particles. In the field of radio-
chemistry, the heavy particles of interest have low kinetic energy compared to their
mass, hence most of the energy losses are due to interactions with atomic electrons
which cause the slowing down of the particle along trajectories that are roughly
rectilinear and aligned to the original direction’ (see Fig. 1.1).

In contrast, for light charged particles, the radiative component of the stopping
power becomes important, especially for target materials with high atomic number.
A critical energy, E., is defined as the energy for which the collision and radiative
stopping power are equal, i.e., Sc =S,. For energies E < E, the energy lost by colli-
sion is dominant. A good approximation for the critical energy, e.g., electrons is
given by eq. (1.9):

800
E.=
C Za

[MeV). (1.9)

4 1]J/m=6.242 - 10° keV/pm.
5 Collisions with nuclei, such as those observed in the pioneering experiments of Rutherford, are
less frequent and are responsible for particle scattering at large angles.
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HEAVY CHARGED PARTICLES LIGHT CHARGED PARTICLES

ionization ionization
o 20gfotfup ®
[ ==l

2
9 00T W

. T

d-ray bremsstrahlung

Fig. 1.1: Mechanism of energy transfer from charged ionizing particles to matter. Heavy charged
particles such as a-particles slow down following a roughly rectilinear path until they reach the
thermalization energy. Some knock-on collisions with atomic electrons can give rise to an
energetic 8-ray (i.e., a fast electron e”). For light charged particles such as B-particles, the path in
the target material is more irregular. The production of X-rays from “braking” radiation
(bremsstrahlung) is more likely to occur in this case than for heavy particles.

The collision and radiative mass stopping power for fast electrons and positrons
can be approximated as shown in eq. (1.10), where Ey;, is the kinetic energy of the
particle, and mc? is its rest mass:

Sc  Za - . . .

; ~ l? mass collision stopping power for light charged particles
S

;r ~ Zgﬁ2 mass radiative stopping power for light charged particles

(approximation for Eyg, > mc?). (1.10)

After having lost most of its kinetic energy traveling through a medium, a charged
particle could reach thermal equilibrium with surrounding atoms. The mean value
of the path traveled by each particle of a charged particle beam in a target material
is defined as the range of the particle in that medium and, as for the stopping
power, is a function of the energy and charge of the particle and of the atomic num-
ber and density of the target material. The range of particles in different media are
often described by means of empirical formulae (range-energy relations) derived by
fitting experimental data from physical measurements. For instance, the range of a-
particles in air can be calculated from the approximated formula:

Re[cm] = (0.005 - Eyip +0.285)E;/2 4 MeV < Eyy < 15 MeV

and a good approximation for the maximum range of B-particles is

1.265-0.0954 In (Eyjp, )
kin

Rg [mg/cm?®| =412-E 0.01MeV < Ejin <3 MeV.

This latter formula, due to Katz and Penfold (1952), is independent of the target ma-
terial density, as the range is expressed in terms of areal density (mg/cm?).
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1.2.2 Interactions of X-rays and y-photons with matter

Radiation without electric charge such as photons and neutrons can still ionize mat-
ter, although only indirectly. When a photon strikes an atom of the target (i.e., detec-
tor) material, it can interact with the atomic electrons (or, in certain circumstances,
with the nucleus) with various mechanisms depending primarily on the photon en-
ergy € = hv and the Z, of the material. In the photon energy range relevant for radio-
chemistry (i.e., from few keV to tens of MeV), mainly five types of photon-matter
interactions can occur (see Tab. 1.2).

Tab. 1.2: Classes of interactions between
photons and matter.

RAYLEIGH scattering

COMPTON scattering

Photoelectric absorption

Production of electron-positron pairs
Photonuclear interactions

RAYLEIGH scattering, often referred to as coherent scattering, is a process in which an
incident low energy photon interacts with the target atom as a whole. This interaction
causes a temporary excitation of the atomic electrons that are subsequently de-
excited through the emission of another (scattered) photon, with the same wave-
length as the incident one (cf. Fig. 1.2). Because the scattered photon has the same
wavelength, and hence the same energy as the incident one, no net transfer of energy
to matter arises from this type of interaction. Nevertheless, the scattered photon is
emitted in a narrow cone with respect to the original direction, so that it is removed
from the primary beam. Photons can have sufficient energy to ionize the target atom
when colliding with its electrons; when interacting with internal electrons of binding
energy Ening Of medium-to-high Z atoms, the photon is completely absorbed by the
atom while the electron is ejected according to eq. (1.11):

Eeject =hv- Ebind: (1-11)

where Ejec¢ is the resulting kinetic energy of the ejected electron (referred to as a
photoelectron) and Ey;,q is the binding energy of the electron orbital before the col-
lision (cf. Fig. 1.3). This process is called photoelectric effect (or photoelectric absorp-
tion). It is evident from eq. (1.11) that for this process to occur it must be 4v > Eping.

If the binding energy of the electron involved in the collision is negligible with
respect to the energy of the incident photon, there is a low probability that photoelec-
tric absorption occurs and the interaction can be modeled as a relativistic collision
between a photon and an unbound, stationary electron. This usually happens for
interactions with electrons of external orbitals, and the process is called incoherent
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Fig. 1.2: Interactions of photons with matter: Rayleigh scattering.
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Fig. 1.3: Interactions of photons with matter: photoelectric absorption.
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Fig. 1.4: Interactions of photons with matter: Compton scattering.
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(or COMPTON) scattering (cf. Fig. 1.4). The term “scattering” suggests that the incident
photon is not absorbed, but instead it is scattered in a different direction. It is also
called “incoherent” because each scatter event involves a single electron instead of
the atom as a whole, and hence the photons coming from each event have no coher-
ence (scattered photons have different wavelengths, and those emitted with the same
wavelength have different phases). By applying conservation laws for the energy and
relativistic momentum in the collision, it is possible to derive the energy ES¢"" = p’
of scattered photon as a function of the initial energy Av of the photon and the scatter-
ing angle 6.
hv

W=—om—Ao— 1.12
1+ % (1~ cosb) D)
Mec

It is also possible for an incident photon to interact with the electric field of the
atomic nucleus, leading to the production of an electron-positron pair (cf. Fig. 1.5).
This process is in agreement with the EINSTEIN equation for mass-energy equiva-
lence, i.e., E = mc?. The production of the e*e” pair is only possible if the initial en-
ergy hv of the photon is greater than the sum of the rest energies of the two
particles (threshold energy for e*e™ pair production):

hv > Mg+ CP+ Me-c% =2 Mo (1.13)

For energies lower than this threshold, there is not enough (mass-)energy in the
system to “materialize” the two particles; thus, pair production is not possible for
hv <1022 keV.® All the excess energy above the threshold is shared between the elec-
tron and the positron being created. In addition, the nucleus also has to share a
very small fraction of recoil energy, in such a way that the fundamental conserva-
tion laws for energy and momentum are met.

At higher energies (above ca. 10 MeV), the photon can directly interact with the
nucleus itself by nuclear reaction. Depending on the incident photon energy and on
the target nucleus, several types of photonuclear interactions’ are possible, such as
elastic (y, y) or inelastic (y, y) scattering, photoproton (y, p) or photoneutron (y, n)
emissions, or photofission (y, f) (see Fig. 1.6).

6 To be more precise, the conservation of momentum imposes that the threshold energy for pair
production must be slightly greater than 1022 keV.

7 These types of interactions are especially important at energies generally higher than those
obtainable through radioactive transformation of unstable nuclides and most of them are observed
in high-energy physics experiments, or in cosmic ray interaction with the atmosphere. Neverthe-
less, in the medical environment one must also account for (y, n) reactions with megavoltage X-ray
beams of radiation therapy linear accelerators (LINAC). Such reactions are responsible for the pro-
duction of short-lived radioisotope, and especially of fast neutrons that require special attention as
for the shielding design of the treatment room.
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Fig. 1.5: Interactions of photons with matter: pair production.

de-excitation product(s)
(y, n, p, fission)

primary photon nucleus  excited nucleus

Fig. 1.6: Interactions of photons with matter: photonuclear reaction.

From a macroscopic point of view, it is often necessary to quantify the attenua-
tion of a photon beam through a known thickness of material. The atomic or nu-
clear® cross section, o, represents the probability for a photon to undergo that
interaction on a single atom (or nucleus). The overall probability of interactions of
a photon with a single atom or its nucleus is the sum of the cross sections for all the
possible interactions:

Oiot = Z 0;[m?]. (1.14)

The cross section is expressed in m? although a common unit is the barn® (1b = 1072 m?).
By multiplying the above total cross section with the number of atoms in the unit
volume, one gets the linear attenuation coefficient u (N is AVOGADRO’s number, A is
the mass number, and p the density of the chemical species).

8 See Chapter 13 in Vol. II for “Cross section” in nuclear reactions.

9 American physicists working on the atomic bomb during the Second World War used to say the
uranium nucleus was “as big as a barn”. For this reason, the term “barn” was adopted to denote an
area of 1072 cm?, which is approximately equal to the cross-sectional size of a uranium nucleus.
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U= ¥Utot [m™]. (1.15)
The linear attenuation coefficient has the dimension of the inverse of a length, so it is
expressed in m ™! in the SI. Just like atomic and nuclear cross sections, the parameter
u depends on the incident photon energy and on Z, and p of the target material.

Let us now suppose that we have a monoenergetic photon field with fluence @,
impinging onto a homogeneous slab of material with linear attenuation coefficient
u and thickness x; it can be shown that the fluence @ of all those photons that did
not undergo any interaction when traversing the slab is related to the initial fluence
@, by the exponential attenuation law for photons, cf. eq. (1.16):

D=pe M. (1.16)

1.2.3 Interactions of neutrons with matter

Neutrons do not have electric charge but nevertheless they are able to ionize atoms
in an indirect way. Instead of interacting with atomic electrons, neutrons are more
likely to interact with atomic nuclei via elastic or inelastic nuclear scattering'® as
depicted in Figs. 1.7 and 1.8. Again, the atomic cross section of each type of interac-
tion strongly depends on the energy of the incident neutron, as well as on the target
material. For neutrons of kinetic energy in the range of keV or higher (referred to as
fast neutrons'), the most important interaction is scattering; in case of elastic scat-
tering (n,n), indirect ionization arises from the kinetic energy transferred from the
incident neutron to the recoil nucleus. If the collision is inelastic (n,n’), the neutron
enters the target nucleus and is then emitted at a certain angle with respect to the
original direction; the target nucleus is now in an excited state, and the subsequent
de-excitation is accompanied by the emission of a prompt y-photon. Elastic collision
is the main mechanism of energy loss for fast neutrons. By applying laws of conser-
vation for energy and momentum to the reaction, it is easy to show that the highest
fraction of neutron energy will be lost through elastic collision with particles of
roughly the same mass (i.e., hydrogen nuclei). In general, the average energy loss for
elastic collision is given by

_ 2EnA

AE= a1 (1.17)

10 The target nucleus may even absorb the neutron, leading to a nuclear reaction that can give
rise to various kinds of secondary radiations (cf. Fig. 1.9).

11 Compared to thermal neutrons of 0.025 eV or cold neutrons of 107> eV or ultracold neutrons of
3 .10 eV. Their velocities are 2187 m/s, 437 m/s, and 7.58 m/s, respectively.
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where A is the mass number of the target atom and Ei;, is the initial kinetic energy
of the neutron. It follows from eq. (1.17) that the most effective materials for slowing
down neutrons (or to moderate them) are those with high hydrogen content.

scattered neutron

®

c—@

primary neutron nucleus

recoil nucleus

Fig. 1.7: Interaction of neutrons with matter: elastic scattering.

scattered neutron

©

primary nucleus compound
neutron nucleus

vy photon

recoil nucleus
(excited)

Fig. 1.8: Interaction of neutrons with matter: inelastic scattering.

e nuclear reaction product(s)
(@, n, p, fission)

primary nucleus compound
neutron nucleus

Fig. 1.9: Interaction of neutrons with matter: absorption.
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For kinetic energies close to the thermal energy at room temperature (i.e.,
approximately kT ~ 0.025 eV for T =300 K, where kg is the BOLTZMANN constant),
the absorption cross section can dominate the scattering cross section in some
materials. The absorption of such thermal neutrons can lead to nuclear reac-
tions such as the ejection of heavy charged particles from the target nuclei by
spallation or fission, or transmutation of the target into a radioactive nuclide.
The absorption cross section of thermal neutrons is particularly high for Boron-
10. Nuclear reactions like °B(n,a)’Li or *He(n,p)*H are often exploited in neu-
tron detectors. The capture cross section is even higher for Cadmium-113 in the
13Cd(n,y)'*“Cd reaction. The detection of secondary radiation (i.e., a, B, y) emit-
ted following neutron absorptions is one of the methods for thermal neutron de-
tection, cf. Fig. 1.10.

n + B oo 7Li + o + 2.79 MeV (4%)

) Li* + 0o + 2.31MeV (96%)
followed by 7Li* de-excitation:
Li* =—= "Li + 0.48 MeV

n + 3He =) p + 3H + 0.765 MeV

Fig. 1.10: Examples of pathways of neutron capture reactions useful for the detection of thermal
neutrons. The star (*) denotes an excited nuclear status.

Fast neutrons are registered by a two-step process: first, the fast neutrons are moder-
ated with light materials (e.g., polyethylene), then the resulting slow neutrons are de-
tected by means of absorption reactions as explained above (see Fig. 1.11). From a
macroscopic point of view, the overall change of the neutron flux when it traverses a
slab of material with thickness x can be described with a decreasing exponential law,
pretty similar to that used for photon attenuation (exponential attenuation law for
neutrons):

@ = PyeNotot™, (1.18)

where N =p(N,/M) is the atomic density in the material occupying the active vol-
ume of the detector and oy is the total atomic cross section, p is its mass density
(kg/m>), M is its molar mass (kg/mol), and N, is AVOGADRO’s number.
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moderator BF; filled cavity
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polyethylene)

fast thermal
neutron  neutron

v photon v photon

elastic collision neutron detection of secondary
with light nuclei capture ionizing radiation

Fig. 1.11: Principles of detecting initial neutron radiation via secondary a-radiation as induced
through neutron capture nuclear reactions. This figure refers to the particular case a of gas-filled
BF; detector, exploiting the boron-neutron capture reaction.

1.3 Radiation detectors
1.3.1 Generalities about radiation detectors

The interaction mechanisms described in the previous section are exploited in radi-
ation detectors to obtain a measurable signal that can be related to some physical
parameters of the radiation field under study, mainly the kind of radiation, its en-
ergy and intensity. Many different radiation detection systems are in use. In fact,
some detectors can be very efficient in revealing a given type of radiation and in a
given energy range, but at the same time they can be completely insensitive to
others. For instance, thin scintillator layers coupled to silicon photodiodes are
widely used to detect low to medium energy X-rays used in diagnostic imaging, but
they are almost completely insensitive to high energy y-rays emitted from radionu-
clides such as *’Cs or ®°Co. Yet, some kind of detectors may have excellent perfor-
mance in measuring a given physical parameter of the radiation field under study,
but they are unable to measure other parameters of the same type of radiation. As
an example, a semiconductor detector (such as hyperpure germanium detectors —
HPGe) is the best choice for measuring energy spectra of y-radiation, but one must
use ion chambers to make an absolute measurement of the energy transferred to
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the matter from that radiation. In other words, there are no detectors that could reg-
ister all the physical parameters of a radiation field at the same time.

This section aims at giving an introduction to the various systems for detecting
ionizing radiations, so as to figure out which system is better suited for a specific ap-
plication. Important parameters that are common to all radiation detection systems
are listed in Tab. 1.3.

Tab. 1.3: Parameters most relevant for the choice of radiation detectors.

Detection efficiency  Fraction of detected particles over all particles passing through the
detector, depending on the type of radiation and on its energy.

Detector dead time Fraction of time in which the detector is insensitive to radiation, due to
physical processes following the detection of an ionizing particle (relevant
for detectors operating in pulse mode, or counting mode).

Energy resolution The ability of a radiation detector to discriminate the energy of the
capability incoming radiation, especially important in spectrometers.

Energy dependence  This parameter takes into account the change of detector efficiency for
different energy of incoming radiation. A flat energy response is desired in
radiation dosimeters.

1.3.2 Detection efficiency: Intrinsic vs. geometric vs. absolute

Ideally, a “perfect” detector embedded in a radiation field should be able to gather
all the particles passing through its sensitive volume.' This is not possible for all de-
tectors, especially in case of sparsely interacting radiation such as photons and neu-
trons. The intrinsic efficiency of a detector, &y, is the ratio of the number of particles
detected to the total number of particles passing through the detector volume:

number of particles detected
number of particles passing through the detector

(1.19)

Eint =
In most cases, it is desirable to use a detector with the highest possible intrinsic

efficiency. However, there are also cases in which the intrinsic efficiency should be
low, for instance when the process of radiation measurement must give a negligible

12 By “sensitive volume”, or “active volume”, we refer to that specific portion of the detector
where the energy of the incident radiation field is converted to some different form of energy,
which is then used to produce a measurable signal. For instance, many types of portable radiation
detectors come with handles and LCD screens, but those parts are not in their sensitive volume
(which may be a gas filled cavity or a piece of crystal, as we will see later). The term “active area” is
sometimes used to describe the cross-sectional area of the active volume, which is typically deter-
mined by the size and shape of the so-called “window” of the detector.
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perturbation to the radiation field being measured. The intrinsic efficiency of a de-
tector is an important parameter that must be accurately determined prior to the
real measurements. This is commonly done by means of calibration sources, i.e.,
radioactive sources with suitable geometry and type of emission (depending upon
the type of detector to calibrate) whose activity is known with good accuracy. Using
such sources, the “ideal” response of the detector can be calculated theoretically
and then compared to the experimental one to estimate the intrinsic efficiency of
the detector.

Suppose that only a small fraction of the particles being emitted by a source are
directed to the active area of the detector: in such a situation, it is clear that even a
detector with an intrinsic efficiency of 100% would not be able to record all the par-
ticles emitted by the source. To take into account such an effect, the geometric effi-
ciency of a detector, £g0om, represents the ratio of the number of particles passing
through the detector to the total number of particles emitted by a source:

number of particles passing through the detector
number of particles emitted by the source

Egeom = (1.20)
For a given experimental setup, the geometric efficiency can be derived by analyti-
cal calculations. As an example, let us suppose that a given detector is seen from
an isotropically emitting point-source of radiation with a solid angle Q; in this case,
we have ggeom = 2/(4m) (remember that an isotropic source has an emission solid
angle of 4 steradians). By multiplying the geometric by the intrinsic efficiency, we
obtain the absolute efficiency of a radiation detector, eq. (1.21):

€abs = €int * Egeom- (1.21)

1.3.3 Dead time

Most of the considerations given so far regarding radiation measurements seem to be
strictly connected to the task of “counting” the particles of a radiation field, i.e., mea-
suring the passage of each particle as an individual event. All radiation detectors de-
signed to accomplish this task are referred to as pulse mode detectors. There are also
cases (especially when the rate of interaction of the radiation within the detector is so
high) that it is no longer important to consider the single collision of each particle
with atoms in the active volume as an individual event. In these cases, the so-called
current mode detectors work in such a way that the output is an integrated signal
built upon the integrated energy released by the field to the detector.

In detectors operating in pulse mode, after each collision (or “hit”) recorded there
is always a certain amount of time in which the detector does not respond to any
other event. Such a time interval is defined as the dead time of the detector. The dead
time is somehow related to the “duration” of the signal generated by the detector as a
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consequence of the detected event. This duration is a complex function of both the
detector and the particle to be detected. Whenever rather high activities, i.e., high par-
ticle fluences need to be measured, the time of nonresponsiveness of the detector can
constitute a high fraction of the total measurement time. As a consequence, the detec-
tor reports just a fraction of the real activity. A typical example occurs when using
GEIGER—MULLER counters (described in Section 1.4.1) near radioactive sources of high
activity. The dead time of a detector thus must be determined in specially designed
calibration experiments.

1.3.4 Energy resolution

Some detectors are designed to measure the energy spectrum of the radiation field.
This allows analyzing the radionuclide composition of a radioactive material. In
this context, a radiation detector is referred to as a spectrometer. In most cases, the
a-radiation or X-ray and y-radiation emitted by radionuclides in terms of energy
and abundance provides sufficient information to determine each species present
in a radioactive source. Beside the efficiency, already described above, the most im-
portant parameter to evaluate the performance of a spectrometer is the energy reso-
lution. It is defined as the minimum energy difference that two signals'® must have
in order to be distinguished by the spectrometer. The energy resolution (R.,) is usu-
ally defined as the percentage ratio of the measured line width (expressed as the
full width at half of its maximum, or FWHM) to the absolute energy of the line (E):
FWHM

Ren = ———— -100%. (1.22)
Ey

1.3.5 Energy dependence

In almost all radiation detectors, there is a complex relation between the energy
carried by the radiation, the energy released within the detector volume and the
detector reading (i.e., the output value of a detector measurement). There are sit-
uations in which it would be very important to have a good direct proportionality
(i.e., linearity) of the detector reading to the energy released within the detector
volume. This is especially important in the field of radiation dosimetry, for in-
stance, for radiation protection purposes. In this context, radiation detectors are
called dosimeters. In all radiation dosimeters the actual reading depends on the
energy of the radiation under study. As explained later in Section 1.7 about indi-
vidual monitoring, there are several “dosimetric quantities” that can be measured

13 The word for a signal obtained from a spectrometer is typically “peak” or “line”.
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by mean of dosimeters, depending on whether we need, e.g., to estimate the risk
of an individual exposed to a radiation field, or just measure the absolute amount
of radiant energy deposited per unit mass."* A common problem in dosimetry is
related to the dependency of detector calibration on the energy of the incident ra-
diation. Supposing a monoenergetic radiation field of a given energy E is mea-
sured, let us denote by G(E) and M(E) the true value of the dosimetric quantity
(i.e., as measured by a perfect, ideal dosimeter) and the actual dosimeter reading,
respectively. The energy response of a detector (Rg) here is the ratio between the
two above values, as a function of energy E:

Ro=——=. (1.23)

Appropriate dosimeters offer a “flat” energy response, i.e., the weakest possible de-
pendence on the energy. Detectors used in radiation dosimetry are often calibrated
at a specific energy (for photons this is usually the energy of the gamma emission
of ¥7Cs at 662 keV).

1.4 Active systems for radiation detection

Radiation detection systems use the ability of ionizing particles to interact with
matter in order to produce a measurable signal. The following two sections provide
an overview of the main classes of radiation detectors, each of which differs from
the others for the particular choice of the “active” material (i.e., the material where
the conversion of the radiation energy into some other form of directly measurable
signal takes place) and for other design considerations (e.g., geometry, mode of op-
eration, entrance window, and so on) that can make them suitable for a specific
application, radiation type and intensity. In short, there is no single radiation detec-
tor in the world that can be said to be “the best” for everything.

This section focuses on detectors that are able to generate an output in real-
time (active detectors). The next section will give an overview of the most common
types of detector that need a special processing after their exposure to radiation to
produce a readable output (passive detectors).

14 The main dosimetric quantity, called absorbed dose, D, is defined by the International Commis-
sion on Radiological Protection (ICRP) as the expectation value of the energy imparted by the radia-
tion into a target volume, divided by its mass. The special SI unit of the absorbed dose is the Gray
(Gy), corresponding to 1J/kg. Dosimetry is discussed in detail in Chapter 2.
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1.4.1 Gas detectors

In most cases, radiation detection is based on the measurement of the electric charge
or current induced by collective ionization of the atoms in the active volume of the
detector, by both the primary particles of the incident radiation field and by its second-
ary radiation. When the detecting material is gas, each ionization event produces an
electron-ion pair. Positive and negative charges can be then separated by an external
electric field and collected on the electrodes, thus producing an electric current. This is
the working principle of a gas detector, which could be represented schematically as a
simple electrical circuit with a resistor and a capacitor (hence called RC circuit) with
an amperometer in series (cf. Fig. 1.12). The “sensitive” element of this detector is the
gas volume that is placed between the capacitor electrodes. Whenever the gas atoms
are ionized by the incident radiation, the electrons and the ions are accelerated by the
electric field towards the electrode of opposing sign. An electric current is “injected”
into the circuit that can be measured by the amperometer. Depending on their opera-
tional design and experimental configuration, gas detectors allow absolute measure-
ments of the energy transferred by the radiation to the gas atoms in the sensitive
volume. W, denotes the average energy required to produce an electron-ion pair in the
detector gas. If each electrode collects a total electric charge Q during a measurement,
then the total energy transferred by the radiation E, is given by

W,
Ey=nWe= Qf, (1.24)

where n = Q/e is the number of electron-ion pairs produced by ionization, and e =
1.6 - 1072 C is the absolute value of the electron charge. The value of W, can be
measured in each type of gas: it is slightly greater than the average ionization po-
tential for the atoms of the gas itself. As an example, in air at standard temperature
and pressure, W, is 34 eV per ion pair.

ionizing
radiation R
source

no radiation

AV

Fig. 1.12: Principle of a gas detector. Left: In absence of radiation, no current flows in the circuit.
Right: An ionizing particle enters the sensitive volume of the detector and several electron-ion
pairs are produced (depending on the energy lost by the particle inside the detector). Electric
charges are then collected on the electrodes and a current starts flowing in the circuit.
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The electric field between the electrodes must be strong enough to avoid the
recombination of electrons and ions in their path along the electric lines of force. In
practice, a small recombination fraction is always present; nevertheless, when the
potential difference between the two electrodes reaches a sufficiently high value
(which depends mainly on the detector geometry and on the type and pressure of
the gas), the recombination fraction becomes negligible with respect to the total
amount of ionization charge: the detector is said to be in saturation regime. The sat-
uration regime is the working regime of the ionization chamber.

By increasing the voltage between the two electrodes, and hence the strength of
the electric field, the electrons produced by ionization are likely to acquire sufficient
kinetic energy in their path to produce further ionization inside the gas. This is the
mechanism of charge multiplication that can be exploited to amplify the electrical
signal at the electrodes (also called Townsend avalanche). The range of electrode bias
voltage in which the charge multiplication is linear is called “proportional region”;
this mode of operation is used in the proportional counters. Conversely to ionization
chambers, which are usually operated in current mode, proportional counters are op-
erated in pulse mode (as the name “counter” suggests). The linearity of the charge
multiplication process allows discriminating the energy of the incident particle. More-
over, particles with different range inside the gas lead to different shapes of the elec-
tric pulse at the electrode, thus allowing for pulse-shape discrimination among
different types of radiations.

When the bias voltage is increased further, the linearity of the charge multipli-
cation is first reduced and then completely lost, reaching a regime in which a single
ionization event in the gas produces a continuous discharge (the GEIGER discharge).
Gas detectors operating in the Geiger region are referred to as GEIGER-MULLER coun-
ters (or GM counters).”” The main advantage of detectors operating in the GEIGER re-
gion is the very high amount of electric charge collected at the electrode, leading to
less demanding circuitry for signal amplification. On the other hand, after the GEI-
GER discharge is initiated the GM counter can detect no other particle until the dis-
charge is terminated. Typical dead times for these detectors are in the order of
100 ps that reduce the counting efficiency at high count rates, thus suggesting their
applicability to radiation fields with low fluence rates.

15 The GEIGER discharge is a complex phenomenon, which involves also the generation of UV pho-
tons from the gas molecules within the avalanche; these photons could be reabsorbed by other mol-
ecules, thus creating other free electrons and, in turn, other discharges. The above chain reaction
must be avoided for a GM counter to work properly; for this purpose, the gas inside the detector is
mixed with a component allowing for the quenching of the discharge.

printed on 2/11/2023 6:44 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

1 Radiation measurement = 21

1.4.2 Scintillation detectors

Some materials have the peculiarity to emit visible light, or to scintillate,'® when struck
by ionizing radiation. This phenomenon is widely used to detect radiation in an indi-
rect way. Detecting radiation with scintillators is basically a two-step process. First,
several visible light photons are produced by the interaction of the radiation field with
the scintillating material, in a quantity that is proportional to the energy deposited by
the primary radiation. In the second step, the visible light is converted into an electric
signal by a dedicated instrument, such as a photomultiplier tube (PMT) or a solid-state
photodetector, optically coupled to the scintillator. Figure 1.13 shows a typical scintilla-
tor detector that can be commonly found in a radiochemistry department.

Y

Conversion of energy Conversion of light
into visible light into an electric signal

N Electric signal

lonizing - amplification
radiation [ Y & | | - and read-out
JAVAVAV el >

source

AN

Scintillator Light guide Photomultiplier tube
or optical glue or solid-state photodiode

Fig. 1.13: General configuration and working principle of a scintillator detector. The photograph
shows a widely used 3” x 3” Nal:Tl detector with a PMT (Ortec, Oak Ridge TN, USA). Both the crystal
and the light guide are enclosed inside a light-tight envelope. In some case, a solid-state
photodiode is used instead of the PMT to convert the visible light into an electrical signal.

16 Scintillation by definition is the emission of a flash of light after the passage of an ionizing
particle.
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Scintillator materials can be organic or inorganic. In organic materials, the scin-
tillation process begins with the release of enough energy from the primary radiation
to promote (at least) one valence electron to a higher energy level in the m-molecular
orbitals that characterize these compounds. A typical energy level structure of an or-
ganic scintillator is shown in Fig. 1.14. A key property of the n-molecular orbitals is
the presence of a fine structure, related to different vibrational states of each energy
level. The de-excitation of the electron to the ground state energy level usually in-
volves an excited vibrational level. Thus, the energy of the visible photon associated
with this de-excitation is lower than the excitation energy. As a result, the material is
transparent to the visible photons emitted in the scintillation process. Organic scintil-
lators can be crystalline solids, or they can be dissolved in an organic solvent that, in
turn, can be either solid (plastics) or liquid.
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Fig. 1.14: Typical scheme of the energy level structure of an organic scintillator. Each energy level
has a fine structure due to the different vibrational levels (drawn as dashed lines).

Inorganic scintillators are crystalline solids in which a small amount of a suitable im-
purity (or activator) can be added to obtain better light yield and time response. The
scintillation mechanism can be understood by looking at the energy band configura-
tion of a crystalline solid with activator impurity (Fig. 1.15). The excitation of several
electrons from the valence band to the conduction band by the incident radiation
leads to the creation of an equal number of electron-hole pairs. Before recombination,
an electron-hole pair can migrate to an activator site where the hole can ionize the
activator atom. After that, the ground state of the activator is left empty. At the same
time, a free electron in the conduction band can fall nonradiatively into an excited
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state of the same activator atom in such a way that it can de-excite to the ground
level with the emission of a photon whose frequency is typically within the visible
spectrum. Because both the ground and excited state of the activator are within the
forbidden band of the host crystal, the energy difference is lower than the band gap
and hence the crystal cannot reabsorb the emitted photon.
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Fig. 1.15: Typical scheme of the energy band structure of an inorganic scintillator with activator
impurities. The activator levels lie within the forbidden band.

Important parameters of choice for scintillating materials are: (1) the time shape of the
light pulse produced in a scintillation event; (2) the number of visible photons pro-
duced per unit energy deposited by the primary radiation; and (3) the stopping power
(for charged particles) or attenuation coefficient (for photons) of the crystal. Also the
spectral characteristics of the visible light produced and the refractive index of the ma-
terial can be important, as they should match those of the PMT or the photodetector to
avoid an undesirable loss of counting efficiency. Ideally, the scintillation light would
be produced by an instantaneous “burst” of visible photons, immediately after the pri-
mary patrticle has interacted with an atom inside the detector.

A drawback of organic scintillators is the relatively low atomic number, and
hence a low linear attenuation coefficient that hampers the detection efficiency of
medium to high-energy y-photons. Conversely, inorganic crystals such as thal-
lium-activated sodium iodide (Nal:T1), sodium-activated or thallium-activated ce-
sium iodide (Csl:Na, CslI:Tl) or pure bismuth germanate (BGO) contain atoms with
higher atomic number which lead to higher detection efficiency. In general, inor-
ganic crystals have slower response, in the order of tens to hundreds of nanosec-
onds for the fluorescence component. Moreover, they can be hygroscopic (Nal is a

printed on 2/11/2023 6:44 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

24 —— Alberto Del Guerra and Daniele Panetta

common example of a highly hygroscopic crystal), with practical problems in
terms of manufacturing and shaping.

1.4.3 Semiconductor detectors

Some materials have intermediate characteristics in term of electrical conductivity,
so that they can be considered neither conductors nor insulators: these materials
are called semiconductors. Like other crystalline solids, the energetic configuration
of the electrons in semiconductors is structured in “bands” instead of discrete lev-
els, pretty similar to that shown in Fig. 1.15 for scintillating inorganic crystals. The
width of the forbidden energy band in such materials (e.g., silicon or germanium
are good examples of semiconductors) is such that, even at room temperature, a
small number of electrons are in the conduction band and thus they are free to
move when exposed to an electrical field. As a consequence, an equal number of
holes, acting as positive charge carriers with lower mobility than electrons, remain
in the valence band. These holes can also move in the semiconductor (even though
they move less easily than free electrons of the conduction band) as other electrons
moving across the lattice can recombine with them. A nice advantageous property
of these materials is the possibility of “modulating” the overall number of available
positive and negative charge carriers by adding impurities (called dopants in this
context) in the bulk crystal. Dopants leading to an excess of electrons give rise to
an n-type (or, equivalently, n-doped) semiconductor, whereas a dopant leading to
an excess of holes will produce a p-type semiconductor. The huge developments
seen in the electronic components industry in the last decades led to a correspond-
ing increase in the refinement of manufacturing processes for semiconductors (of
which solid-state transistors are made). For the purpose of radiation detection, the
most important characteristics of semiconductors is that when placing n-type and
p-type crystals in contact an electric field is formed at the p-n junction that causes
all the available charge carriers to drift away from the junction (see Fig. 1.16). The
so-formed depletion region (i.e., the region in which no free charge carriers are
present at the steady state) can be used as a solid-state variant of an ionization
chamber. In fact, the atoms in the depletion region play a role similar to that of the
gas atoms in an ionization chamber (electrically neutral when no radiation is com-
ing through it). When an ionizing particle with sufficient energy strikes an atom in
the depletion region, an electron-hole pair is then created (in gases, we would have
an electron-ion pair); the electric charge created is then collected on electrodes
placed at both sides of the p-n junction. Because the silicon p—n junction is at the
base of the solid-state diode, widely used in electronics, detectors operating with
the principle described above are called silicon diode detectors. Unlike diodes com-
monly used in solid-state circuitry, diode radiation detectors are operated in reverse
bias (i.e., the n-type side is placed at a positive electric potential with respect to the
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Fig. 1.16: Working principle of a semiconductor detector. See text for details.

p-type side). Reverse biasing increases the depth of the depletion region and re-
duces the probability of electron-hole recombination.

There are many advantages of using silicon diodes instead of gas detectors.
Among them, the higher density of solids can improve the detection efficiency by
several orders of magnitude as compared to gases. Moreover, the energy required to
form an electron-hole pair in common semiconductors is substantially lower than
that required to create an electron-ion pair in gases (roughly 3.6 eV in Si and 2.9 eV
in Ge). As a consequence, the number of charge carriers produced for a given
amount of energy transferred by the radiation to the detector can be very large in
semiconductors, thus leading to high performances in terms of energy resolution."”

Besides silicon diodes, another widely used semiconductor detector is the
high-purity germanium (or HPGe) detector. In HPGe, larger volumes of depleted
semiconductors are achieved by (1) manufacturing germanium crystals with very
low concentrations of impurity, and (2) by placing the crystal at liquid nitrogen
temperature (77 K) in order to reduce the number of free electrons in the conduction
band, too high in number at room temperature. The electrodes are then created by
adding very thin layers of n-type and p-type Ge at opposing edges of the pure crys-
tal. The large depleted volume created in this way, added to the higher atomic
number and density of germanium, is such that the detection efficiency for high-
energy y-photons is higher than that of silicon diodes (but lower than that of high Z
scintillators). The most important characteristic of the HPGe detector is the out-
standing energy resolution, so that they are used primarily in y-spectroscopy. On
the other hand, they have the drawback that they cannot be operated at room tem-
perature, so a cryostat with a reservoir of liquid nitrogen in a Dewar must be con-
stantly refilled in normal operative conditions (see Fig. 1.17).

17 Ren nc’l/z, where R., is the energy resolution, cf. eq. (1.22), and n, is the number of charge
carriers.
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Fig. 1.17: A typical configuration of an HPGe detector with liquid nitrogen cooling. (Canberra
Industries Meriden CT, USA; adapted from www.canberra.com - last access on June 4, 2012).

1.5 Passive systems for radiation detection
1.5.1 Thermoluminescent (TL) detectors

Unlike scintillator detectors, emitting most of the visible light within a short time
after the interaction with the ionizing particle, there are also materials that can
“store” the information about the absorbed energy without the emission of any
measurable signal until they are properly stimulated. This allows including small
pellets of such materials in miniaturized badges, which will integrate the absorbed
energy over relatively long periods of time (usually a few months) before reading
them with dedicated instrumentation. Inorganic crystals such as lithium fluoride
(LiF) or calcium fluoride (CaF) can be doped with a suitable impurity (mostly man-
ganese or magnesium) in order to create a spurious energy level within the for-
bidden gap. These levels act as “traps” for electron or holes, depending on whether
they are close to the conduction band or to the valence band, respectively. Similarly
to scintillators, the energy transferred by ionizing radiation can excite several elec-
trons to the conduction band, thus creating several electron-hole pairs. Both elec-
trons and holes can migrate to an impurity site in the crystal, where they can fall in
trap levels by nonradiative processes, cf. Fig. 1.18. The trap level must be deep
enough that an electron (or a hole) inside the trap has a low probability of escaping
at room temperature. At the end of the measurement time, the crystal can be placed
in a special reader where its temperature is increased in a controlled “sequence”; in
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this way, each trapped electron can be re-excited to the conduction band by the in-
creased thermal energy. When the electron encounters a hole trap, it recombines
with the hole by emitting a visible photon. The visible light emitted during the heat-
ing process (referred to as thermoluminescence) can be collected using a photomul-
tiplier tube, which converts the light in an electric signal that can be digitized,
displayed, recorded and quantified.

A relevant property of thermoluminescent detectors is the linearity of response
with respect to the absorbed energy integrated over the measurement time. For this
reason, and for the possibility of manufacturing them as small chips, they are
widely used as dosimeters for individual monitoring.
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Fig. 1.18: Working principle of a thermoluminescent detector. See text for details.

1.5.2 Nuclear track detectors (NDT)

The high ionization density produced by heavy charged particles, such as a-particles or
fission fragments, can leave microscopic damages on some dielectric materials along
their path. These dielectric damages are associated with the rupture of chemical bonds,
which can occur in dielectric solids with crystalline or polymeric structure. By means of
a strong acid or base attack, referred to as an etching'® process, the latent and hardly
visible track left by the nuclear particle in the solid (of few nanometers in diameter)

18 The etching time can vary from few minutes to more than one hour, depending on the material
used. There is not yet a comprehensive and fully satisfactory theory of the physical mechanisms
that lead to the etchability of a latent track. The preferential etchability of the material along the
latent track is thought to be due to local defects caused by thermal spikes generated along the track
by electron collision cascades, or directly by atomic displacements due to locally intense electric
fields arising from the ionization burst near the particle path (the so-called “ion explosion spike”).

printed on 2/11/2023 6:44 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

28 —— Alberto Del Guerra and Daniele Panetta

Latent track formation Track revelation and counting

Primary ionizing

particle
L -
il
IR .
we
v B .
o0 e e— Te
SR o P
L I ] N .
o Bl - . Chemical
. o _ etching
- .6‘\ - =
oSN AR .
L] ) - LR
-ooo\ P

Inorganic crystal  Polymer

Fig. 1.19: Radiation detection by solid state nuclear track detectors (SSNTD). Left: the mechanisms
of latent track formation are depicted for both inorganic crystals and polymers. Right: three
photographs obtained with an optical microscope show different track patterns and shapes from
fission fragments of 2>2Cf. This type of detector is also used for indirect neutron detection through
(n,p), (n,a), or (n,f) reactions. (Adapted from Fleisher et al. Nuclear Tracks in Solids. University of
California Press, Berkley, USA, 1975).

can be significantly enlarged. Subsequently, the track becomes detectable by optical
microscopes or, in some cases, the naked eye. This process is illustrated in Fig. 1.19.

Regardless of the microscopic model of damage formation, any suitable solid
material for nuclear track recording must be (1) homogeneous, (2) dielectric, and
(3) with a low atomic mobility. Common materials used as solid-state nuclear track
detectors (SSNTD) are inorganic crystals (such as quartz or mica) glasses, or poly-
carbonate plastics (such as Lexan™ or Mylar™). The allyl diglicol polycarbonate,
or CR-39 (already used to manufacture eyeglass lenses) has gained success as an
SSNTD in the last decade for its good detection performance. The mass stopping
power S/p of the SSNTD must be greater than a threshold (specific of each material)
in order that the nuclear particle can be detected. For instance, CR-39 is very sensi-
tive of the detection of a-particles since it has a threshold of 0.05 MeV mg ' cm 2
which is about two orders of magnitude lower than that of Lexan. Moreover, the
etching process will be effective only if the entrance angle of the particle with re-
spect to the detector’s surface is greater than an angle 6, (referred to as the “critical
angle”). Both the detection threshold and the critical angle depend on the material
type.

After the etching process, several techniques can be used to count, analyze and
record nuclear tracks on SSNTDs. Optical microscopes are widely used for this pur-
pose in all cases in which the etched track diameter is few micrometers or bigger.
Modern microscopes with digital imaging sensors allow a direct conversion and
storage on PC of the observed image, and the subsequent analysis with dedicated
software. Alternative (and more complex) track revelation methods, more suitable
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for track diameters of tens to hundreds of nanometers, are scanning electron mi-
croscopy (SEM), transmission electron microscopy (TEM) or small angle X-ray scat-
tering (SAXS).

1.6 Applications of radiation detectors
1.6.1 Absolute determination of activity

Perhaps the most important application of radiation detectors in radio- and nuclear
chemistry is the accurate and reproducible measurement of the amount of radioac-
tive substance contained in a sample. This task can be accomplished by absolute
methods, but in most cases it is done by means of relative methods in which the
detector output given by the sample is compared to the detector output of a known
(calibrated) activity. In general, some a priori information is required such as the
type of radionuclide that is being measured, along with its transformation scheme.
Activity measurements are performed very often with detectors operating in
counting mode. Because the activity is defined as the number of nuclear transforma-
tions per unit time, and because each single transformation can lead to the emission
of one or more ionizing particles of identical or different type (e.g., « and/or  and/or
Y, etc.), one could relate the detection rate of such particles to the activity in the sam-
ple. The detecting rate or count rate’ is expressed in counts per second (cps). It is
very important to know with the highest accuracy the absolute efficiency of the detec-
tor, as well as the ratio of a specific emission X of the particle that is actually detected
by the instrument chosen. If C is the detection rate (or count rate), we will have
C=A e4p5 - Eomis Where gqmis is the relative abundance (or yield) of the emission under
consideration; thus, it is straightforward to derive the activity A via eq. (1.25):
i-—c (1.25)
Eabs * Eemis
The above equation allows the absolute measurement of the absolute activity in a sam-
ple. As already stated, in most cases the actual detection rate or count rate C is just
related to the count rate C,, of a source with a known activity A.. It is very important
that the radiation emitted by the calibration source has a similar energy spectrum to
the measured sample, and also a comparable activity (not always possible in prac-
tice), to avoid inaccuracies due to possible nonlinearity of the detector. In this case,
one can write

19 Cf. Chapter 4 in Vol.I for the relationship between relative activities to absolute activities,
Fig. 5.11 and eq. (5.11).

printed on 2/11/2023 6:44 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

30 —— Alberto Del Guerra and Daniele Panetta

A=l (1.26)
Ccal

For example, determination of absolute activities of, e.g., a source of '*'I would pro-

ceed as follows:

1. Identify the most relevant y-energies of *'I and their abundances (data are
listed in Tab. 1.4).%°

2. Determine the detector efficiency at some distances between source and detec-
tor for the relevant energies. For example, a given Ge detector, a calibration
provided an energy dependence of &,,5 as shown in Fig. 1.20.

3. Determine the count rate C of the source under consideration, being careful to
reproduce the same source-detector geometry used for the calibration of the
detector.

4. Use eq. (1.25) to calculate the absolute activity.

Let us suppose that, using a Ge detector, we have measured a count rate C = 1250 cps
for the most abundant gamma emission at E, = 364 keV. Based on the detector effi-
ciency reported in Tab. 1.4, by using eq. (1.25) we obtain the following activity for the
B source:

1250 cps

hoton/
0.002 phgg; 7 .0.822 °Bg“ &

A:

~762kBq=~20.6 uCi. (1.27)

Tab. 1.4: Main photon emissions of I-131 and their relative
abundances &.n,is, Wwith examples of detection efficiency of a Ge
detector at a fixed source-to-detector distance.

Line E, (keV) Relative abundance Detector efficiency™
Eemis Eabs

1 284 0.054 0.004

2 364 0.82 0.002

3 637 0.068 0.001

*for a given source-detector distance.

20 Cf. also Chapter 11 on “Secondary and post-processes of transformations” in Vol.I and
Figs. 11.11 and 11.12 showing electromagnetic multipole transitions for *'I and a resulting y-
spectrum, respectively.
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Fig. 1.20: Example of efficiency calibration curve of a p-type Ge detector of 20%
relative efficiency for three source-to-detector distances.

1.6.2 Calibration sources

A detector with strong energy dependence must be recalibrated each time the en-
ergy range of the radiation field differs from the calibration energy. Even with a
good flatness of the energy response function, some radiation detectors may have a
response that changes over time (these weak fluctuations in the detector response
are called “drifts”). A common cause of recalibration is, e.g., the dependence of the
detector response on the room conditions (e.g., temperature and pressure). For appli-
cations requiring a good accuracy and reproducibility of the measurement output,
such as the measurement of radionuclide activity for medical applications, it is im-
portant to establish an appropriate program of quality controls (QC) of radiation de-
tectors. An important step of these QC is the employment of radioactive sources
whose activity is certified by the manufacturer/vendor in such a way that its value
can be referred directly or indirectly to a physical measurement performed on a
“standard” source, only available in national metrology institutes (e.g., NIST in the
US, NPL in the UK, or ENEA-INMRI in Italy). By definition, a primary radioactivity
standard is a radioactive source whose activity cannot be calibrated as they represent
the starting point for the subsequent chain of calibrations. A calibration source must
be provided with a certificate reporting the chain of measurement by which the
source activity has been compared with the activity of a primary standard: when this
information is available, and the uncertainty associated with each measurement is
known, the source is said to be “traceable” to the primary radioactivity standard.
Calibration sources are sold with diverse form factors and total activities for sev-
eral radionuclides. Depending on their use, they can be rod-shaped, disc-shaped,
point-like, but they typically come in a sealed form in such a way that they cannot
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release radioactive material in the environment, thus preserving both operator safety
(avoiding contaminations) and the validity of their calibration. For example, Fig. 1.21
shows a sealed, vial-shaped *>Ba gamma-emitting source used for calibration of 4m
well counter detectors, along with its certificate of calibration; Fig. 1.22 shows a point
2Na source embedded in a small acrylic cube used for calibration of Positron Emis-
sion Tomography (PET) scanners. Besides the absolute activity, important informa-
tion on the calibration certificate includes the date of calibration and its accuracy.
Calibration date must be considered at each usage because the radioactive decay at
the date of each measurement must be taken into account. Calibration accuracy, on
the other hand, is important as it influences the overall uncertainty associated with
each measurement, which can be calculated by using error propagation theory. Most
vendors provide calibrated activity with accuracy ranging from + 2% to + 5%.

Fig. 1.21: Example of a sealed Ba-133 calibration source for well-type detectors.

1.6.3 Description of common radiation detection systems
for radioactivity measurement

Scintillator detectors like Nal are widely used for radioactivity measurement due
to their good intrinsic efficiency, but in most cases they are manufactured in cy-
lindrical shape with 3” or 5” diameters, without cavities, so that their acceptance
solid angle (and hence the geometric efficiency) could be rather low. Both the
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Fig. 1.22: Example of a sealed point Na-22 source for calibration of PET scanners.

sample and the active volume of the detector must be placed on a shielded enclo-
sure of high thickness in order to reduce undesired counts from the background
activity in the room. This is also true for other detector configurations, as shown
in Fig. 1.17 for the case of HPGe. By using gas-based proportional counters instead
of scintillators, it is possible to realize detection systems with high acceptance an-
gles, close to 4m steradians. In all cases, the sensitive volume of the detector is
separated from the outside world by a “window” of various thicknesses and mate-
rials depending on the specific detector.

Radioactive sample +
scintillation cocktail

A )%

Fig. 1.23: A commercial liquid scintillation beta counter (Beckman Coulter, Brea CA, USA) (left)
widely used in radioimmunoassay (RIA) laboratories. The working principle is shown at right: the
scintillation cocktail is directly diluted into the radioactive sample and two photomultiplier tubes
in coincidence read the visible light coming from the vial. (Photograph at left downloaded from
http://www.labwrench.com/1equipment.view/equipmentNo/5915/Beckman-Coulter/LS-6500/, last
access on June 10, 2012).
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It is important to understand that the entrance window could affect the energy
response of the detector itself, and this is especially true for alpha and beta count-
ing, or for the detection of very low-energy X-rays. The measurement of the activity
of commonly used B -emitters such as '“C, >H, or *’P cannot be carried out effi-
ciently by placing the sample in a test tube and then counting the sample with an
external detector. As mentioned above, these particles are weakly penetrating;
thus, very few of them would be able to travel beyond the test tube walls and the
detector window. This problem is addressed by incorporating the sample under
study in a solution containing a liquid scintillator. If both the solution and the vial
are transparent, the scintillation light produced within the solution can be detected
by means of photomultiplier tubes. In order to increase the sensitivity and to reduce
noise, two opposing PMTs operating in coincidence are used (cf. Fig. 1.23). This
means that a light signal in one of the two PMTs is rejected if the other PMT does
not record another pulse at the same time. In this way, “spurious” signals due to
background noise can be avoided. If the two PMTs are close enough, this configura-
tion leads to an almost 471 geometry. There are basically three main ingredients in
the solution used for liquid scintillation beta counting (very often referred to as the
“scintillation cocktail”): an organic scintillator solute, a solvent, and a wavelength
shifter. This last component absorbs the light emitted by the scintillator, and then
re-emits it at a longer wavelength. This ensures that the scintillation light can
match the spectral response of the PMTs that, in most cases, have higher efficien-
cies at longer wavelength.

| | sample holder
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ot~ shielding
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Fig. 1.24: A well-type ionization chamber used for dose calibration in a nuclear medicine
department (Biodex Medical Systems, Shirley NY, USA). The ion chamber has an almost 4n
geometry which maximizes the geometric efficiency. The user can select the type of radionuclide,
which allows the correct conversion from exposure (C/kg) to activity (Bqg), see eq. (1.28).
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The 4n configuration is frequently used in the radiochemistry environment for
gas-based activity meters operating in current mode (ion chambers) dose calibrators,
cf. Fig. 1.24. The advantage of the current mode of operation is especially important
at high levels of activity, where pulse-mode detectors would suffer decreased effi-
ciency and loss of linearity due to dead times. Ion chamber dose calibrators are par-
ticularly well suited for the measurement of activity of y-emitters. For radioactive
emission, the relation between the exposure X (i.e., the electric charge produces in
the gas by the indirect ionization from photons, per unit mass) measured at a dis-
tance r from the source and the activity A is given by the exposure rate constant, T,
defined by:

dXx

A
-7 [Ckg's™]. (1.28)

Exposure X and exposure rate dX/dt are quantities that can be directly measured
with an ionization chamber; thus, the knowledge of T for the radionuclides under
study allows the absolute measurement of the sample activity.

1.6.4 Radiation spectrometry

Different to the case in which the radionuclide under study is known and just its
activity must be determined, there are situations in which the type of radionuclide
(or the types of radionuclides in a mixture) is unknown. Let us first consider a ra-
dioactive sample of B- and/or y-emitters; it generates a mixed P +y field where the
various gamma components have a characteristic discrete energy spectrum. The en-
ergy spectrum allows the identification of each radionuclide indirectly by the analy-
sis of its lines in the gamma ray spectrum. It simultaneously provides the absolute
activity of each radionuclide and thus finally analyzes the composition of the
mixture.

In practice, the measured spectrum is somewhat different from a series of sharp
lines; as explained in Section 1.3.4, each detector has a finite energy resolution, so
the measured spectrum is actually made up of bell-shaped “peaks” of fine width.
Moreover, a photon can interact within the detector without transferring all of its
energy (for instance, when it undergoes COMPTON scattering), cf. Fig. 1.25. In this
case, the photon energy “seen” by the detector is just the fraction that was trans-
ferred to the scattered electron. Because of the kinetic of COMPTON scattering, this
fraction varies continuously from zero up to a maximum given by

1
Eedge =hv (l 1+2hv/ (me62)> (1.29)
=hv-E,
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where
(1.30)

hv
E=————.
1+2hv/(mec?)
Figure 1.25 shows a comparison between a real gamma spectrum (for the very sim-
ple case of monoenergetic radiation) and the corresponding measured spectrum.

—— true yspectrum
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. 1 -----= measured y spectrum
COMPTON continuum H
S i |4 fullenergy peak
a P
L E
Eedge hv

Fig. 1.25: Comparison between a true gamma spectrum of a hypothetical y-emitter (solid vertical
line) and the corresponding measured spectrum (dashed line). Note that this graph is still an
exemplification, as several types of noise are present in the measured spectrum in the real case.
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Fig. 1.26: Comparison of gamma-ray spectra from a mixed source of B7cs (Ev =662 keV) and *°Co
(Ey,1=1173 keV; E, , = 1332 keV), as measured by HPGe (blue line) and Nal (purple line). The
superior energy resolution of HPGe is evident. The peak at very low channel numbers is due to
electronic noise and must be neglected. Note that the channel numbers have been calibrated in
order to give a reading in keV; in this case, 1 channel =1keV. (From http://www.personal.psu.edu/

elb5061/hpgedetector.html — last access on June 4, 2012).
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Detector materials with high density and high atomic number are preferred in
order to keep the relative height of the COMPTON continuum low with respect to the
full-energy peak. Probably the most widely used radiation detector for gamma-ray
spectroscopy is the Nal:Tl scintillator, coupled to a PMT and multichannel analyzer for
pulse-height discrimination. The relatively high effective atomic number? (Zug=50.2)
and density (p =3.67 gcm ™), along with its high light yield makes it a good material
for gamma-ray spectrometry in terms of both detection efficiency and intrinsic energy
resolution (Ren = 5-10% at the energy of 7'Cs, i.e., E, = 662 keV). Higher energy resolu-
tions can be achieved with semiconductor detectors, such as reverse biased Si diodes
or HPGe. For example, Fig. 1.26 shows y-spectra of a mixed source of *’Cs and *°Co,
where three y-lines of 662keV, 1173 keV and 1332keV are visible. The FHWM of those
lines are about 2keV for a state-of-the-art Ge-detector (<0.3% at 662keV of the ®’Cs
emission), but it may be up to 80 keV (>10% at 662 keV) for a Nal-detector.

For gamma-ray spectrometry, HPGe is the best choice in terms of energy resolu-
tion. Higher energy resolutions mean higher capability of revealing the fine structure
of spectral lines of a radiation field, and hence a higher capability of radionuclide
identification. Nevertheless, the relative height of the full-energy peak with respect to
the CoMPTON edge is lower in germanium than in Nal because of its lower atomic
number (Z =32 for Ge). While HPGe is appropriate for spectrometry with medium- to
high-energy gamma rays (i.e., hundreds of keV or higher), Si detectors appear to be
more suitable for low energy y-photons or X-rays. The better performance of silicon
for such low energy radiation is due to its low atomic number (Z = 14), allowing soft
photons (usually fluorescence X-rays) to enter the sensitive volume of the detector
and then releasing their energy. Silicon detectors can be also used for spectrometry
of a-particles; a detector configuration referred to as surface barrier detectors (SBD),
having a very thin dead layer allows the entrance of the (very weakly penetrating)
alpha particles into the sensitive volume.

1.6.5 Radiochromatography

An important application of radiation detectors is to assess the radiochemical purity
(RCP) of a radiolabeled compound or a radiopharmaceutical. The European Pharma-
copoeia defines the RCP as the percentage ratio of the radionuclide activity of the
radiopharmaceutical in its stated chemical form to the total activity of the radiophar-
maceutical preparation. Radiochromatographic techniques are used to separate the

21 For a compound material (e.g., water) or a mixture of materials (e.g., organic tissues), the effec-
tive atomic number, Z.g, can be defined as the mass-weighted average of the atomic numbers of all
the elements present in the material. Several alternative and more or less complicated definitions
have been proposed for Z.g, to better describe the interaction of radiation with those composite
materials.
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different chemical substances containing the radionuclide, such as gas chromatogra-
phy (GC), high performance liquid chromatography (HPLC) and thin layer chromatog-
raphy (TLC).”? What is important to discuss here is that in all the above-mentioned
techniques, the measurement of the radionuclide activity at various points in a GC or
HPLC or other column (called radio-GC and radio-HPLC, etc.) or plate (radio-TLC)
leads to the development of a “chromatogram”. The peaks in the chromatogram are
then analyzed by means of radiation detectors and associated to the different chemi-
cal compounds in the sample.

In radio-GC, the gas effluent flowing in the column is detected at some point by
a radiation detector. The choice of the detector is mainly based on the type of radio-
nuclide present in the effluent. For B-emitters such as 14C and 3H, it is common to
use windowless gas flow proportional counters, where the radioactive gas is mixed
with the counter gas. This configuration gives a high sensitivity, because the radio-
active source can be counted internally, thus avoiding the attenuation due to walls
and windows. For y-emitters such as *'I (main y-emission at 364 keV) or *’Fe (main
y-emissions at 1099 keV and 1292 keV), Nal: Tl scintillators are preferred due to their
higher efficiency for photons, as shown in Fig. 1.27 for the case of radio-HPLC.

\ high voltage and readout

Fig. 1.27: Example of gamma radiation detector for radio-HPLC (raytest Isotopenmessgerdte GmbH,
Straubenhardt, Germany). A thick lead shield protects the scintillator detector against undesired
events from the background activity. The HPLC column passes through two small holes in the
shield walls at the base of the apparatus. A small loop in the column provides a local increase of
the measured activity (and hence an increased sensitivity) nearly at contact with the detector
window, leading to an almost 2m geometry. (Photograph from www.raytest.de, last access

on June 9, 2012).

22 The full description of the chromatographic techniques is beyond the goal of this chapter. For
aspects of the radiochemical separation of chemically different radioactive species or the separation
of one radioactive species from nonradioactive bulk materials cf. Chapter 7 on “Radiochemical
separations”.
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Either photomultipliers tubes or solid-state photodiodes can be used to detect the
scintillation light. An alternative way to measure the B-radiation in liquid systems
is based on the detection of the CERENKOV light. CERENKOV photons are emitted in a
transparent medium when an energetic particle travels inside it at a speed that is
greater than the speed of light in that medium (i.e., at a speed greater than v=c/n,
where n is the refractive index of the medium). The emitted radiation has a continu-
ous spectrum, positioned between the visible light and the UV range. In this case,
the effluent in the column must be mixed with additives that increase the wave-
length of the CERENKOV light (referred to as wavelength shifters, often used also in
liquid scintillator cocktails) in order to match the spectral response of most photo-
multiplier tubes.

A radio-TLC starts from a TLC plate with a one- or two-dimensional distribution
of radioactive species. The radiochromatogram is obtained from a spatially resolved
measurement of the radioactivity distribution by scanning the TLC plate. Collimated
scintillator detectors are used, cf. Fig. 1.28. A motorized linear translator (for 1D-
TLC) or x-y translator (for 2D-TLC) it capable of a complete and automated scan of
the TLC plate. This latter solution is particularly well suited for radio-TLC with
high-energy y-emitters. Alternatively, imaging techniques such as autoradiography
with photostimulable phosphor plates appear to be a practical concept, because of
the improved spatial resolution. Some autoradiography techniques have the disad-
vantage of long exposure times required to reach a sufficient sensitivity. Phosphor
imagers of various compositions are commercially available, with different sensitiv-
ity depending on the type of radionuclide in use.

Fig. 1.28: A radio-TLC system for high energy emitting radionuclides (raytest Isotopenmessgerite
GmbH, Straubenhardt, Germany). Once the TLC plate is properly mounted on its support, a linear
translator starts the scanning sequence of the chromatogram. (Modified from www.raytest.de, last
access on June 9, 2012).
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1.7 Environmental and individual monitoring

Whenever ionizing radiation is used, radiation detectors should monitor individuals
and workplaces, thus ensuring the safety of people working with radioactive sour-
ces. Detectors used for this purpose must be calibrated in terms of relevant quanti-
ties for radiation protection. There are basically two pathways by which ionizing
radiation can lead to a potential harm for workers: external or internal exposure.
When working with sealed radioactive sources or X-ray generators contamination is
excluded and workers could be struck by radiation exclusively from outside the
body. In this case, the challenge lies in the quantification of those parameters of
the radiation field that can be directly related to an increased risk for the “reference
man”? to incur radiation-induced diseases in the short term and/or long term. The
main operational quantities for radiation protection are defined by the International
Committee for Radiological Units (ICRU) as the personal dose equivalent (H,) and
ambient dose equivalent (H"), both measured in Sievert (Sv). Without entering in the
detailed description of such quantities, it is enough to say that they are directly
linked with the average energy imparted by the radiation at the point of observa-
tion, in a tissue-equivalent phantom.

Several types of active detectors can be used for this task. Ion chambers operated
in current mode are often preferred for environmental dosimetry, because of the pos-
sibility of performing absolute measurement. Nevertheless, other detectors operating
in pulse mode such as proportional, GM and scintillator counters can be employed
after a suitable calibration, cf. Fig. 1.29. These latter detectors have a direct reading
in counts-per-seconds (cps), but they can be calibrated in terms of dose equivalent
rate (Sv/h) with some a priori information about the radiation field (e.g., the type of
radionuclide). For the purpose of personal monitoring, passive detector systems such
as TLD pellets (see Fig. 1.30) have the advantage that they can be easily placed inside
wearable dosimeter badges. Although other passive detectors are used as personal
dosimeters (such as radiographic films), TLD also have the advantage that they can
be reused after the reading process. Moreover, the good equivalence of the LiF crystal
to soft tissue ensures good dosimetric performances in terms of energy response.

The assessment of contamination risks in the presence of unsealed radioactive
sources is in general more delicate and less straightforward. Radionuclides dis-
persed in liquids or dusts can adhere more or less strongly to nearby surfaces and
objects; by touching them, workers could become contaminated or they could prop-
agate the contamination to other surfaces. If the radionuclide is in a gaseous state,

23 “Reference man” was first defined in the Report n. 23 (1975) of the International Commission of
Radiation Protection (ICRP), with the purpose of standardizing the main anatomical features and
chemical composition of organs of adult males and females, thus facilitating the definition and cal-
ibration of dosimetric quantities related to individuals; cf. also the following chapter on “Radiation
dosimetry”.
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GM counter

real-time monitor

Fig. 1.29: An environmental radiation monitor based on GM counters (Comecer S.p.A., Castel
Bolognese, Italy). The LCD display shows information on ambient dose measured by several
detectors in the laboratory.

Fig. 1.30: TLD-based dosimeter badges for wrist (left) and body (right) for individual monitoring of
B/y radiation. (Adapted from “Practical Radiation Technical Manual”, IAEA, Vienna, 2004).

individuals can breathe it in, thus leading to an internal exposure. The same type of
contamination can occur if liquid or gaseous radioactive samples come in contact
with foods or beverages, which can be ingested by individuals (or by animals, thus
entering in the food chain).
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Fig. 1.31: A typical hand-and-feet contamination meter (Comecer S.p.A., Castel Bolognese, Italy).
Four plastic scintillators (two for the hands, two for the feet) are read by PMTs and the readout is
shown in real-time on the LCD display, after calibration in Bq/m? for several types of radionuclides
(user-selectable). (From http://www.centroditaratura.it/servizi-taratura/strumenti/mani-piedi-
vesti/ - last access on June 9, 2012).

The risk assessment in the presence of unsealed sources is based on the measure-
ment of activity concentrations in all the surfaces, objects, foods, beverages and environ-
ments (or, in a single term, in all the “matrices”) potentially contaminated. A smear-test
(or wipe test) is often performed on potentially contaminated surfaces in order to mea-
sure the fraction of radioactive substance that is susceptible to be transferred to other
matrices by contact. Well-counters based on scintillators in low background shielding
are very often used to measure the amount of radioactive material removed by the
smears. This test is generally performed along with a direct measurement of the contam-
inated surface, by mean of GM counters or portable scintillator detectors, calibrated in
term of Bg/m? for several different radionuclides (in this context, these detectors are
called “contamination meters”). The combined measurement by contamination meters
and smear tests allows the assessment of both the total and the removable contamina-
tion on a surface. Contamination meters can be assembled in platforms with multiple
probes for a fast contamination check on hands, feet and clothing (see Fig. 1.31).

For the assessment of airborne contamination, filtered air pumps can be used to
estimate the probability of internal intake of radionuclides by respiration. At the end
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of the observation period, the filters are removed from the pumps and then the resid-
ual activity concentration is measured similarly to smears used for superficial meas-
urements. In this case, the absolute activity of the air filter (expressed in Bq) is used
to estimate the average activity concentration in air (in Bq/m®) during the observation
period. The information from both the superficial and airborne contamination can
then be processed by means of biological models for the radionuclide biodistribution
inside the body of the reference man, thus obtaining estimates for H, and H.

1.8 Outlook

Detecting radiation is something that we learnt by mimicking Mother Nature. Human
senses already have a great capability of detecting some kinds of radiation, such as
visible light. Let us think of our eyes: no digital camera to date has the ability to adapt
its response to such a wide range of light intensity (approximately 10 decades), from
almost total darkness to bright sunlight. Nonetheless, the very reason why it took so
much time for mankind to understand the fundamental laws governing the Universe
at the atomic and subatomic level is that our senses cannot feel (not even barely) all
the types of radiation that we defined as “ionizing” at the beginning of this chapter.
The amazingly fast development of nuclear physics in the first half of the twentieth
century, triggered by the discovery of X-rays by RONTGEN®* and subsequently by BEC-
QUEREL and Pierre and Marie CURIE in 1896, has led to a fast acceleration in the devel-
opment and improvement of the related technology. This progress made it possible to
conduct more and more complex nuclear physics experiments to confirm (or, in most
cases, to retract) theories and hypothesis. All of these experiments where somehow
related to the detection of ionizing radiation. As an example, RUTHERFORD’s experiment
on a-particle scattering on thin gold foils in 1911 necessitated a ZnS scintillator, which
emitted tiny, localized flashes of visible light when struck by scattered a-particles.

Radiation detectors play a fundamental role in the medical field, being the key
component of most medical scanners such as gamma cameras, Computed Tomogra-
phy (CT), and Positron Emission Tomography (PET) systems. In CT, for instance,
the transition from early pressurized Xenon gas detectors to modern solid-state de-
tectors (such as Gadox scintillators) for the detection of X-rays allowed to reduce
the patient dose by more than 20% (on a per-scan basis) due to the higher detection
efficiency of solid detectors.

The largest and most complex detector ever built to date is the ATLAS detector
(www.atlas.ch) at the Large Hadron Collider (LCH) at CERN, Geneva, Switzerland
(along with the detectors of other LCH projects like CMS, ALICE, TOTEM, LHCf, and

24 By means of a scintillator screen of BaPt(CN), — even though RONTGEN did not know about the
scintillation mechanism in 1895.
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LHCb), which is 45 meters long, more than 25 meters high and weighs about 7000
tons. This cylindrical detector, whose axis is a segment of the LHC accelerator (more
precisely, its center is the place where opposing beams of protons strike each other,
or “collide”), is made up of an inner part of silicon detectors (more than 80 million
channels) and Xenon gas detectors (350,000 channels) able to track the path of the
particles produced in the proton-proton collisions (tracker), immersed in a magnetic
field of 2 Tesla. Moving outwards, a mid-part of the system comprises liquid Argon
detectors and plastic scintillators alternated to metal absorbers to measure the energy
of those particles (calorimeters); the outer part consists of gas-mixture detectors im-
mersed in a strong magnetic field acting as a spectrometer for charged particles
called muons (muon spectrometer). In the spring of 2012, this detector (and almost in
parallel also the CMS detector) was able to acquire enough data to confirm for the
first time the existence of the so-called “God particle”, i.e., the HIGGS boson, proposed
in the 1964 by three theoretical physicists (Peter HIGGS and Francois ENGLERT, and the
late Robert BRUT).” The discovery of the Higgs boson has proved the validity of the
“Standard Model” at least for collision energies up to 8 TeV (=8 - 10®eV). More ex-
periments are planned at LHC starting from late 2015 with collision energies up to
14 TeV, searching for other answers that might increase our knowledge on the Uni-
verse and on its origin, such as the existence of extra dimensions of space, the unifi-
cation of fundamental forces, and evidence for dark matter candidates.

For future experiments it is mandatory that new and more sophisticated detec-
tors will be built, once more making ionizing detectors the fundamental bricks in
the progress of particle physics.
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2 Radiation dosimetry

Aim: The various interactions of radiation with matter, for example, emitted in the
course of transformation of unstable nuclides, constitute the fundamentals of radia-
tion measurement. In this context, any ionizing effects are governed by the physico-
chemical parameters of the corresponding matter. Additionally, interaction of ionizing
radiation with living organisms constitutes a separate field of science. Its aim is to un-
derstand the consequences of exposure to ionizing radiation for cellular and subcellu-
lar components, in particular the DNA. In this context, radiation dose is a measure of
exposure to ionizing radiation.

This chapter discusses the most important dose concepts that are currently in use
in radiation research and radiation protection and provides the scientific background
behind these concepts. It shows how effective dose can be calculated after external ex-
posure to cosmic radiation and finally describes the procedure to calculate effective
dose after internal exposure to, as an example, incorporated radioactive cesium.

2.1 Introduction

The concept of “dose” was developed long before Wilhelm Conrad RONTGEN (1845-1923)
discovered X-rays in 1895. In fact, it was the great physician and philosopher PARACEL-
Sus (1493-1541) who coined the phrase “dosis sola facit venenum” — the dose makes the
poison. In the context of his research, PARACELSUS meant the dose to be the amount of
exposure to a certain substance, for example, a chemical or medicine. This idea is in
essence still to date a major concept in modern toxicology. The term “poison” points
towards any negative effect of this substance on the human body.

While negative effects can often be easily identified for chemicals, it was — at least
at the beginning of radiation research - far from being clear what the negative conse-
quences of a certain exposure to ionizing radiation were. It is true that quite soon after
RONTGEN’s pioneering first experiments with X-rays,! physicists and physicians who
worked to investigate the properties of the newly discovered radiation suffered from
certain health effects such as, for example, skin burns at their exposed hands. It was
observed that these effects occurred quite soon after high exposures, but did not occur
after only occasional low exposure to the radiation. Moreover, the severity of the ob-
served effects appeared to be proportional to the amount of exposure. Radiation pro-
tection measures focused therefore on shielding of the most exposed parts of the

1 (First) Nobel Prize in Physics in 1901 “. . . in recognition of the extraordinary services he has
rendered by the discovery of the remarkable rays subsequently named after him”.

https://doi.org/10.1515/9783110742701-002

printed on 2/11/2023 6:44 AMvia . All use subject to https://ww.ebsco. confterms-of-use


https://doi.org/10.1515/9783110742701-002

EBSCChost -

46 —— Werner Riihm

Tab. 2.1: Termini used in radiation dosimetry.

Parameter Meaning Units
SI Conventional
Absorbed dose Energy E deposited per mass m J/kg Gy
Equivalent dose Absorbed dose multiplied by a radiation J/kg Sv
weighting factor defined by the International
Commission on Radiological Protection (ICRP),
to account for the biological effectiveness of a
certain type of ionizing radiation
Effective dose Sum over equivalent doses for certain organs J/kg Sv
of the human body multiplied by tissue
weighting factors as defined by ICRP to
account for the different radiosensitivity of
these organs
Organ dose Equivalent dose for a certain organ J/kg Sv
LDs, dose Dose that will be lethal for 50% of an exposed  )/kg Gy
group of individuals
Relative biological Factor that takes into account that different
effectiveness radiation types may show different biological
(RBE) effects
Radiation Factor suggested by ICRP to take into account
weighting factor that different radiation types may show
different biological effects
Ambient dose Dose equivalent at a depth of 10 mm within the J/kg Sv
equivalent ICRU (International Commission on Radiation
Units and Measurements) sphere at a radius
opposing the direction of an aligned field
Directional dose Dose equivalent at a certain depth in the ICRU  )/kg Sv
equivalent sphere with respect to a specified direction
Personal dose Dose equivalent at a certain depth in the J/kg Sv
equivalent human body at the position where an
individual dosimeter is worn
Fluence-to-dose Coefficient that converts the fluence of a Svcm?

conversion certain particle into dose
coefficient
lonization Process of removing an electron from the

atomic shell

Single-strand
break (SSB)

One break in a DNA strand
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Tab. 2.1 (continued)

Parameter Meaning Units
SI Conventional
Double-strand Break in both DNA strands, with the breaks
break (DSB) being not separated
Linear Energy Energy lost by charged particles in a medium keV/pm
Transfer (LET) per track length
Specific effective  Equivalent dose in target organ T per Sv per
energy (SEE) radioactive transformation in source organ S transformation
Biological half-life Time it takes for the human body to excrete s

half of an acutely incorporated activity

human body. Low doses of ionizing radiation seemed to be harmless, and many low-
dose applications of radiation were readily adopted such as radioactive tooth pastes
that promised brilliantly white teeth. The tragic events that happened after the two
nuclear explosions over Hiroshima and Nagasaki in 1945 changed this view. A few
years after the bombings, first reports were published that leukemia mortality in-
creased among those who survived the bombings. Cataracts were also found to be in-
creased several years after exposure, a finding which was confirmed by studies on
physicists who worked at cyclotrons and who also showed an increase in cataracts.
Today, one knows that — beside the so-called tissue reactions (or “deterministic ef-
fects” as they were called earlier), which are characterized by the fact that a major
fraction of cells of a certain tissue must be affected by the radiation, and that a dose
threshold exists below which such reactions do not occur — so-called stochastic effects
such as leukemia or cancer also occur at lower doses. These health effects are charac-
terized by the fact that (a) there might be no radiation dose threshold and (b) radiation
dose does not govern the severity of the effect, but the probability that the effect oc-
curs. The most relevant termini used in radiation dosimetry, which will be discussed
in detail throughout this chapter, are listed in Tab. 2.1.

2.2 Radiation dose concepts

2.2.1 lonizing radiation

When radiation hits an atom, various processes occur that govern the interaction of
the incoming radiation with matter (see Chapter 1). For biological tissue, the process

of ionization is the most important because it affects the electron shell of the atoms
that comprise these molecules and, as a result, may disturb the chemical binding
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within the molecules of the tissue. Basically, an ionization occurs if the energy of the
impinging radiation is high enough to remove an electron from the atomic shell, and
a positively charged atom, i.e., an ion, remains. Due to the properties of the elements,
at least 4-5 eV are required to ionize an atom (this energy is needed to remove the
outermost electron from the atomic shell of alkaline elements; for other elements or
for electrons in lower shells a higher energy is required). Radiation below that energy
range such as radiowaves, microwaves, etc., is not dealt with here, in contrast for
example to X-rays and gamma radiation which show energies well above the 4-5eV
mentioned above.’

Principally, ionizing radiation that hits the DNA in the nucleus of a cell may re-
move an electron from the DNA, and as a result, a covalent bond in the DNA molecule
may break. This process is called direct action of ionizing radiation. Alternatively, the
radiation may ionize a water molecule in the cell which then will form an OH radical
that in turn may remove an electron from the DNA. This process is called indirect action
of ionizing radiation. A break in the sugar-phosphate backbone of the DNA leads to a
single-strand break (SSB). If two SSSBs are close together, a DSB may occur which — if
not repaired — may lead to cell death or - if not repaired correctly — may lead to a chro-
mosome aberration. Cell experiments indicate that exposure to an absorbed dose of
4 Gy of gamma radiation leads to the induction of about 200 DSBs in a cell. If one
keeps in mind that exposure to natural and artificial sources of ionizing radiation re-
sults for example in a mean annual effective dose of about 4 mSv to the German popu-
lation (see Tabs. 2.7 and 2.8), that the human body typically consists of about 10 cells,
and that a year has about 3 - 10’ s, then one can easily estimate that very roughly
about 10° — 10° DSBs per second occur in the human body, due to these sources of ion-
izing radiation. Obviously, there must be efficient repair mechanisms that allow the cell
to repair the damage and the human organism to live for 70-80 years or more. While
the cell can repair an SSB for example by using the undamaged strand as a basis, it is
more challenging for the cell to repair a DSB, and specific mechanisms such as nonho-
mologous end-joining and homologous recombination (where a sister chromatid or a
homologous part of the DNA are used as a template) are required to repair the damage.

2.2.2 Protection quantities
2.2.2.1 Absorbed radiation dose

In radiation research, the term “radiation dose” (or “dose” as it will be called from
now on) was initially defined on pure physical grounds. The simple idea behind

2 In fact it needs more energy to form a double-strand break (DSB) in the DNA (10-15eV) or to
ionize a molecule in air (about 34 eV).
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this was that the more energy that was absorbed by an atom or deposited for exam-
ple in a cell or in tissue by the radiation, the more effects on atomic, cellular or tis-
sue levels are expected.’ This led to the concept of “absorbed dose” D which is
defined as the amount of energy dE deposited per mass dm, at any point in the ma-
terial of interest (eq. (2.1)):

dE

D= .

2.1)
Accordingly, Dy is the mean absorbed dose in a certain organ or tissue. The SI unit
of absorbed dose is J/kg. It is instructive to realize that an energy of the order of one
or several ] per kg is quite usual in everyday life.”

On the other hand, it is well known (e.g., from studies on the atomic bomb sur-
vivors in Hiroshima and Nagasaki) that an absorbed dose to the whole body of
3-47/kg of ionizing radiation will cause about half of the affected individuals to die
from radiation-induced tissue reactions. This is the so-called LD5, dose (“LDsy”
stands for “lethal dose, 50%”).” This pronounced biological effectiveness of ioniz-
ing radiation justifies the introduction of the special name Gray (Gy) for the unit of
absorbed dose for applications in this field.®

3 For the interaction of the ionizing radiation with atoms this would be equivalent to the concept
of radiation measurement, cf. Chapter 1: The higher the radioactivity of a source, the higher the
readout of the radiation detector.

4 For example, consider walking down the step of a staircase with height 4. Then the gravitational
energy released can be calculated as m - g - i, where m is your body mass, and g is the acceleration
due to gravity which is 9.81m/s% Let your body mass be 70 kg and the height of the step 10 cm,
then the gravitational energy released when you walk down one step is 70kg - 0.1m - 9.81m/s’ =
68.7kg - m/s? = 68.7]. Thus, the gravitational energy corresponds to almost 1] per kg body mass.
Or assume that you drink a cup of tea in the morning. If the tap water you used to prepare the tea
had a temperature of say 20 °C, and if the mass of water m you need to fill your cup is 100 g (corre-
sponding to 100 ml), then the amount of energy AQ required to heat the water can be calculated as
AQ=c - m - AT, where c is the specific heat of water which is 4.2] K™ g™, If, for drinking, the tea
has a temperature of 60 °C, you end up with a net energy of at least AQ=4.2JK'g™ - 100 g - (60 -
20) K =16.8 k] you had to spend to heat your tea (boiling at 100 °C would require about twice as
much). You can estimate the temperature increase you may feel after you drank the tea by assum-
ing that an energy AQ=4.2J K g - 100 g - (60 - 37) K=9.7 K] is released to and distributed homo-
genously over your body. Again assuming a body mass of about 70 kg you finally end up with a
temperature increase of AT=9.7kJ/(4.2] K 'g™ - 70kg) = 0.03 K. It is quite obvious that if you
drink the tea carefully this will not cause any harm to your body, although you had incorporated
about 9700 / 70 kg, i.e., more than 100 ] per kg of body mass.

5 A quantity which is also used in toxicology.

6 The International Commission on Radiological Protection (ICRP) and the International Commit-
tee on Radiation Units and Measurements (ICRU) decided to introduce “Gray” as the special name
of the unit of absorbed dose (Gy), in appreciation of the major contributions of Louis Harold GRAY
(1905-1965), a British radiation physicist, to radiation research.
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2.2.2.2 Equivalent dose

The biological effectiveness of ionizing radiation suggests that the energy transferred
to tissue after exposure to ionizing radiation — although a useful measure for the pres-
ence of radiation and its harmful effects to the human body - is not the only parame-
ter needed to describe and understand the effects of ionizing radiation on biological
systems. In fact, it is the local distribution of the energy absorbed which also plays an
important role. In contrast to the above example of drinking tea where the heat was
assumed to be distributed homogeneously over the human body, the energy released
by ionizing radiation is absorbed very locally within the body, for example through
induction of double-strand breaks in the DNA of the cell nucleus. This feature is
unique to ionizing radiation, and it explains another observation that cannot be un-
derstood just based on the concept of absorbed energy: The biological effect of differ-
ent types of ionizing radiation may be different even if the energy released by these
radiation types per mass of hiological material, i.e., the absorbed dose, is the same.

Assume an experiment where a certain number of cells is irradiated with a speci-
fied absorbed dose of gamma radiation and where then the irradiated cells are grown
on a surface in a medium afterwards. After about two weeks, the number of colonies
formed is counted and one finds that say 30% of the initially irradiated cells were able
to form a colony. Obviously, the remaining 70% had lost their reproducibility or died.
If one repeats this experiment with cells of the same type but irradiated at different
absorbed doses, one will be able to establish a so-called survival curve which quanti-
fies cell survival (given as a fraction relative to unexposed cells) as a function of ab-
sorbed dose (given in Gy) from gamma radiation. One can of course perform a similar
experiment with a different type of ionizing radiation, for example with ions such as
protons or alpha particles, and establish a second survival curve as a function of ab-
sorbed dose from these ions. Comparison of the two curves reveals major differences:
It appears that many more cells can survive after irradiation with gamma radiation
than after exposure to ions, although the absorbed dose was the same (Fig. 2.1).

The reason for this obvious difference is the way in which gamma radiation and
charged particles release their energy in matter: While the mean loss of energy of
ions along their path through matter, described by the so-called linear energy trans-
fer (LET), is quite high (e.g., about 27 keV/um for protons with an energy of 1 MeV in
water), it is much lower for gamma radiation (e.g., about 0.2 keV/um for photons
from ®°Co with a mean energy of 1.25MeV in water). As a result, ionization events
that occur after irradiation within a cell are quite close together for charged particles
and quite far apart for gamma radiation, on the scale of a cell nucleus. For illustra-
tion, Fig. 2.2 sketches two cells that are irradiated by these two types of radiation.
The left cell gets four ionizations due to low-LET gamma radiation along its path
through the cell, where energy is absorbed, while the right cell gets many more ion-
ization events due to high-LET ionizing charged particles. It is intuitively clear even
without addressing details of cellular damage and mechanisms that allow cells to
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Fig. 2.1: Sketch of typical cell survival curves for high-LET ions such as protons or alpha particles
(dashed line) and low-LET radiation such as gamma rays (solid line).

repair this damage, that repair will be more effective if the ionization events are far
apart rather than if they are close together. This is the reason why the survival curve
for gamma radiation shows a so-called shoulder (which describes the curvature of the
survival curve after exposure to gamma radiation; solid line in Fig. 2.1) at low absorbed
dose (which means that the repair mechanisms of the cells are quite effective at low
doses), while the survival curve for ions does not show this shoulder (because even at
these low doses repair is difficult since the ionization sites are too close together).

Fig. 2.2: Sketch of a cell irradiated with low-LET gamma radiation (left) or high-LET ions (right);
crosses represent ionizations along the track through the cell.

In the example given in Fig. 2.1, a survival fraction of 0.1 is reached at an absorbed
dose of about 1 Gy for ions, while it is reached at about 5 Gy for y-radiation. Thus, for
ions at an absorbed dose of 1 Gy, the so-called relative biological effectiveness (RBE),
which is defined as the ratio of absorbed doses of the reference radiation (e.g., gamma
radiation from, e.g., %Co or X-rays) and the investigated radiation that both produce
the same biological effect is 5 in the given example.
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In order to take the different biological effectiveness of different types of radia-
tion into account — which has its origin in the different local distribution of ioniza-
tions — the concept of absorbed dose was extended, and the equivalent dose Hy was
introduced. This quantity can be calculated by multiplying the mean absorbed dose
Dr in tissue with the radiation weighting factor wy (eq. (2.2)):

HT = WRDT (22)

In the example shown in Fig. 2.1, the RBE of ions with an absorbed dose of 1 Gy is
5.0 (corresponding to a survival fraction of 0.1). Note, however, that the RBE value
depends on the absorbed dose considered: Because the shoulder of the survival
curve at low absorbed doses is much more pronounced for y-rays than for ions, the
RBE is only 4 for ions with an absorbed dose of 1.8 Gy in the given example (corre-
sponding to a survival fraction of 0.01), cf. Fig. 2.1.

For the purpose of radiation protection, International Commission on Radiological
Protection (ICRP) specified numerical values of the radiation weighting factor wy for
various radiation types incident on the human body. The choice of these values is
based on scientific literature available on the RBE of a certain radiation type including
in vitro, animal, and human data, and on expert judgment. Per definition, wy, is set at
1 for low-LET ionizing radiation such as y-radiation, X-rays, or electrons, while it is set
for example at 20 for a-particles. For these particles, wy is assumed to be independent
of the energy of the radiation considered to keep the system of radiation protection as
simple as possible (Tab. 2.2). Only for neutrons is a continuous curve as a function of
neutron energy recommended for wg, which varies between 2.5 and 20, cf. Fig. 2.3.

Tab. 2.2: Radiation weighting factors recommended by ICRP (2007); for external
exposure, these values relate to the radiation incident on the body, while for internal
exposure, they relate to radiation emitted from the incorporated radioactive sources.

Radiation type Wr

Photons, electrons, muons 1

Protons, charged pions 2

Alpha particles, fission fragments, heavy ions 20

Neutrons Continuous function, cf. Fig. 2.3

Because wy has no dimension, the SI unit of equivalent dose is the same as that of
absorbed dose, i.e., J/kg. However, to distinguish both the unit for absorbed dose
and that for equivalent dose,’ the unit of equivalent dose was given the special
name “Sievert” (Sv).

7 And to appreciate the great achievements of the Swedish physicist Rolf SIEVERT (1896-1966) in
radiation research.

printed on 2/11/2023 6:44 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

2 Radiation dosimetry =—— 53

25

20 A

15 1

10 A

5

neutron radiation weighting factor

0 ; ; ; ; ;
1.0E-08 1.0E-06 1.0E-04 1.0E-02 1.OE+00 1.0E+02 1.0E+04

neutron energy (MeV)

Fig. 2.3: Radiation weighting factor for neutrons as recommended by ICRP (2007).

2.2.2.3 Effective dose

Besides absorbed dose and radiation type, there are a number of other parameters
that influence the effect of ionizing radiation on cellular and tissue levels. These in-
clude, for example, fractionation (i.e., the dose is delivered in fractions with dose-free
time intervals in between), dose rate, oxygen concentration in the medium surround-
ing a cell during irradiation, and others. Among these, the cell type is of particular
relevance, and it turned out that certain tissues are more sensitive to ionizing radia-
tion than others. These include for example cells that proliferate quicker than other
cells, due to a shorter cell cycle.

On the level of the human organism, the results obtained from the atomic bomb
survivors indeed suggest that some organs are more sensitive to ionizing radiation
than others. In fact, soon after the nuclear bombings of Hiroshima and Nagasaki
on August 6 and August 9, 1945, efforts were made to initiate a large epidemiological
study on this cohort. In 1950, a cohort of about 120,000 survivors was established,
and since then, the cohort is followed up and the incidence and mortality of various
diseases among this cohort has been quantified as part of the so-called “Life Span
Study” (LSS). Dose estimates are available for each individual survivor taking into ac-
count individual location and shielding at the time of bombing. In order to account
for the mixed gamma and neutron radiation field the survivors were exposed to, doses
are given in terms of the weighted absorbed dose which is calculated as D, +10 - Dy,
where D, is the gamma radiation absorbed dose and D, is the neutron absorbed dose
(a mean quality factor of 10 was chosen to account for the high RBE of neutrons — see
also Section 2.2.2.2).

These data yielded a so-called dose-effect curve with the health data on the y-
axis and the dose data on the x-axis. Figure 2.4 gives, as an example, the dose-
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effect curve that was obtained when the number O of all-cancer deaths observed in
the LSS cohort of the atomic bomb survivors in the follow-up period 1950-2003 was
compared with the number E expected without any radiation exposure from the
bombing, normalized to this expected number (this corresponds to the so-called
“Excess Relative Risk” ERR = (O - E)/E) and then plotted against the weighted ab-
sorbed dose to the colon. The slope of the curve, i.e., the ERR per dose, is called
“risk coefficient” and is a measure of how a specific dose of ionizing radiation acts
on the human body, in terms of all-cancer mortality. Among 86,611 survivors and in
the follow-up period 1950-2003, 5235 deaths from solid tumors were observed, and
527 of those are believed to be radiation-induced (Ozasa et al. 2012). Due to the rela-
tively large number of cases, this cohort allows to deduce even organ-specific risk
estimates (see Fig. 2.5).

Figure 2.5 indicates that among the atomic bomb survivors, most of the investi-
gated organs show a risk coefficient significantly greater than zero, and certain organs
such as the lung or the female breast exhibit significantly higher risk coefficients than
other organs. Based on these and other findings, ICRP defined so-called tissue weight-
ing factors wy for radiation-induced stochastic effects and introduced the concept of
effective dose.
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0 0.5 1.0 1.5 2.0 2.5 3.0
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Fig. 2.4: Excess relative risk (ERR) for all solid cancers from LSS cohort of atomic bomb survivors
and a linear fit through the data (figure modified from Ozasa et al. (2012)). Weighted colon dose

means here that the neutron absorbed dose was multiplied by a factor of 10, to take into account
the high relative biological effectiveness of neutrons, and then added to the absorbed dose from
gamma radiation. Error bars represent 95% confidence intervals.
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Fig. 2.5: Risk coefficients for different organs of atomic bomb survivors (Ozasa et al. 2012): Error
bars represent 95% confidence intervals.

The quantity effective dose is defined according to eq. (2.3):
E= Z WTHT = Z wr Z WRDR’ T» (23)
T T R

where wy, is the radiation weighting factor for radiation type R, wr is the weighting
factor for tissue T, and Dg 7 is the mean absorbed dose from radiation of type R in
tissue T. Numerical values of the tissue weighting factors as recommended by ICRP
are given in Tab. 2.3.

Tab. 2.3: ICRP tissue weighting factors (ICRP 2007); remainder includes 14 additional
organs/tissues.

Organ/tissue wr Z wr
Red bone marrow, colon, lung, stomach, breast, remainder 0.12 0.72
Gonads 0.08 0.08
Bladder, liver, esophagus, thyroid 0.04 0.16
Bone surface, skin, brain, salivary gland 0.01 0.04
Total 1.0
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In order to calculate D r, the absorbed dose after external or internal exposure
due to radiation type R in tissue T, realistic models of the human body are needed
to take self-absorption of the radiation by the body and production of secondary
particles® within the body into account. For this purpose, ICRP has recommended
the use of two voxel phantoms as a reference for male and female individuals.
These voxel phantoms are based on CT (computed tomography) scans of real per-
sons and were then adapted to an ICRP reference male and female (including corre-
sponding organ sizes and masses). Figure 2.6 shows the recommended ICRP voxel
phantoms, which were developed at the Helmholtz Zentrum Miinchen, Germany.

Fig. 2.6: Coronal and sagittal images (slices) of the ICRP reference voxel phantoms of the human
body; left: female phantom; right: male phantom; both with additional details on various internal
organs (ICRP 2009; pictures with permission from ICRP).

8 Secondary particles are for example photoelectrons or Compton electrons that are produced
when photons enter the body and interact with tissue atoms, cf. Chapter 1.
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Typically, the voxel sizes are 5x 1.875 x 1.875 mm’ for the female phantom and
8 x 2.08 x 2.08 mm? for the male phantom. Different tissue types (i.e., organs) are
described with their specific elemental composition.

Once the Dg r values have been calculated for a certain exposure situation by
use of these ICRP male and female voxel phantoms, for all organs and radiation
types involved, then multiplication with the wy (Tab. 2.2) and wy values (Tab. 2.3)
allows, together with eq. (2.3), calculation of the corresponding effective dose. The
overall concept to calculate effective doses is summarized in Fig. 2.7.

Radionuclide intake or

external exposure
v v
| Male phantom | Female phantom
v y
Absorbed doses Absorbed doses
M F
D¥r Dir
A WR i
Equivalent doses Equivalent doses
M F
HY Hy
Sex-averaged

equivalent doses, H T
| Wy

Effective dose, E

Fig. 2.7: ICRP concept to calculate effective doses.

Note that “effective dose” is an artificial quantity. It includes values based on litera-
ture reviews and expert judgment (wg and wy) and is meant to be valid for a refer-
ence person only (i.e., it is independent of sex, individual body size, and body mass
and age). As such, effective dose cannot be measured. Although the value of effec-
tive dose does consider the individual exposure situation, it does not include the
individual properties of the exposed person. Therefore, it should not be used to esti-
mate individual risks after exposure to ionizing radiation. It is, however, useful to
quantify radiation protection measures (i.e., whether effective dose decreased once
an improved shielding was installed at a workplace) or to compare different radia-
tion exposure scenarios (e.g., internal versus external exposures; see examples
given below). Effective dose is also used for dose recording and to set limits and
reference levels for workers and the public exposed to ionizing radiation.
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2.2.3 Operational quantities

The protection quantities, equivalent and effective dose, are related to the human
body, and basic dose limits in radiation protection are given in terms of these quan-
tities. They, however, cannot be measured and hence for measurements in cases of
external radiation fields the following “operational quantities” have been defined
by ICRP and ICRU:

(a) ambient dose equivalent H'(10)

(b) directional dose equivalent H'(d, Q)

(c) personal dose equivalent Hy(d).

These quantities have been defined for area and individual monitoring and for con-
trolling effective dose, skin equivalent dose, and equivalent dose to the eye lens
(see Tab. 2.4). The measured values of the operational quantities provide — in most
cases — conservative estimates of the protection quantities.

Tab. 2.4: Operational quantities for external exposure.

Monitoring of Area Individual
Effective dose Ambient dose equivalent, H'(10) Personal dose equivalent,
H,(10)
Equivalent dose to skin and Directional dose equivalent, Personal dose equivalent,
extremities (hands, feet) H'(0.07,Q) H,(0.07)
Equivalent dose to the eye lens Directional dose equivalent, Personal dose equivalent,
H (3,0) H,(3)

For whichever operational quantity is to be used, point of origin is again the ab-
sorbed dose D, i.e., the energy deposited per mass of tissue or material; eq. (2.1). As
was noted earlier, on the biological level, different types of radiation (e.g., a-, B-, y-
radiation, neutrons, and protons) produce different radiation effects. The LET,
which is the energy lost by charged particles in a medium per track length, is a use-
ful quantity because it allows definition of a quality factor Q, which can be used to
describe the biological effectiveness of ionizing radiation relative to photons (cf.
Fig. 2.8) and which has to be applied to the absorbed dose at the point of interest.
Multiplication of the absorbed dose D and the quality factor Q defines the dose
equivalent H; eq. (2.4) with L being the LET:
H- J o) Lar. (2.4)

dL
L
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Fig. 2.8: Quality factor Q(LET) as a function of linear energy transfer (LET) in water, as defined by ICRP
and ICRU (see, e.g., ICRP (1991)). Water instead of tissue is used for simplification. Similar to the
radiation weighting factor wg, the function (LET) was obtained based on biological data. For example,
protons at an energy of 1 MeV show an Q(LET) of about 27 keV/pm, and accordingly, their quality factor
is about 6.5. In contrast, 1 MeV electrons show an LET of about 0.19 keV/pm, and their quality factor is 1.

2.2.3.1 Ambient dose equivalent, H'(10)

For area monitoring, ICRP/ICRU use a phantom that is much simpler than the phan-
toms used by ICRP to model the human body (Fig. 2.6), i.e., the so-called ICRU
sphere. The ICRU sphere has a diameter of 30 cm and is made of tissue-equivalent
material with a density of 1 g/cm? (elemental composition: 76.2% oxygen, 11.1% car-
bon, 10.1% hydrogen, and 2.6% nitrogen). The quantity H'(10) is defined by the
dose equivalent at a depth of 10 mm within the sphere at a radius opposing the di-
rection of an aligned field. This definition implies that the real radiation field at the
point of interest is hypothetically aligned and expanded over the area of the sphere,
i.e., that the energy distribution and fluence are the same as that at the point of
interest in the real field (Fig. 2.9). This definition considers that dosimeters for area
monitoring should have an isotropic response.’

2.2.3.2 Directional dose equivalent, H'(0.07, Q)

To specify the dose equivalent in the ICRU sphere with respect to a specified direc-
tion Q, the directional dose equivalent H'(d, Q) is to be used at a certain depth, d,

9 “Isotropic” meaning that their response does not depend on the direction of the impinging
radiation.
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on the radius that points towards the direction Q. For a unidirectional field, one
can specify the direction Q by the angle a between this direction and the direction
opposing the incident field (Fig. 2.9). For the specific case of a=0°, H'(d, 0°) is
equal to H'(d). For low-penetrating radiation, a depth of 0.07 mm is recommended,
cf. Fig. 2.9.

o
/ Fig. 2.9: ICRU sphere (diameter: 30 cm) with point of
/ interest x at a depth of 10 mm on a radius opposing
the incident aligned and expanded field (definition
of H(10)), and with point of interest ¢ at a depth of
0.07 mm at an angle a between a specified direction
Q and the radius opposing the incident aligned and
expanded field (definition of H’(0.07, «)) (schematic
view).

2.2.3.3 Personal dose equivalent, H,(d)

For radiation protection purposes, a measure for the exposure of an individual is re-
quired, instead of the dose at a certain point in a radiation field discussed above. This
is the personal dose equivalent H,(d) defined at a certain depth d in the human body
at the position where an individual dosimeter is worn. Because radiation scattered
within the body may contribute to the individual dose, H,(d) may be different for dif-
ferent individuals (characterized by different body mass and geometry), and it may
also vary depending on where the dosimeter is worn on the body. For an assessment
of effective dose, dosimeters are usually worn in front of the breast. For calibration of
individual dosimeters, instead of the human body, a simplified tissue-substitute phan-
tom, the ICRU slab with dimensions 30 cm x 30 cm x 15 cm is used, simulating the
backscattering of the human body. The dosimeters are positioned in front of the slab
and calibrated in terms of H,(10) for estimation of effective dose, and H,(0.07) for
estimation of skin equivalent dose or the dose to the extremities.

It is noted that operational quantities are defined for external exposures only.
In case of internal exposures by incorporated radionuclides, estimates of the protec-
tion quantities are based on the determination of incorporated activities and appli-
cation of proper biokinetic models (see Section 2.3.2).
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2.3 Examples

While the previous sections described the basic concepts currently in use in dosimetry
and radiation protection, the following sections are meant to demonstrate how these con-
cepts are being used in certain exposure scenarios. The section deals with calculation of
effective dose after external exposure to secondary cosmic radiation during air travel — a
situation which is characterized by a very complex radiation field — while another ad-
dresses calculation of effective dose after incorporation of radioactive cesium — an exam-
ple which highlights the specific problems that arise in internal exposure situations.

2.3.1 Effective dose: External exposure from cosmic radiation at
flight altitudes

Primary cosmic radiation consists of a galactic and a solar component (mainly
high-energetic protons and alpha particles). When it hits the atmosphere of the
Earth (mainly composed of nitrogen and oxygen nuclei), various nuclear reactions
occur and secondary particles are produced including, among others, protons, neu-
trons, electrons and positrons, photons, and positive and negative muons. These
particles, which are often called “secondary cosmic radiation”, form a cascade that
has its highest fluence rate (i.e., the number of particles per cm? and second) at an
altitude of about 15-20 km, and that leads to an appreciable exposure of pilots,

Fig. 2.10: Sketch of the hadron, electron, photon, and muon showers created by the interaction of
primary cosmic radiation with nuclei in the atmosphere (photo: B. Riihm).
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cabin crew, and air passengers to ionizing radiation at flight altitudes. Figure 2.10
schematically shows the proton-induced cascade of secondary cosmic radiation in
the atmosphere.

Calculation of the associated effective doses is a complicated task which requires

(a) simulation of the fluence rates as a function of particle energy at every point in
the atmosphere for all dose-relevant particles;

(b) calculation of fluence-to-effective-dose conversion coefficients for all particles
and energies involved, including all organs of the human body relevant for the
calculation of effective dose and use of proper radiation and tissue weighting
factors as provided by ICRP (see Section 2.2.2); and

(c) combining these fluence rates and fluence-to-effective-dose conversion coefficients.

These topics are worked out in more detail below.

2.3.1.1 Secondary neutrons of cosmic radiation in the atmosphere

The complex field of secondary cosmic radiation particles produced in the atmosphere
can be simulated by means of Monte Carlo methods.'® Figure 2.11 shows the calcu-
lated spectral fluence rate distribution, d®/dE, for secondary neutrons close to the
geomagnetic poles, the situation at minimum solar activity' that occurred around
2009, and a height above sea level of 10.4 km. The so-called lethargy representation is
used, where d®/dIn(E) is plotted on the linear y-axis (note that d®/dIn(E) corre-
sponds mathematically to E - d®@/dE) versus the neutron energy plotted on the loga-
rithmic x-axis. In this representation, the area at a certain energy interval below the
curve is a measure for the neutron fluence rate in that energy interval. The maximum
at a neutron energy of about 1 MeV results from neutrons evaporated by nuclei in the
atmosphere that were excited through interaction with secondary cosmic ray par-
ticles, while the maximum at about 100 MeV is the result of the fact that cross sec-
tions describing the interaction of neutrons with atmospheric nuclei show a broad
minimum at several hundred MeV neutron energy.

10 For example, as an input for these simulations, primary cosmic radiation proton and alpha par-
ticle spectra were taken from NASA, and the GEANT4 toolkit developed at CERN was used to calcu-
late the secondary radiation field (including neutrons, protons, electrons, positrons, muons
(positive and negative), photons, pions) at various locations in the atmosphere.

11 Note that a minimum in solar activity corresponds to a maximum in fluence rate of cosmic par-
ticles in the atmosphere of the Earth, and vice versa.
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Fig. 2.11: Fluence rate distribution of secondary neutrons at an altitude of 10.4 km close to the
geomagnetic poles and for minimum solar activity as calculated with GEANT4 (courtesy: C. Pioch, HMGU).

2.3.1.2 ICRP fluence-to-effective-dose conversion coefficients for neutrons

In order to calculate the effective dose contribution after external exposure to neu-
trons with energies shown in Fig. 2.11, the absorbed dose D deposited in the organs
of the human body per incident neutron per cm? is required. This must be known for
all relevant neutron energies — in the present case from meV up to some GeV, and
can be calculated by means of Monte Carlo (MC) codes that allow simulation of parti-
cle transport within the human body. Obviously, a realistic model of the human body
(cf. Fig. 2.6) is needed to take self-absorption of the radiation by the body and pro-
duction of secondary particles in the body into account. By means of MC codes, an
irradiation of these phantoms with neutrons can be simulated in the range between
1meV and 10 GeV, and the absorbed energy per fluence of incident neutrons in vari-
ous organs within the phantoms can be scored as a function of neutron energy. The
resulting values can then be multiplied with the energy-dependent ICRP radiation
weighting factor wg for neutrons (Tab. 2.2), and the resulting organ equivalent doses
multiplied with the ICRP tissue weighting factors wr (Tab. 2.3) and summed up, see
eq. (2.3). Based on such calculations, which also include an average over female and
male values, cf. see Fig. 2.7, ICRP recommends values for the neutron effective dose
per fluence (in units of pSv cm?). Figure 2.12 shows the effective dose per neutron flu-
ence recommended by ICRP for an isotropic exposure situation with neutrons.
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Fig. 2.12: Fluence-to-effective-dose conversion coefficients for neutrons for isotropic irradiation of
the human body (ICRP 2010). Isotropic irradiation with a neutron fluence of 1/cm? at 1 meV results
in an effective dose of about 1 pSv, while at 1 GeV, it results in an effective dose of about 640 pSv.

2.3.1.3 Effective dose from secondary cosmic radiation

If one is interested in the effective dose per unit of time from neutrons at an altitude
of 10.4 km close to solar minimum activity and close to the geomagnetic poles, one
has to fold the spectral fluence rate distribution shown in Fig. 2.11 with the ICRP flu-
ence-to-effective-dose conversion coefficients for neutrons shown in Fig. 2.12. This re-
sults in an effective dose rate of 2.47 pSv/h.

Because the field of secondary cosmic radiation does not only consist of neutrons,
the procedure discussed must also be applied to the other particles (protons, photons,
electrons and positrons, positive and negative muons, charged pions) involved. Thus,
the fluence distributions in energy of these particles must also be calculated at this
altitude, and folded with the corresponding fluence-to-dose conversion coefficients
recommended by ICRP for these particles (Tab. 2.5). Taken together, the total effective
dose rate from secondary cosmic radiation at an altitude of 10.4 km close to solar min-
imum and close to the geomagnetic poles is about 4.3 pSv/h. Because there are some
differences for the various particles when effective dose (a protection quantity) and
ambient dose equivalent (H'(10)) (an operational quantity) values are compared, the
corresponding total ambient dose equivalent rate of 5.46 uSv/h is slightly larger than
the total effective does rate. Thus it provides a reasonable and conservative upper esti-
mate of effective dose rate.
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Tab. 2.5: Effective dose per hour at 10.4 km altitude for various particles of secondary cosmic
radiation, close to the geomagnetic poles, and for minimum solar activity; for comparison, the
corresponding ambient dose equivalent per hour is also given (values are based on ICRP weighting
factors (ICRP 2007)).

Particle n p Y T et e” nt, Total
dE/dt (uSv/h) 2.47 0.82 0.46 0.16 0.36 0.003 4.27
dH (10)/dt (uSv/h) 3.67 0.65 0.22 0.15 0.77 0.004 5.46

2.3.1.4 Determination of effective dose of air crew and flight passengers

In a similar way, use of the EPCARD code (European Program Package for Calcula-
tion of Aviation Route Doses) allows calculation of effective doses of pilots and
cabin crew from cosmic radiation, for any flight route and time.'? For example, for a
flight from Munich, Germany, to New York, USA, on August 1, 2012, at a flight alti-
tude of 10,400 m, the total route effective dose would be of 55 pSv (assuming a total
flight time of 9 h including a duration of ascent and descent of 0.5 h each).

2.3.2 Effective dose: Internal exposure from incorporated
radionuclides

Radioactivity is a natural phenomenon, cf. Chapter 3 of Vol. I. Due to their long phys-
ical half-lives, for example, primordial radionuclides such as **U (tv2=4.5 - 10° a),
B5U (t2=0.7 - 10% a), or “°K (t72=1.3 - 10° a) have been present in the lithosphere
since the earth was formed, while cosmogenic radionuclides such as C (/2 =5730a)
have a shorter half-life but are continuously being created by the interaction of cosmic
radiation with the atmosphere. Additionally, a number of manmade (anthropogenic)
radionuclides can also be found in the environment such as *’Cs (/2 = 30.17 a) which
is produced, for example, as a fission product of 2*U in nuclear reactors. Whatever
origin these radionuclides may have, if they are present in the environment, they
may — depending on their chemical properties — reach the food chain and, as a result,
can be incorporated daily.

It is important to note that effective dose after radionuclide incorporation can-
not be measured but must be calculated. The contribution of an incorporated radio-
nuclide to effective dose is difficult to quantify, and quite a number of factors need

12 The code was developed at the Helmholtz Zentrum Miinchen, Germany, and is used by many
airlines in Germany and other countries for dose monitoring. A simplified version of the code is
available at www.helmholtz-muenchen.de/epcard.
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to be considered that crucially govern the energy absorbed by the human body and
the resulting effective dose once the incorporated radionuclide transforms. Some of
these factors are the type of incorporation, the type of radioactive transformation
and the biokinetics of these radionuclides and their progeny in the human body.

2.3.2.1 Type of incorporation

A radionuclide present in gaseous form will be inhaled, and the lung is the first and
most important organ to be exposed. A typical example is *’Rn (/2= 3.8 d), an o-
emitting radioactive isotope of the noble gas radon which is part of the “natural”
28 transformation chain.’® If 2?Rn transforms in the lung, a considerable fraction
of the progenies formed (e.g., ®Po, “Bi) remain in the lung and their subsequent
transformation adds to an exposure of the lung with a-particles. Depending on the
solubility that is determined by the chemical form of the inhaled radionuclide, the
radionuclide generated may remain in the lung for a long time (if the solubility is
low), or it is transferred from the lung tissue to the blood plasma rather quickly (if
the solubility is high)."*

If ingested, the gastrointestinal tract is the first organ to be considered before
the radionuclide is further distributed within the body. Here, uptake of the radionu-
clide from the gastrointestinal tract to the blood plasma is described by an f, pa-
rameter, with a value of 1 indicating complete absorption. Ingestion is the most
important pathway of incorporation for primordial “°K, which is — together with sta-
ble potassium™ - present in plants through root-uptake from soil. Milk that con-
tains about 1.5 g potassium per liter (which is a typical value) includes 47 Bq of “°K
per liter. Finally, radionuclides may also be incorporated through the skin, in par-
ticular, in the presence of a wound.

2.3.2.2 Type of radioactive transformation

Primary and secondary transformation of a radionuclide’® is mainly accompanied by
the emission of a, B, and/or y, X-ray, and electron radiation. Depending on the energy

13 Cf. Chapter 3 of Vol. L.

14 Because 2®U is naturally present in the lithosphere as a trace element, *?Rn is being produced
continuously in soil. As a noble gas it enters a house quite easily, for example through the cellar or
through exhalation of building materials. As a result, mean **’Rn indoor concentration for example in
German dwellings is about 50 Bq per cubic meter of air. In regions where the natural concentration of
28 in soil is very high, however, indoor radon concentrations may reach 10 000 Bq/m?> or more.

15 The isotopic abundance of “°K in potassium is 0.0117%.

16 Cf. Vol.I, Chapters 5-12.
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involved, the range of the emitted particles in tissue may be considerably different.
For example, a-particles emitted after the transformation of Rn show energies of
several MeV, and accordingly, their range in tissue is of the order of several pm. Thus,
inhaled **Rn results in a very local exposure of lung tissue cells with a-particles that
are highly biologically effective (see Section 2.2 and Tab. 2.2). In contrast, the energy
of photons emitted after the transformation of “°K is 1.461 MeV. Because their biologi-
cal effectiveness is lower than that of a-particles (Tab. 2.2), and because their range in
human tissue is so long that a major fraction can even leave the human body, the
transformation of one “°K nucleus in the human body will result in a smaller contribu-
tion to effective dose than transformation of one “?Rn nucleus.

2.3.2.3 Biokinetics

Distribution of an incorporated radionuclide within the human body depends on its
chemical characteristics.!” Moreover, effective dose after incorporation of a radionu-
clide depends on whether the radionuclide in question is excreted by the human
body quickly or retained for a long time. In case of *’Cs, the physical half-life of
30.17 years is not very critical for dose assessment because the so-called biological
half-life (which is the time needed for the body to excrete half of an acutely incorpo-
rated activity) is only about 100 days. The situation is different for *°Sr which has a
similar physical half-life as *’Cs but which is built into the bone matrix and stays
there for a very long time.

2.3.2.4 Calculation of effective dose per activity intake

If incorporation of an activity of 1Bq of a certain radionuclide results - at time ¢
after incorporation — in an activity Ag(f) in a certain source organ S, the transforma-
tion of this radionuclide in that organ will result in emission of radiation type R and
exposure of a neighboring target organ T (Fig. 2.13). The equivalent dose H(T < S, t)
is the energy absorbed in organ T multiplied by the corresponding radiation weight-
ing factor wr and divided by the target organ mass, eq. (2.5). It depends on A(t),
type and energy of the radiation emitted, distance between S and T, organ sizes,
and tissue composition involved:

17 While some radionuclides become concentrated in certain parts of the human body - for exam-
ple "I (t1/2 = 8.02d) in its chemical form of iodide which is known to accumulate in the thyroid, or
89Sy (t1/2 =50.57 d) in its chemical form of the Sr** cation which is incorporated in the bone matrix —
others such as *’Cs and “°K (again as cations) are distributed quite homogenously over the whole
body.
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H(T — S,R,t)=SEE(T — S,R) - As(t). (2.5)

H(T — S, R, t) is the equivalent dose in target organ T due to particles of radiation
type R emitted by source organ S. The specific effective energy SSE corresponds to
the equivalent dose in target organ T per radioactive transformation in source
organ S. Ag(t) is the activity in source organ S at a certain time ¢.

Incorporation of 1Bq of the radionuclide of interest may also result in the con-
tamination of additional organs. Moreover, the radionuclide may emit several types
of radiation. Thus, to get the total equivalent dose H(T) for target organ T, one has
to sum over all types of radiation involved and over all contaminated source organs
S, and integrate over t, eq. (2.6). Equations (2.5) and (2.6) imply that, in fact, two
models of the human body must be used for dose calculation, one to calculate
SEE(T « S, R) and the other to calculate As(t):

H(T) = J S° Y H(T — SR 2.6)
S R

The first model includes anthropomorphic phantoms such as those shown in Fig. 2.6
that allow — in combination with particle transport calculations — simulation of (a) the
field of particles generated in the human body"® of a radionuclide in the various source
organs S, and (b) the absorption of these particles in target organ T or their escape.
This model produces the SEE(T — S, R) values for various source organ and target
organ combinations. ICRP suggests the use of the voxel phantoms shown in Fig. 2.6
for this purpose. Once a certain source organ S in those phantoms is virtually contami-
nated by a radionuclide, use of particle transport codes such as MCNPX, GEANT4, or
PHITS allows calculation of the energy absorbed in any other target organ T of the
phantom. The resulting SEE values are tabulated for various combinations of source
and target organs. Table 2.6 shows as an example SEE values as suggested by ICRP,
calculated for the adult male phantom for **’Cs. For example, one transformation of
B7Cs in the thyroid would result in an equivalent dose of 6.15 - 107 Sy in the brain,
while it would result in 2.14 - 1072 Sv in the thyroid itself (in this case the source and
target organ is identical).

The second model is a compartment model of the human body that allows
modeling of the activity Ag(t) in the various source organs as a function of time. In
this model, the human body is assumed to consist of a number of compartments,
each representing a certain type of organ or tissue. Transport of a radionuclide from
one organ to another is modeled through transfer parameters that describe the
translocation of the radionuclide between the various compartments as a function
of time. Figure 2.14 shows a model that describes the biokinetics of radiocesium
(*7Cs or **Cs) in the human body as proposed by ICRP. This case is quite simple,

18 In the context of dose, the most relevant radiative emissions are a-particles, B~ and B* particles,
IC and AUGER electrons, and electromagnetic radiation (X-rays and photons).
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Fig. 2.13: Contaminated source organ S; when the radionuclides
in the organ decay, they emit particles (e.g., photons, electrons,
and alpha particles) which in turn may release their energy in
target organ T where they contribute to absorbed dose.

Tab. 2.6: SEE values for an adult (i.e., human hermaphrodite with male dimensions as used by
ICRP) and **’Cs, given in Sv per transformation, for various source (columns) and target (rows)
organs (courtesy: D. Nosske, BfS, Germany).

Brain Breasts Kidneys Liver Lung Muscle Thyroid
Brain 3.88E-14 2.53E-17 3.45E-18 1.09E-17 5.81E-17 1.09E-16 6.15E-16
Breasts 2.53E-17 1.30E-13 1.24E-16 3.25E-16 9.73E-16 2.07E-16 1.66E-16
Kidneys 3.45E-18 1.24E-16 1.50E-13 1.13E-15 2.97E-16 4.18E-16 3.46E-17
Liver 1.09E-17 3.25E-16 1.13E-15 3.01E-14 7.66E-16 3.18E-16 5.58E-17
Lung 5.81E-17 9.73E-16 2.97E-16 7.67E-16 4.44E-14 3.83E-16 3.70E-16
Muscle 1.09E-16 2.07E-16 4.18E-16 3.18E-16 3.83E-16 1.89E-15 4.84E-16
Ovaries 7.54E-19 2.83E-17 3.21E-16 1.83E-16 4.37E-17 5.80E-16 5.30E-18

Pancreas 9.00E-18 2.99E-16 1.96E-15 1.39E-15 6.70E-16 5.04E-16 5.28E-17
Red Marrow 3.89E-16 2.78E-16 7.41E-16 3.86E-16 4.90E-16 4.03E-16 3.42E-16

Skin 2.16E-16 3.74E-16 2.07E-16 1.89E-16 1.96E-16 2.84E-16 2.18E-16
Spleen 1.16E-17 2.30E-16 2.64E-15 3.12E-16 6.45E-16 4.29E-16 5.01E-17
Testes 1.64E-19 0.00E+00 3.47E-17 2.04E-17 6.72E-18 4.41E-16 1.13E-18
Thymus 6.21E-17 1.19E-15 1.07E-16 2.64E-16 1.13E-15 4.48E-16 6.48E-16
Thyroid 6.15E-16 1.66E-16 3.46E-17 5.58E-17 3.70E-16 4.84E-16 2.14E-12
Uterus 6.99E-19 3.20E-17 2.99E-16 1.57E-16 3.49E-17 5.76E-16 4.99E-18

and the differential equations that can be deduced from the model can be solved
easily. After oral intake, a small fraction of *’Cs is removed from the gastrointesti-
nal tract by fecal excretion, while the major fraction is transferred to the blood
(“transfer compartment”) from where it is distributed throughout the body. Experi-
mental data on human urinary excretion suggest that 10% of *’Cs is transferred to
the kidneys from where it is excreted through urine quite quickly, while the remain-
ing 90% of *’Cs is transferred to body tissue (muscle and organ tissues) where it
remains much longer before urinary excretion takes place. Based on available data
on human excretion of *’Cs, ICRP estimated the fast component to be characterized
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Fig. 2.14: Sketch of ICRP biokinetic model of radiocesium.

by a short half-life t; of 2 days, while the slow component to be characterized by a
Opmger half-life ¢, of 110 days.

If the biokinetic model for a certain radionuclide is more complicated than that
for ¥’Cs and includes more compartments, then it becomes almost impossible to
provide accurate numbers for all the transfer parameters that are needed to describe
the biokinetics in the human body. For this reason, although as much knowledge
as possible on human physiological parameters is used, many of the parameters
have to be estimated based on animal experiments and expert judgment. It is for
this reason that biokinetic modeling involves appreciable uncertainties, and the re-
sults should be interpreted with care (NCRP 2009).

Figure 2.15 demonstrates the predictions of the recommended biokinetic ICRP
model for *’Cs both in terms of daily urinary excretion and whole-body retention.
The left panel of Fig. 2.15 suggests that after an acute intake of 1Bq of *’Cs, about
15 mBq are excreted the first day. A maximum occurs after the second day (23 mBq),
followed by a continuous decrease thereafter which includes a fast (f <10d) and a
slow (t >10 d) component. Accordingly, after one day, almost 99% of the incorpo-
rated *’Cs is still retained in the human body (right panel of Fig. 2.15). This fraction
decreases continuously thereafter. Note that about 100 days after intake, about
50% of the incorporated *’Cs is still in the human body. The model thus predicts a
biological half-life for '*’Cs of about 100 days.

Simulations using the anthropomorphic phantom and radiation transport (i.e.,
calculation of SEE(T « S, R) values) and those using biokinetic models (i.e., calcula-
tion of As(t)) finally allow calculation of equivalent doses to each organ of the
human body, by means of eq. (2.5). Once these equivalent doses are multiplied by
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Fig. 2.15: Results of the ICRP biokinetic model for **Cs, after acute intake of 1Bq of **’Cs:
Left panel — daily urinary excretion; right panel — whole-body retention (BMU 2007).

the proper tissue weighting factors (Tab. 2.3), one can finally calculate the effective
dose that results from incorporation of 1 Bq of the investigated radionuclide. Based
on these calculations, as far as *’Cs is concerned, a single acute intake of 1Bq
would result in an overall effective dose of 1.3 - 1078 Sv."?

2.3.3 Determination of effective dose after intake of 3’Cs from
forest products such as mushrooms

The previous section introduced how effective dose can be calculated after intake of
1Bq of a certain radionuclide. However, the question of how to quantify the activity
that might have been incorporated has not yet been addressed. Figure 2.15 suggests
at least two options available — excretion analysis (left panel in the figure) and
whole-body counting (right panel in the figure).

2.3.3.1 Excretion analysis

The activity of the radionuclide of interest could be determined in 24-h urine sam-
ples. If, for example 10 days after a single ingestion in the 24-h urine sample of an
individual, a *’Cs activity of A Bq was measured, then from Fig. 2.15 (left panel), it
follows that a **’Cs activity of A/0.005 Bq = 200 - A Bq was incorporated.

19 Such values are tabulated and can be found for all relevant radionuclides, for different intake
scenarios (acute, chronic), contamination pathways (inhalation, ingestion, wound uptake), chemi-
cal speciation (soluble, nonsoluble compounds), and aerosol sizes (relevant for the inhalation path-
way) (ICRP 1994).
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2.3.3.2 Whole-body counting

In a similar way, if the whole-body activity of an individual was measured 50 days
after single ingestion by means of a whole-body counter to be B Bq, then it follows
from Fig. 2.15 (right panel) that initially a *’Cs activity of B/0.65Bq = 1.5 - BBq was
incorporated.
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Fig. 2.16: Monthly *”Cs whole-body activity of an individual living in the South of Germany after
the Chernobyl accident; peaks 31, 41, and 53 months after the accident are due to ingestion of
forest products such as mushrooms (figure modified from Riihm et al. (1999)).

This procedure was followed after the Chernobyl accident when large areas of West-
ern Europe were contaminated by **’Cs. Figure 2.16 shows the result of a series of
monthly measurements performed with a whole-body counter on one individual.®
The time series depicted in Fig. 2.16 indicates a maximum in *’Cs body burden
of about 1300 Bq about one year after the accident followed by a continuous de-
crease thereafter. Obviously, 30 months after the accident a new intake of about
800 Bq occurred, 10 months later another one of about 300 Bq, and 12 months
still another one of about 800 Bq. These intakes occurred in autumn and were
due to the ingestion of forest products such as mushrooms that were contami-
nated with *’Cs. If these incorporations were due to single intakes, then one can
estimate that the first and third peak resulted in an additional effective dose of

20 In this case the whole-body counter was located at the Federal Office of Radiation Protection,
Neuherberg, Germany. It consisted of 4 Nal scintillation counters that were placed above and below
the individual who lay on a stretcher.
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Tab. 2.7: Natural sources of ionizing radiation that contribute to global mean public
exposure. Numbers are given as annual effective dose in mSv (UNSCEAR 2010).

Natural sources Effective dose (mSv per year)
Average Range
Total 2.4 1.0-13
Terrestrial radiation 0.48 0.3-1.0%
Cosmic radiation (sea level) 0.39 0.3-1.0°
Inhalation of radon 1.26 0.2-10.0°
Ingestion of radionuclides 0.29 0.2-1.0¢

?Depending on radionuclides present in soil and building materials.
PRange from sea-level to high ground-level altitudes.
‘Depending on radionuclides in food and drinking water.

about 1.3 - 108 Sv/Bq - 800 Bq ~ 10 uSv, while the second peak resulted in an ad-
ditional effective dose of about 1.3 - 1078 Sv/Bq - 300 Bq ~ 4 uSv.”

2.4 Effective doses from natural and artificial
sources

Due to the presence of primordial, cosmogenic, and anthropogenic radionuclides
in the environment, we all are exposed to ionizing radiation. There are at least
four major natural sources of ionizing radiation which result in a total annual ef-
fective dose of the general population of about 2 mSv. Table 2.7 summarizes the
contributions of these sources of ionizing radiation to annual effective dose as es-
timated by the United Nations Scientific Committee on the Effects of Atomic Radi-
ation (UNSCEAR). Note that the numbers given “should be seen only as reference
values and not as specific to any particular place” (UNSCEAR 2010).

Additionally, there are artificial sources of ionizing radiation that might also
contribute to annual effective dose of the general population. The most important
contribution comes from diagnostic medical procedures, which was estimated to be
about 1.8 mSv per year, in Germany. Interestingly, doses from these procedures to
the population are continuously increasing in many industrialized countries be-
cause the number of CT scans is continuously increasing. Note that a typical CT

21 For comparison, typically our body contains about 60 Bq of “°K per kg body mass (for a body
mass of 70 kg our body thus contains about 4000 Bq “°K). This corresponds — using the tabulated
ICRP dose coefficient for “°K of 3 uSv/a per Bq/kg body mass for adults - to a yearly effective dose
of 3uSv - kg/(a - Bq) - 60 Bq/kg = 180 pSv per year, from “°K.
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scan of the chest results in an effective dose of the order of 10 mSv or more. Com-
pared to that, in most cases, all other artificial sources of ionizing radiation such as
exposures from the atmospheric nuclear tests in the 1950s and early 1960s, fallout
from Chernobyl, emissions from running nuclear installations, and air travel, are
negligible. Table 2.8 summarizes the contributions of artificial sources of ionizing
radiation to annual effective dose®* for the German population. Note that the num-
bers given represent mean values averaged over the whole population. Thus, indi-
vidual effective doses for example of patients who require many X-ray images or CT
scans might be much higher than the average number given in the table. The num-
bers given in Tab. 2.8 do not include doses from radiotherapy. Here, the local dose
to a tumor is very high and of the order of 60 Gy or more. Because healthy tissue is
also exposed, albeit to a much lesser extent, a patient may receive — depending on
the treatment modality — a considerable effective dose from the radiation. For obvi-
ous reasons, however, radiation protection issues do not play a major role and
tumor control is most important. Note also that for certain professions, individual
annual effective doses might also be high: for example, the mean annual effective
dose of pilots and cabin crew monitored in Germany due to their exposure with cos-
mic radiation was of the order of 2.4 mSv, in 2009.

Tab. 2.8: Artificial sources of ionizing radiation that contribute to mean public exposure.
Numbers are given for Germany 2010, and as annual effective dose in mSv (BMU 2012).

Artificial sources Mean annual effective dose
Total 1.8 mSv

Medical diagnostics 1.8 mSv

Applications in research, technology, household <0.01 mSv

Nuclear installations <0.01 mSv

Global weapons fallout <0.01 mSv

Chernobyl fallout <0.012 mSv

2.5 Outlook

Radiation research focuses on the interaction of ionizing radiation with matter
and - in particular — with biological tissues. Understanding the effects that occur
on a molecular, cellular, and organism level is a prerequisite for protecting humans
against ionizing radiation without unduly preventing them from its beneficial use.

22 As estimated by the German Ministry for Environment, Nature Conservation and Reactor Safety
(BMU).
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— Is an exposure to 2-4 mSv per year dangerous (Tabs. 2.7 and 2.8)?
—  What is the risk of 20 mSv per year which is the dose limit proposed by ICRP for
radiation workers?

A reliable answer to these questions requires epidemiological studies on human co-
horts that were exposed to such dose rates, in particular with respect to leukemia and
cancer incidence and mortality. In this respect, the LSS on the atomic bomb survivors
of Hiroshima and Nagasaki provides the most important results to date because of the
long follow-up (since 1950), the size of the cohort (initially about 120,000 individuals),
and its age and sex distribution (which is typical for a population including males and
females, and children, adolescences, and adults). Even if data on all tumor types are
combined, however, a statistically significant radiation-induced excess of solid cancer
cases can only be found above a colon equivalent dose of about 100 mSv (Fig. 2.4).
Accordingly, if one is interested in the radiation risk below such a dose one has to ex-
trapolate, although it is far from being clear how this should be done.

For example, for radiation protection purposes, ICRP suggests use of a linear
extrapolation to lower doses and assumes that no threshold exists in this dose re-
gion (linear-no-threshold (LNT) model). While this model appears justified for a ro-
bust and simple concept that needs to be used in daily radiation protection work,
recent research in radiation biology points at a number of processes that are nonlin-
ear at low doses. For example, irradiation of single cells with, e.g., alpha particles
showed that neighboring cells that were not hit at all by any alpha particle (i.e.,
were not exposed to any radiation dose) went to apoptosis, i.e., initiated their own
cell death. This so-called bystander effect may result — at least on a cellular level —
in a modified dose effect at low doses. Genomic instability is another such example
because it was demonstrated that irradiated cells survived, but several cell cycles
(generations) later, progeny cells that were not at all exposed became unstable and
died. In contrast, the so-called adaptive response of cells suggests that low doses of
ionizing radiation might stimulate cellular repair mechanisms, and accordingly,
cells exposed to low doses may be more resistant to a higher dose later than cells
that were not exposed to the low dose before. In the extreme case, exposure to low
doses of ionizing radiation may even be beneficial because it may stimulate the im-
mune system of an organism, a speculation, which is called hormesis.

Whether these effects — that have mostly been shown to exist on a cellular
level — are of any relevance to the development of cancer among humans is currently
unknown, and research programs have been initiated worldwide to tackle this prob-
lem. Other open issues include the observation that there appears to be a statistically
significant radiation-induced excess of noncancer diseases such as diseases of the
cardio-vascular system among the atomic bomb survivors and some other epidemio-
logical cohorts, which poses the question of whether, and if yes, how to include this
in the current radiation protection system. Finally, it is well known that exposure of
cell cultures to a certain dose at a high dose rate reduces cell survival compared to
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exposure to the same dose at low dose rate. It is for this reason that risk coefficients
deduced from the Japanese atomic bomb survivors (who were exposed within a short
period of time — high dose rate) are reduced by a certain factor before they are ap-
plied for radiation protection purposes (where exposure to a low dose rate is typical).
In contrast, recent epidemiological studies on cancer incidence and mortality of nu-
clear workers hint at a similar risk to that deduced from the atomic bomb survivors —
an observation that questions application of the above-mentioned factor.

All these effects and observations demonstrate that much more research is
needed to bridge the gap between radiobiological studies performed on molecular
and cellular levels and epidemiological studies performed on the human organism.
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3 Elemental analysis by neutron
activation: NAA

Aim: This chapter introduces the principle and various applications of Neutron Acti-
vation Analysis (NAA) as a valuable tool for elemental analysis for a variety of dif-
ferent sample matrices. Its simple idea is to (i) convert a stable atom of a given
chemical element to be analyzed into a corresponding radioactive isotope (i.e., “ac-
tivate” it) in order to (ii) quantify its absolute radioactivity which is equivalent to
the number of stable atoms of the chemical element of interest. Because the projec-
tiles used to induce the corresponding nuclear reaction are neutrons, the method is
referred to as “Neutron Activation Analysis”.

The neutrons themselves are of mostly thermal, but sometimes also higher ki-
netic energy. The neutron absorption reaction is of the type “B(n,y)**'C, whereby the
neutron-rich nucleus undergoes further radioactive transformation. The “analytics”
is to measure typically the characteristic electromagnetic radiation as emitted by the
nuclear reaction products. This characteristic y-radiation is like a fingerprint for a
given nucleus and thus allows the determination of the concentration of the corre-
sponding element in the sample.

Although NAA is a mature analytical method, it offers excellent multi-elemental
capabilities and remains an important tool in trace elemental analysis due to its high
sensitivity that allows the determination of constituents present in very small concen-
trations. NAA is often used as a reference method for the certification of materials. In
many cases no chemical pre-treatment of the sample is required, and NAA thus repre-
sents a “noninvasive” technology.

3.1 History
3.1.1 The neutron

In 1932 James CHADWICK directed a-particles as emitted from a polonium source into
a beryllium foil. The a-particles interacted with °Be nuclei forming a **C nucleus
and a highly energetic particle carrying no electric charge. The particles released
were detected through their interaction with paraffin resulting in the formation of
protons with a maximum kinetic energy of 5.7 MeV that could easily be observed
with an ionization chamber. It was obvious that only a particle having almost the
same mass as a hydrogen atom could produce proton radiation of such energy. The

https://doi.org/10.1515/9783110742701-003
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experimental results showed that a collision of a-particles with beryllium nuclei re-
leases massive neutral particles, which CHADWICK named neutrons.’

Figure 3.1 schematically shows the *Be(a,n)'’C reaction as used in CHADWICK’S
experiments as a source for neutrons with an average kinetic energy of 5.5 MeV.
Since neutrons have no electrical charge they have the ability to penetrate deep
layers of materials and easily interact (or “activate”) with the positively charged nu-
clei of the target atoms, inducing so-called neutron capture reactions.

The activation could be carried out with small neutron sources consisting, e.g.,
of beryllium powder mixed with ?**Ra as the a-particle source (see Fig. 3.1). Here,
about 2 - 10" neutrons per second are emitted per gram radium used.

TARGET COMPOUND Y
NUCLEUS NUCLEUS

PROJECTILE

PRODUCT
NUCLEUS

4 9 13 12
sHe, .Besg 2C, 2C,

Fig. 3.1: Formation of neutrons via the reaction *Be(a,n)*?C induced by a-particles emitted
from, e.g., 22°Ra. The neutron is ejected with an average kinetic energy of 5.5 MeV.

3.1.2 The neutron capture nuclear reaction

Neutron capture reactions turned out to be an efficient method for the production
of radioisotopes, such as %I (/2 = 25 min) via the '¥’I(n,y) reaction. Already in 1934
FERMI and coworkers described the “production” of artificial radioactivity by means
of neutron bombardment of stable nuclei. The FERMI group showed that the activa-
tion yields could be increased substantially with neutrons slowed down (moder-
ated), e.g., in a hydrogen containing material.?

1 The Nobel Prize in Physics 1935 awarded to James CHADWICK “for the discovery of the neutron”.

2 For protons as a moderator material approximately 20 collisions are required to slow down neu-
trons from several MeV to thermal energies. For this, shielding of the source with a 20-cm thick
paraffin layer is adequate. Moderation is accomplished within a time window of a millisecond.
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In their early experiments with rare earth elements George HEVESY and Hilde
LEVI observed that some of the chemical elements — in particular dysprosium, euro-
pium, and holmium - became highly radioactive when exposed to neutrons. HEVESY
recognized that this method in turn could be used for the qualitative and quantita-
tive detection of the rare earth elements, and they were the first to report on the
new method of “Activation Analysis”, i.e., “Neutron Activation Analysis” (NAA),
and its application for the analysis of dysprosium in various rare earth element
salts (Hevesy and Levi 1935). Table 3.1 comprises some of the results they obtained
on the intensity of the induced radioactivity of rare earth elements after neutron
bombardment.?

Tab. 3.1: Intensity of induced radioactivity of rare earth elements
after neutron bombardment, as obtained by Hevesy and Levi (1935).
The nuclear reactions on, e.g., the stable isotopes of europium,
dysprosium, and holmium are ***Eu(n,y)***™2Eu, ***Dy(n,y)***Dy,
and **Ho(n,y)*®®Ho, respectively. The activity values are given in
arbitrary units, normalized to the radiation intensity resulting from
the activation of dysprosium.

Element Product isotope Induced radioactivity
(analyte) Half-tife Isotope (arbitrary units)
Y 70h o0y 0.5

La 1.9d 140 5 -

Ce - - -

Pr 19h 142py 4.5

Nd 1h H49Nd 0.04

Sa 40 min 1555m 0.6

Eu 9.2h 152m2p 80

Gd 8h 139Gd very low

Tbh 3.9h - -

Dy 2.5h 165py 100

Ho 35h 166Hg 20

Er 12h 169gr 0.35

Yb 3.5h 177yh 0.25

Lu 6d/4h 1778y r7emy 1.4/1

After these pioneering experiments the new method of activation analysis was not
much used. This was mainly due to the lack of stronger neutron sources.” The

3 At that time, element discrimination was mainly based on differences in neutron capture cross
sections and half-life of the corresponding isotopes rather than the energy of the emitted radiation.
4 Neutron sources are available through, e.g., ?*°Ra-derived o-particle induced nuclear reactions
on, e.g., Be, from spontaneous fission nuclides such as 22Cf (cf. Chapter 10 in Vol.I) or from nu-
clear reactors (cf. Chapter 13 in Vol.I). All differ in terms of the maximum kinetic energy of the
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developing reactor technology in the 1950s and later the availability of nuclear reac-
tors specially dedicated to research and education strongly promoted the applica-
tion of NAA and a rapid growth occurred.” In addition, new types of radiation
detectors were developed and the proportional counters used so far were replaced
by energy-resolving y-ray spectrometers like scintillation counters and later by
high-resolution semiconductor detectors coupled to multichannel pulse-high ana-
lyzers and convenient PC-based software packages for data acquisition and storage,
cf. Chapter 1.

3.2 Principle of neutron activation analysis
3.2.1 Formation of nuclear reaction products

The basic analytical concept of NAA is to induce a nuclear reaction by means of neu-
trons as projectiles on a stable nuclide of a chemical element existing in unknown
(and typically very low concentration) within the sample to be studied. The neutron
capture reaction typically is of type “By(n,y)**'Cy.1, i.e., an isotope of the same chem-
ical element is formed, cf. Chapter 13 of Vol. 1. If this — now neutron-rich — isotope
(Ay.1) is unstable, it stabilizes by means of primary B -transformation, cf. Fig. 13.25
in Vol.T and Fig. 3.2 below. In both cases, a secondary transformation to a product
nucleus often results in the emission of y-rays characteristic for the particular isotope,
which can be used for qualitative and quantitative determination of the elements of
interest (often referred to as “analyte”). Besides single neutron capture double neu-
tron capture is also possible as well as, e.g., (n,p) and (n,a) reactions (see Section 3.2.2
for a more detailed description of neutron capture reactions).

The basic principle of NAA is schematically shown in Fig. 3.3, exemplified for Fe
as the analyte to be determined. The initial neutron absorption process creates a >’Fe
compound nucleus in an energetically excited state that transforms into its ground
state by the emission of one or more y-rays. These are called “prompt” because they
appear almost immediately.® The compound nucleus is neutron rich and thus will
undergo B-transformation followed by the emission of one or more y-rays from the
excited daughter nucleus (here *°Co). The latter process is referred to as “delayed”

neutrons generated, the either discrete or continuous energy distribution, and the neutron flux
per cm? and second.

5 A research reactor with a thermal power in the order of 10-20 MW can provide thermal neutron
fluxes which are about a factor of 107 higher compared to Ra/Be sources, resulting in much stronger
activation, cf. Chapter 11.

6 Normally the half-lives of excited nuclear states are around 10™s, though there are quite a few
exceptions of longer-lived isomeric states with measurable half-lives, cf. Chapter 11 in Vol. I.
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12 ]
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Fig. 3.2: Single neutron absorption reaction leading to a neutron-rich compound nucleus (1)
that undergoes radioactive transformation into the product nucleus (2).

since the delay time corresponds to the B-transformation half-life. Both the prompt
and delayed y-rays possess unique energies that are characteristic for the particular
excited nucleus and thus allow the identification and quantitative determination of
the nuclides of the elements of interest. Due to the correlation between the radioac-
tivity and the number of the target nuclei, the concentration of the target element
can be derived.”

3.2.2 Neutron absorption cross sections

The neutron absorption cross section strongly depends on neutron energy. Neu-
trons that are slowed down to energies that are comparable with thermal energies
at ambient temperature are called thermal neutrons and possess a Kinetic energy of
about 0.025 eV that corresponds to the most probable velocity in a MAXWELLian

7 Cf. Fig. 5.6 in Chapter 5.
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Emission of DELAYED y-rays
from unstable *°Conucleus
as result from 3-decay

Emission of PROMPT y-rays
from excited **Fe nucleus
as a result from neutron absorption

1 58 59 .
oM s6Fes; SsFess B

Fig. 3.3: The basic principle of NAA exemplified for the quantification of stable iron (°®Fe) through
its neutron-capture nuclear reaction product *°Fe (via >Fe(n,y)*’Fe) and *°Co (via **Fe — B~ — *°Co).

distribution at 20 °C. Neutrons in the energy range of 1eV to 100 keV are called epi-
thermal neutrons.®?

Neutron absorption cross sections exhibit strong fluctuations in the energy
range of 1eV up to a few hundred eV. This allows selective activation of certain
nuclides. Thus, a special form of NAAcalled epithermal NAA can be performed by
covering the sample with, e.g., a Cd shield with a thickness of about 1 mm that
completely blocks thermal neutrons due to absorption. Figure 3.4 shows the ab-
sorption cross section for °’Ag as a function of neutron energy. For energies
below about 1eV the cross section ¢ is proportional to (1/ m), where E, is the
neutron energy. For higher energies, large fluctuations with energy are observed,
called “resonances”. These resonances are due to the nuclear shell structure and
lead to a drastic increase of 0 whenever the neutron energy corresponds to a cer-
tain neutron energy state in the target nucleus.

8 Cf. Figure 13.27 in Vol. L.
9 The ratio between the flux of thermal and fast neutrons depends on the kind of neutron source
and the surrounding shielding material.
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All neutrons with energies above 0.1 MeV (fast neutrons) contribute very little
to (n,y) reactions. They rather can induce nuclear reactions where one or more nu-
clear particles are ejected, e.g., in (n,p), (n,d), (n,a), (n,n’), and even (n,2n) reac-
tions (see Fig. 3.2), that all have a certain energy threshold.”

104
1 forE,>1eV
103 | RESONANCES
due to nuclear structure
102 -

10t +

10-1f

Cross section [b]

10—2 -

10-4 PRI IR TTT BRE IR TTIT MR R TTT AR RTIT A RTTT R R TT MR TTTT MRS RTITTT MR R RTTIT MR AT M RTTTT MR MR

1074 1072 1 102 104 106

Neutron energy E, (eV)

Fig. 3.4: Neutron absorption cross section for '°’Ag as a function of neutron energy (taken from
IAEA 2014).

NAA with fast neutrons is a very selective technique; however, it can lead to partic-
ular interferences in trace element analysis. One example is the determination of
traces of Na in an Al matrix. Here, ?*Na is basically produced via the reaction Na
(n,y)zl‘Na with thermal neutrons. Simultaneously, it is produced via the (n,a) reac-
tion on %Al (the bulk material) and hence hinders the determination of the initial
sodium concentration. Interferences of the same kind can occur with Mg via the re-
action ZAl(n,p)*Mg (cf. Fig. 3.5). All reactions occur simultaneously during the irra-
diation of an Al sample in a neutron field as delivered from a nuclear reactor and
thus might hinder the elemental determination of Na or Mg, respectively.

10 It should be noted that charged particle emission is not restricted to reactions with fast neu-
trons. It can also occur in slow neutron capture with light Z-nuclei. One prominent example is the
reaction °B(n,a)’Li with a cross section as high as 3837 b for thermal neutrons. This reaction is
often applied in neutron detectors.
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Fig. 3.5: Formation of *Na through the (n,y) reaction on 2>Na (stable) and via the (n,a) reaction on
277l (stable), respectively. 2’Mg is produced through the (n,p) reaction on 27Al. All reactions occur
simultaneously during the irradiation of an Al sample in a neutron field as delivered from a nuclear
reactor.

3.2.3 The different forms of NAA

In NAA, usually y-rays emitted from excited nuclei are used for determination of
the activation products (see also Fig. 3.3 and corresponding explanation). However,
a special form of activation analysis used to determine the content of fissile material
in a sample makes use of so-called delayed neutrons as emitted from highly excited
fission product nuclei.

If the prompt y-rays are detected, the technique is referred to as “Prompt
Gamma Neutron Activation Analysis” (PGNAA).! If the delayed y-rays are utilized,
the acronym DGNAA is used to denote “Delayed Gamma Neutron Activation Analy-
sis”. Since DGNAA is much more widely used, the acronym NAA usually refers to
DGNAA.

PGNAA is generally performed by using a neutron beam extracted through a
reactor beam port. The sample is placed at the exit aperture of the port with the
counting equipment adjacent to it, perpendicular to the neutron beam axis. PGNAA
is performed in real time, that means that exposing the sample to a neutron flux
and data acquisition and analysis are performed in coincidence. Since the neutron
flux in a reactor beam port is normally orders of magnitude lower compared to in-
core neutron flux densities, PGNAA is limited to nuclides with large neutron ab-
sorption cross sections or to nuclides that transform too rapidly and thus are not
accessible off-line by DGNAA.

11 Reactor-based PGNAA was first applied in 1966 at the Institut Laue-Langevin in Grenoble
(France).
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In contrast, DGNAA is flexible in time: the sample is placed in an in-core irradi-
ation position while the irradiation time can be adjusted over a wide range if (a)
one desires to identify elements at very low concentrations, (b) the nuclides show
only low absorption cross sections, or (c) the resulting radioactive isotopes have
long half-lives. Subsequent to irradiation, the sample is removed from the irradia-
tion position and, if necessary, allowed to transform until safe to handle or to im-
prove sensitivity for a long-lived activation product that suffers from interference
from a short-lived nuclide by waiting for the latter to transform. The International
Atomic Energy Agency (IAEA) provides nuclear data databases as well as data eval-
uation software for NAA, including PGNAA (IAEA 2011).

A special form of NAA is the so-called Delayed Neutron Activation Analysis
(DNAA). DNAA is applied for the fast determination of fissile nuclides, such as B3y,
5y, and *°Pu, in samples of various chemical composition. DNAA uses the counting
of B-delayed neutrons' emitted from neutron-rich fission products as obtained by ir-
radiation of fissile material like 2**U or Z°Pu. Since neutrons are detected, this method
is practically background-free and there are no interferences from y-emitting iso-
topes. From the nuclides produced in nuclear fission, about 110 are known precursors
of B-delayed neutron emission with half-lives ranging from milliseconds to minutes
(Tomlinson 1973). Delayed neutrons emitted by the long-lived fission fragment iso-
topes ¥Br, ®8Br, and *'I are generally measured. Furthermore, this technique can
also be applied for the determination of thorium in samples containing uranium.
22T fissions only with neutrons of an energy of 1 MeV and above and, therefore, a
cadmium cover for the absorption of thermal neutrons is used for eliminating delayed
neutrons from thermal neutron induced uranium fission since in natural samples
uranium is a common contaminant. Typically, the samples are irradiated for 2 min
and after a delay time of 15-20 s, they are transferred to a detector arrangement with
He proportional tubes in a circular arrangement and counted for 1 min."”* The de-
layed neutrons are emitted with energies in the order of MeV, are thermalized by par-
affin and polyethylene, and finally are detected with an efficiency of about 30%.
Figure 3.6 shows a schematic view of a detector setup as used for the detection of
delayed neutrons in DNAA at the TRIGA-type research reactor of the University of
Mainz, Germany (Eberhardt and Trautmann 2007).

In general, NAA (here DGNAA) can be divided into two categories, depending
on whether sample analysis is performed with or without any chemical separation
procedure:

12 cf. Chapter 10 in Vol. I.

13 For such a short irradiation cycle typically a fast pneumatic transfer system (also called “rabbit
system”) is used for sample transfer to and from the irradiation position. Such systems are installed
in many research reactors and allow sample transfer times of the order of a few seconds.
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Fig. 3.6: Vertical (a) and horizontal (b) cross section view of the neutron detector
arrangement used for DNAA.

Instrumental Neutron Activation Analysis (INAA): Sample irradiation time, transfor-
mation times, and counting times are optimized such that no chemical treatment of
the sample is necessary.

Radiochemical Neutron Activation Analysis (RNAA): Chemical separation is involved
in sample preparation for enrichment of the analyte prior to irradiation to gain sensi-
tivity or to overcome matrix effects that interfere with the detection.

DNAA is applied both with and without sample pre-treatment; see Eberhardt and
Trautmann (2007) and references therein.

3.2.4 High resolution y-ray spectroscopy

Since nuclear excitation energies are specific for a certain nuclide, the electro-
magnetic radiation emitted from an excited nucleus is characteristic for this par-
ticular isotope. Hence, this unique radiation pattern serves like a “fingerprint” for
determination of the isotopic composition of the irradiated sample and thus for
elemental analysis using y-ray spectroscopy, cf. Chapter 1. The equipment needed
for high-resolution y-ray counting consist of a semiconductor detector, which is
either a high-purity germanium-crystal (HPGe) or a lithium-drifted germanium-
crystal (GeLi), with a high-voltage supply (HV) and a preamplifier. This system is
connected to an amplifier, a multichannel pulse-height analyzer (MCA), and a
computer-based data acquisition system to link the hardware of the detector sys-
tem to the data storage memory of the computer. The software will record the
spectral parameters in combination with important physical data like, e.g., start-
ing time, sample cooling time, energy calibration data, and user information on
irradiation parameters as well as a sample description. For NAA, a detector with
high resolution (about 1.8 keV at 1332 keV), high efficiency (>35%), and a high
peak-to-Compton ratio (>60:1) is desirable. The detector should be shielded from
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background radiation by 10 cm of lead lined with copper as absorber for second-
ary lead X-rays.

Figure 3.7 shows as an example the y-ray spectrum of a copper sample irradi-
ated for 6 h at a thermal neutron flux of 7 - 10" cm™2s™". Concentrations of silver,
antimony, and selenium in this sample are in the order of 3—-11 ppm. Table 3.2 com-

prises the relevant activation products, their half-life, and the corresponding ele-
ment concentration.
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Fig. 3.7: Spectrum of a copper sample irradiated for 6 h with a thermal neutron flux
of 7-10" ecm™2s7

The copper matrix was dissolved in 6 M nitric acid. An aliquot of 2ml containing
about 200 mg of copper was then irradiated in a standard irradiation position of the
100 kW TRIGA-type research reactor at the University of Mainz, Germany. The sample
was allowed to transform for 15 days to get rid of a number of short-lived nuclides
that interfere with the measurement of the long-lived activation products. The sample
was then measured for 24 h with a high-purity germanium detector. Finally, neutron
capture products such as ®°Co (t/2=5.5a), °Se (tv2=120d), "°Ag (t/2 =250 d), *°Sb
(t2=2.7d), and '**Sb (tv2 = 60 d) were identified. Their activity is used to determine
the concentration of the four elements present in the Cu sample.

3.2.5 Activation equation

In neutron activation, radioactive nuclides are first produced and subsequently
transformed according to their particular transformation constants. The nuclear re-

action rate R denotes the number of radioactive nuclei formed per unit time in a
reaction:
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Tab. 3.2: Long-lived activation products, corresponding half-lives, and
resulting element concentrations (in ppm) as deduced from a y-spectroscopic
analysis of an irradiated Cu sample. See text for further details.

Reaction Cross section (b) Half-life (d) Concentration (ppm)
%9Co(n,y)°Co 37 1924 11
74Se(n,y)”*Se 50 120 3
1%Ag(n,y)!°Ag 4 250 11
1225h(n,y)**?Sb 6 2.7 5
1245h(n,y)*?4sb 0.15 60 5
R=Nyo®. 3.1

Here, Ny is the number of target atoms, o denotes the cross section for neutron absorp-
tion in barn (b), and @ is the neutron flux given in (cm™s ™). N, can be written as:
mH

N() = WNA. (32)
Here, m is the mass [g] of the element in sample, H is the abundance of the stable
target isotope involved in the nuclear reaction,'* M is the molar mass of the element
(gmol™), and N, is the AVOGADRO number. Already during the activation process,
the number N of the radioactive nuclei formed decreases since they transform si-
multaneously according to the differential equation:

dN .
— =R-AN .
" (3.3)
In this equation, the term — AN describes the radioactive transformation of the nu-
clei. With
In2
11> = nT (3.4)

integration of eq. (3.3) leads to the number of radioactive nuclides produced during
an irradiation for the time period £™:

. 1-e M
N(t)=R—

(3.5)

For the activity A(t) of the radionuclide there is

14 For example, for neutron activation of a silver sample H = 0.518 for *’Ag and H = 0.482 for
1997 (cf. Fig. 3.4).
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Fig. 3.8: Activation curves for two different nuclides x and y with significantly different half-lives.

A(t)=AN(t)=R(1-e™). (3.6)
With egs. (3.1) and (3.2) the activity A(t) becomes:
A(t):m(%NOa(D(l—e"“). 3.7)

For irradiation times that are considerably longer than the half-life of the produced
nuclide (¢2), the term (1-e™) is close to unity, cf. Fig. 3.8, and the saturation ac-
tivity (Asac) is defined as:

R H
= — . .
Asqr=m <MNA) o (3.8

However, saturation might not be reached and the absolute activity obtained after
reasonable irradiation time limits the sensitivity of NAA for certain elements. In
PGNAA the life-time of the nuclear levels involved is very short and saturation is
reached almost immediately. Then the saturation activity becomes equivalent to the
reaction rate as expressed in eq. (3.1).

In (delayed) NAA half-lives of product radionuclides can range from seconds (11 s
for *°F) up to several years (5.3 a for %0Co). Figure 3.8 shows the activation curves for
two nuclides with considerably different half-lives. Here, the half-life of nuclide x is
much smaller compared to nuclide y and thus saturation is reached much faster. For
long half-lives, the statistical accuracy as deduced from activity measurements can
be improved by increasing the irradiation time and thus the produced activity.
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3.3 Quantitative element determination

The determination of whether a chemical element is present in a sample or not as
well as what its absolute mass (or its concentration) is, based on the activation
equations where the activity produced during the irradiation is proportional to the
mass of the analyte, see eq. (3.7). In reality, the sample is placed into a well-known
neutron field for a certain period (irradiation time) to produce the unstable neutron
capture nuclear reaction products. The activity of the produced isotope corresponds
to its number of atoms N according to A = AN. Two methods to determine the num-
ber of analyte atoms in a sample are commonly applied: the comparator method
and the k,-method.

3.3.1 The comparator method

For the determination of the concentration of an element in a sample by the compar-
ator method, a standard sample with certified elemental composition, the so-called
certified reference material, is irradiated and counted under the same conditions as
the sample to be analyzed. This method is simple and precise since deviations in nu-
clear and reactor-based parameters like neutron flux density, flux density distribution
within the sample, absorption cross sections, thermal-to-fast-neutron ratio, and
transformation branching ratios that influence the activity to be measured are ruled
out. The concentration of an element in the sample (csampie) can be determined using
the following equation:"

Mstandard Asample

Csample = Cstandard (3 . 9)

bl
Sample AStandard

where Csiandara i the concentration of the element in the comparator standard, Msiangara
and Msample denote the mass of the standard and the sample, respectively, and A de-
notes the corresponding activities as measured by y-spectroscopy. In cases where the
half-life of the nuclide to be determined (referred to as the indicator nuclide) is not con-
siderably longer compared to the transformation time and the measurement time, re-
spectively, the so-called transformation-corrected activity (Awmcted) is calculated as:

15 In activity calculations according to eq. (3.9) a number of correction factors needs to be em-
ployed, e.g., if the isotopic abundance of indicator nuclide and sample nuclide are different or if
sample and standard are irradiated at different positions in the reactor or if y-ray counting occurs
with different detectors or different sample geometries. For further reading see Zeisler et al. (2003)
and Greenberg et al. (2011).
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t .
A _ Nindicator /\eA transformation
corrected =

1-e” Mcounting) (3 10)

where Nipgicator 1S the number of counts in the indicator y-ray peak, A is the indicator
nuclide transformation constant, tyansformation denotes the time between the end of
irradiation, and t.ounting is the total time used for counting. The comparator method
is simple and straightforward. However, for every element to be determined a sepa-
rate standard needs to be prepared, irradiated, and then counted. Since the prepa-
ration of accurate standards for all elements of interest may be difficult and sample
counting is time-consuming, an alternative approach was introduced employing a
single-element standard, the so-called k,-standardization method.

3.3.2 The ky-method

This is a successful standardization method developed originally for NAA and later
also applied for PGNAA (Revay and Kennedy 2012; Simonits et al. 1980; De Corte et al.
1989; De Corte and Simonits 1989). Here, activation with thermal and epithermal neu-
trons is treated separately taking also into account that the energy distribution of the
epithermal neutron flux might differ from the ideal 1/ VE behavior, cf. Fig. 3.4. The
ratio of nuclear constants like thermal-to-epithermal flux, cross sections, y-ray emis-
sion rates, and others for an analyte element and a standard are subsumed in a single
constant, which can be measured with great precision using, e.g., gold as a neutron
flux monitor.'® The sample and a gold foil are irradiated together with and without a
Cd shield and the corresponding ko-factors for a certain nuclide are determined. The
ko-factors have been experimentally determined for many nuclides relative to a gold
standard. It thus makes the use of certified reference materials unnecessary and is
available for use in multi-element analysis. The drawback of the ky-method is that it
requires accurate absolute calibration of the detector efficiency with respect not only
to energy but also to sample geometry and distance between sample and detector. If
the irradiation position is changed, the whole set of k,-constants for all nuclides to be
determined has to be re-measured due to changes in the neutron flux distribution."”
The ko-method is widely applied and there are regular international workshops that
cover all aspects of this method. The proceedings usually appear in a peer-reviewed
journal and thus are easily available online; see Smodi$ (2018) for a recent reference.

16 Gold provides ideal parameters as neutron flux monitor. The “monitor” reaction is 197Au(n,y)-
19887111988 Ay has a half-life of 2.7 days and provides photons of 412 keV.

17 The IAEA provides an extensive compilation of ky-constants and related nuclear data as well as
software for data evaluation via its web-based “Neutron Activation Analysis Portal” (IAEA 2011).
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3.3.3 Selectivity and sensitivity of neutron activation analysis

An outstanding feature of NAA is the selectivity and sensitivity of the method. Sensi-
tivity is dependent on both the neutron flux density and the neutron absorption cross
section (the probability for a nucleus to absorb a neutron of a certain energy) of the
analyte nuclei. For a given neutron flux density a variety of experimental parameters
like sample irradiation time, transformation times, and counting times, respectively,
can be optimized in order to increase the sensitivity for a certain nuclide or a class of
nuclides with comparable half-lives and thus overcome interferences with other nu-
clides of, e.g., the bulk sample material that might hinder the determination of an
element present only in trace quantities (these interferences are referred to as matrix
effects). For example, the sensitivity for a long-lived radionuclide that suffers from
interferences with a short-lived nuclide can be improved by waiting for the latter to
transform and measure the sample after a sufficiently long “cooling time”.

DGNAA can be applied for the determination of about two thirds of the chemical
elements in the periodic table with sensitivities in the pg/g-range [ppm]. In selected
cases the ng/g-level can be reached. Figure 3.9 comprises estimated detection limits
(LOD - Limit of Detection) for a number of elements assuming irradiation at a ther-
mal neutron flux of 10 cm™s™! and y-ray spectra free of interferences.'® There are a
number of elements where the LOD approaches a level of 0.1 ppb. One example is
manganese with a thermal neutron capture cross section of 13.3 barn for >>Mn and a
half-life of the corresponding *°Mn of (only) 2.6 h where the saturation activity is eas-
ily reached. There are selected cases where the LOD is even smaller and approaches
the 0.01 ppb-level. For some light elements like hydrogen, boron, carbon, and nitro-
gen PGNAA can successfully be applied. However, DGNAA is not suitable for most of
the light elements and also not for lead.

In reality, the sample is placed into a well-known neutron field for a certain period
(irradiation time) to produce the unstable neutron capture nuclear reaction products.
The radioactivity of the produced isotope corresponds to its number of atoms N ac-
cording to A =AN. Utilizing adequate methods to quantify the absolute radioactivity,
both the number N and simultaneously the mass of this radionuclide can be obtained
precisely (via the Avogadro constant: 6.22 - 10% atoms correspond to 1 mol).

Thus, sensitivity is dependent on both the neutron flux and the neutron absorp-
tion cross section (the probability for a nucleus to absorb a neutron of a certain energy)
of the analyte nuclei. To obtain analyte element concentrations, a suitable standard
that contains known amounts of the relevant trace elements is usually irradiated to-
gether with and counted under the same conditions as the unknown sample.

18 This neutron flux value typically corresponds to a low power reactor with a thermal power of
less than 1 MW. For higher neutron fluxes the LOD values are even lower, in particular when nu-
clides with long half-lives are involved.
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Fig. 3.9: Estimated detection limits [ppb] achieved by INAA for a number of chemical elements
assuming a thermal neutron flux of 10*2 cm™2 s™* (Eberhardt and Trautmann 2007).

3.4 Fission reactors as neutron sources
for neutron activation analysis

Although there are a number of nonreactor-based neutron sources available, the
most prolific sources for neutrons applicable for NAA are nuclear fission reactors.
More than 220 research reactors are in operation worldwide spanning a range of
thermal power from 0.1 W up to about 100 MW.?° The vast majority uses ?°U as nu-
clear fuel and thus thermal neutrons to propagate the fission chain. Most wide-
spread are swimming-pool reactors, where the reactor core is placed at the bottom
of an open pool filled with demineralized (light) water for cooling and shielding
purposes. Swimming-pool reactors allow easy access to in-core irradiation facilities
and provide thermal neutron fluxes up to about 10 cm™s™. In other cases the re-
actor core is enclosed in a pressurized tank with light or heavy water that can serve
as moderator and coolant. In many reactors, the thermal flux has been optimized in
distinct irradiation positions designated for NAA.

19 In addition to the already mentioned a-sources and sources available based on spontaneous
fissioning nuclides like ?*2Cf and #**Cm.

20 A current overview is available at the website of the International Atomic Energy Agency, see
IAEA (2016).
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Neutrons that are not yet thermalized may be used for activation. Most of the
high power and some of the low to medium power level reactors with a thermal
power exceeding 1 MW have an epithermal flux greater than 10'° cm 2s™", cf. Chap-
ter 11. This can be advantageously employed for minimizing interferences from cer-
tain elements (e.g., Na, Cl, Mn, and V) that have high thermal neutron cross sections.

Even faster neutrons employ (n,p), (n,d), (n,a), (n,n’), and (n,2 n) reactions.

3.5 Applications of Neutron Activation Analysis

NAA faces increasing competition from other analytical techniques with multi/element
capabilities and further increasing versatility like Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES) or Inductively Coupled Plasma Mass Spectrometry
(ICP-MS). Nevertheless, there is still a multitude of applications for the different techni-
ques of NAA that allows high selectivity and sensitivity for the determination of constit-
uents present in very small concentrations (in the ppm to sub-ppm level). Very often
no chemical pretreatment is necessary and the sample can be used “as it is”. This is of
special importance if the sample material needs to be conserved in its original shape or
chemical form for further investigations, e.g., in the case of meteorites, gemstones, or
archaeological artefacts. Thus, NAA is applied in many different fields including life
science, agriculture, industry, food and nutrition studies, geology, environmental anal-
ysis, and forensic sciences.! NAA in its different forms can be used for elemental anal-
ysis of more than two thirds of the elements of the Periodic Table. Figure 3.10 shows
which analytical technique is usually applied for determination of a certain element.

3.5.1 Prompt Gamma Neutron Activation Analysis

PGNAA is mainly used for the determination of light elements in a variety of sample
matrices, among others geological samples (minerals and rocks), archaeological
samples (glass, ceramics and coins), biological samples (blood samples and human
tissue) as well as concrete and cement matrices. The determination of hydrogen
and boron are prominent examples, where PGNAA offers unique opportunities,
e.g., in the determination of moisture (as hydrogen) in concrete or boron in volcanic
rocks as well as in human tissue. For an overview, see Greenberg et al. (2011) and
references therein.

21 A recent and comprehensive overview of new techniques and applications of NAA is frequently
presented in the proceedings of a series of conferences entitled “International Conference on Mod-
ern Trends in Activation Analysis (MTAA)”. The proceedings usually appear in a peer-reviewed
journal and thus are easily available online (see de Bruin and Bode (2012) for a recent reference).
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3.5.2 Instrumental Neutron Activation Analysis

In INAA, sample preparation is limited to its physical treatment in order to maintain
a suitable and representative portion for irradiation. In the ideal case the sample is
weighed and without any further treatment placed into a proper irradiation con-
tainer. Methods of treatment can involve dry freezing and pressing of pellets with a
suitable geometry or dissolving the sample either in water or a diluted mineral
acid.? Subsequent to irradiation the sample or a known portion of it should be
transferred from the irradiation container into a new container used for y-ray count-
ing to minimize so-called blank correction. The blank values result from activation
of, e.g., the container material or the solvent used that might also contain traces of
the element to be determined in the sample only. Since in INAA no chemical pre-
treatment of the sample is carried out, the elemental composition is preserved and
thus it is often used in the certification of reference materials. In principle, INAA
can be carried out without perturbations of the traceability chain and thus INAA is
regarded as a valuable tool in chemical metrology (Zeisler et al. 2005) (in metrology
the so-called traceability chain can be defined as an unbroken chain of measure-
ments and associated uncertainties, linked to certified reference materials or to SI
standards). For the determination of uncertainties in nuclear measurements see
IAEA (2004) and references therein. A very special example of activation analysis is
the application of in situ INAA for elemental analysis during a future lunar mission.
For this, a >*Cf neutron source is discussed for sample irradiation on the moon (Li
et al. 2011).

3.5.3 Radiochemical Neutron Activation Analysis

In RNAA, chemical treatment of the sample can be performed prior to or subsequent
to irradiation to remove either the matrix elements or major contaminants. As a re-
sult of the chemical separation, interferences caused by other nuclides are avoided
or minimized. In this way, detection limits can be lowered or the detection of addi-
tional elements present in low concentrations becomes possible. Solid samples are
first dissolved using common techniques like, e.g., dry ashing, alkaline fusion, and
the treatment with mineral acids applying microwave heating in closed vessels.
Subsequent chemical separations might involve selective precipitation, ion ex-
change chromatography, and liquid-liquid extraction techniques. In applying these
techniques, material losses are unavoidable and hence must be carefully controlled.

22 Here very often nitric acid (HNOs) is used since it does not contain elements that form longer-
lived isotopes during irradiation, like, e.g., chloric acid (HCI) that forms 381 (2 = 37 min), which
might hinder the detection of shorter-lived isotopes.
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For this — besides classical techniques - radioactive tracers are ideally suited for
performing the necessary recovery measurements to determine the chemical yield
for a certain chemical procedure applied to the sample.?

3.5.4 Delayed Neutron Activation Analysis

For the determination of fissile material (samples containing isotopes that undergo
nuclear fission when exposed to a neutron beam like *>*U, #°Pu, and ?*°Cf, respec-
tively), DNAA is most useful and in selected cases superior to more common techni-
ques like a-particle spectroscopy or liquid scintillation counting (LSC). a-Particle
spectroscopy usually requires intense chemical pretreatment and the production of
a thin sample suited for a-counting. LSC is not applicable in cases where the sample
is not readily soluble in the scintillator cocktail or when severe quench effects
occur that hinder the detection of the scintillating light.

As an example, DNAA can be applied for the incorporation inspection of work-
ers in the nuclear industry (e.g., in the production of nuclear fuel assemblies). For
example, the uranium content in urine samples must be determined routinely. The
analytical procedure involves the co-precipitation of uranium with Fe™'I-hydroxide
to prepare a sample for DNAA for subsequent neutron irradiation. Knowing the
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Fig. 3.10: Periodic Table of Elements indicating which neutron activation technique is commonly
applied for the determination of a certain element.

23 For an overview of the different techniques applied in RNAA see Zeisler et al. (2003) and Green-
berg et al. (2011) and references therein.
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precise isotopic composition of the uranium used for fuel production, screening of
a large number of persons can be carried out with the precision demanded by the
authorities. Absolute detection limits of 107 g can be achieved for **U and *°Pu,
respectively (see Eberhardt and Trautmann (2007) and references therein). DNAA is
faster than mass spectroscopic techniques and more sensitive than a-spectrometry;
however, discrimination of fissile components in a mixture (e.g., Z°U besides Z°Pu)
remains difficult. DNAA is ideally suited as a screening technique in nuclear foren-
sics and in support of international nuclear safeguards by providing the amount of
fissile material in swipe tests (Glasgow 2008).

3.6 Outlook

Besides NAA there are other so-called activation techniques. Among them are
Charged Particle Activation Analysis (CPAA), Photon Activation Analysis (PAA),
and Neutron Depth Profiling (NDP).

CPAA is based on the reaction of accelerated light charged particles like pro-
tons, deuterons, or a-particles. The heavier the particle is, the higher is the CouLOMB
barrier and thus protons are most often used for CPAA of light elements. The pro-
ton-induced nuclear reactions include (p,n) and (p,y) reactions with protons up to
an energy of about 10 MeV. With more energetic protons (p,a), (p,d), and (p,2 n) re-
actions can occur in the sample. CPAA is a method complementary to NAA, in par-
ticular for light elements with their typically low cross section for neutron capture.
Since the particles lose energy when passing through the sample, the reaction cross
sections change with depth. Consequently, CPAA is used for thin samples or as a
surface technique (Erramli 2017).

Activation with photons can be performed at an electron accelerator using
bremsstrahlung induced reactions. During photon activation, the target nucleus is
activated by (y,n) reactions, referred to as “photonuclear reaction”. This type of re-
action, which leads to neutron-deficient nuclei, is induced with photons exceeding
10 MeV. Typical irradiation energies in PAA are 30 MeV that can be achieved, e.g.,
with high-power linear electron accelerators. Like neutrons, photons have the ad-
vantage to penetrate the entire sample and thus methods and procedures applied
in PAA are very similar to NAA. By means of detectors and connected data acquisi-
tion electronics suitable to record y- or X-ray spectra, simultaneous multi-element
analyses can be performed after bremsstrahlung exposure without chemical pre-
treatment of the sample. PAA has been applied in a variety of research areas includ-
ing (but not limited to) geochemistry, forensic science, life science, and medicine
and also for the certification of reference materials (Segebade and Berger 2008).

Location sensitive analysis of light elements is also possible using a special
technique of neutron activation called NDP. NDP is a method that is very similar to
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neutron activation analysis. It is based on the fact that several isotopes of, e.g., lith-
ium, boron, and nitrogen (and others) undergo charged particle emission as a result
of the absorption of a low energy neutron. The corresponding nuclear reactions are
®Li(n,a)H, °B(n,a)’Li, and “N(n,p)'“C, respectively. The resulting charged par-
ticles (protons, a-particles as well as the corresponding recoil nuclei) are emitted
with energies in the range of 40 keV for the “C recoil nucleus up to about 2.7 MeV
for the trititum from the °Li(n,a) reaction. Protons and a-particles are emitted with
intermediate energies of about 500 keV up to 2 MeV. As the charged particles travel
through the material they lose energy due to interaction with the matrix atoms.
When exiting the material the particles are detected with a surface barrier detector
and their actual energy is determined. The detector is mounted in a vacuum cham-
ber in order to prevent further energy loss when the particle travels the distance
from the sample to the detector surface. From the energy loss one can conclude the
depth of their origin from the characteristic stopping power of the material, given
in keV per pm for a certain energy. For 1.4 MeV a-particles in silicon this value is
about 280 keV per um. Data is collected while the samples are under neutron irradi-
ation. NDP can be applied to profile a few micrometer thin films and is particularly
suitable for the semiconductor industry since devices are manufactured as thin
films on Si wafers (Hossein 2001; Downing et al. 1993).

For many standard analytical techniques like Atomic Absorption Spectroscopy
(AAS), Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES), Induc-
tively Coupled Plasma Mass Spectroscopy (ICP-MS), or X-ray Fluorescence Spectros-
copy (XRF), respectively, standalone equipment with a high level of automization is
available. Very often these devices have a table-top format and are easy to operate
even by less experienced personnel. In contrast, neutron activation requires access to
an intense neutron source and to special spectroscopy equipment. Furthermore, sam-
ple handling requires personnel trained in handling radioactive material. Conse-
quently, NAA is less widely used and suffers partly from insufficient awareness
within the research fields dealing with elemental analysis. However, it offers several
almost unique advantages: (i) most of the “classical” techniques require the sample
in the form of an aqueous solution, whereas NAA (in this respect INAA) is suitable for
materials that are difficult to dissolve, (ii) NAA is largely independent of matrix ef-
fects, and (iii) NAA is a multi-element technique suitable for the majority of the ele-
ments in the periodic table, ranging from hydrogen up to the actinide elements. Due
to these advantages, NAA still plays a special role in the certification of materials and
thus is of utmost importance as a reference technique for other analytical methods
that are more widely applied.
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4 Radioisotope mass spectrometry

Aim: The sensitive determination of radionuclides, in no matter what kind of sam-
ple, could most easily utilize the detection of the emitted radiation. Nevertheless,
there are quite a number of situations or special tasks in which this straightforward
approach fails or is far too insensitive for the envisaged application. These primarily
concern ultratrace analytics of lowest radioactivity levels, most often activities of
radionuclides of extremely long half-lives. In these cases and in particular when
dealing with low-energy B- or long-lived a-emitters, conclusive detection of radia-
tion and sensitive quantification of the radiation sources often suffer from limited
resolution, low efficiency, or unsuitability of the radiation detector systems in use.
In addition, absorption and scattering processes in the sample itself, in the sur-
rounding air or in the detector, as well as unavoidable interferences from radiation
of other radionuclides could severely affect and obscure such analyses.
Consequently, the quantitative determination of the number of individual atoms
of a specific radioisotope for quite a number of situations is much more sensitive and
meaningful than the study of the transformation processes and the emitted radiation
via radiometric techniques. In this approach, identification and suppression of dis-
turbing influences and rejection of background by physical and/or chemical means
are crucial for ensuring the significance of the results. The corresponding experimen-
tal approach is radioisotope mass spectrometry (RMS). It is applied frequently for rou-
tine analyses on a variety of samples and represents a lively field of ongoing research
including steady optimization of specifications and expansion of application fields.
Depending on the specific radionuclide, the sample matrix, and the specific tech-
nique in use, it allows to address and quantify sensitivities as low as 10® atoms per
sample, which for long-lived species corresponds to activities in the low puBq range.

4.1 Introduction: Long-lived radioisotopes, origin,
and relevance

4.1.1 Natural radionuclides

Today, more than 3000 radionuclides are known, belonging to all the chemical ele-

ments of the Periodic Table. The vast majority of them can only be produced artifi-

cially, e.g., by induced nuclear reactions in nuclear reactors or at particle accelerators

and transform rapidly with relatively short half-lives towards stability; here, radiomet-
ric determination is obviously the detection method of choice and very powerful.

https://doi.org/10.1515/9783110742701-004
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Only about 100 long-lived ones of these radioactive nuclides are found origi-
nally in nature. Most of these so-called natural radionuclides are of primordial ori-
gin from the supernova event that led to the formation of our solar system more
than 10° years ago or belong to the corresponding transformation products.! Few
other long-lived radionuclides are constantly produced cosmogenically via the vari-
ous components of cosmic radiation. Such formation processes include direct cos-
mic ray-induced nuclear reactions or neutron capture, which occur typically in the
atmosphere.? All these reactions have low production rates ranging from a few par-
ticles per square centimeter and second, e.g., for the production of radiocarbon *“C,
down to about 107 cm 25! for heavier radionuclides like the noble gas isotope
81Kr. Correspondingly, overall contents and, in particular, relative isotopic abun-
dances in respect to stable isotopes of the same element are extremely low. The lat-
ter, for example, span the range from 10~° for °Be against stable °Be down to even
less than 107" for the tritium abundance versus stable hydrogen. Due to this rare
occurrence, natural radioactivity is usually very weak with values in the mBq range
or even far below. For example, the most abundant radioisotope “°K contributes
only around 0.4 Bq per g of pure potassium in a sample. Comparable and very low
radioactivity levels result from the various members of the three natural transforma-
tion series of the heaviest naturally occurring a-emitting isotopes 2®U, 2°Th, and
250, which are still active. The most long-lived in these series are *°Ra, 22U, and
22Th; they represent the next abundant radioisotopes to “°K but provide activity
levels more than one order of magnitude lower. Their considerably long half-lives
in the range of thousands of years or above account for lowest specific activities.?
Consequently, for these cases, direct radiometric determination techniques using o-, -,
or y-counting techniques are frequently insensitive or obscured by interferences with
other shorter-lived radionuclides present in the sample, and alternative sensitive detec-
tion techniques are needed.

Figure 4.1 gives a plot of typical abundances for the portion of these long-lived
natural radioisotopes, which also have stable isotopes, in the Earth’s crust and at-
mosphere, additionally giving their individual origin. Showing prevailing isotopic
abundances well below 10~%, the plot indicates that standard analytical techniques
including the majority of mass spectrometric approaches will not be able to quan-
tify or even detect these species either.

Many of these radionuclides are of high relevance for fundamental research in
geochemical and environmental studies” concerning, e.g.,

1 Cf. Chapter 5 of Vol. L.

2 Cf. Chapter 2 of this volume for details.

3 Specific activity is typically defined as the absolute radioactivity of a given radioisotope related
to the sum of its own mass plus the mass(es) of its stable isotope(s); cf. Chapter 5 of Vol. I: eq. (5.12)
and Fig. 5.12 for examples.

4 For applications in, e.g., dating based on radionuclides see Chapter 5 of this volume.
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Fig. 4.1: Natural radioisotopes with abundances below 107 relative to the stable isotopes of the
same element. Individual processes of origin are indicated by the symbol. Since in many cases, the
distributions of these isotopes vary significantly among different environmental compartments, the
abundances given should be seen as an order of magnitude estimate only.

— investigations on the flux and nature of cosmic rays in the atmosphere and the
upper layers of the Earth crust,’

- origin and chemistry of trace gases in the atmosphere,

- circulation studies and dating of oceanic and groundwater in the hydrosphere,

— dating and variations of cosmic ray flux measured in the cryosphere,® and

— geomorphological and volcanism studies carried out predominantly in the lith-
osphere (Tykva et al. 1995).

Further interdisciplinary applications relate to cosmochemistry” and astrophysics
with analyses of extra-terrestrial materials and characterization of meteorites to
support nuclear and particle physics, e.g., by determination of the solar neutrino
flux, or they contribute to archaeology, material sciences, and the vast fields of all
kinds of biomedical studies and applications. For these tasks, highly sensitive and
selective determination techniques have been developed, predominantly involving
dedicated mass spectrometric ion counting (Lu et al. 2003).

5 Cf. also Chapter 2 of this volume.

6 Cryosphere subsumes the frozen water on the surface of the Earth (such as ice on oceans, seas,
lakes and rivers, glaciers, and frozen ground, but also covers of snow).

7 Cosmochemistry or chemical cosmology is defined as the study of the chemical composition of
matter in the universe and the processes that led to those compositions.
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4.1.2 Artificial radionuclides

In addition to natural sources and obviously of much higher relevance regarding radio-
active hazards, a number of anthropogenic, i.e., manmade radioisotopes nowadays
are of highest concern too. They are distributed around the entire globe in a range
from minuscule up to highest, strongly radiotoxic contamination levels, predominantly
stemming from military or peaceful use of nuclear energy, medical applications of ra-
dioisotopes, and numerous miscellaneous releases of radioactivity, most of them fortu-
nately on relatively low levels. Contaminations from nuclear industry predominantly
comprise actinide isotopes, i.e., primarily uranium and plutonium, as well as the so-
called minor actinides neptunium, americium and curium, on top of which a long list
of fission products is produced. Longer-lived radionuclides originating from routine
medical applications for diagnoses and treatment include **Tc (t12=2.1 - 10°a) and
%0Co (tv2=5.3 a), which may similarly cause a long-term radiation risk. Another chal-
lenge is to control the nonproliferation treaty, ensure nuclear safety, and, in general, to
protect humankind against any other kind of possible radiotoxic hazards. Furthermore,
the chemical behavior of these artificial radionuclides, which determines speciation
and migration characteristics, the transfer factors between individual compartments in
nature and environment and the overall radioisotope circulation, must be investigated.

4.2 Radioisotope mass spectrometry

The choice of a most suitable determination technique for a particular radionuclide of
interest or for a specific radioanalytical problem must be based on various aspects.
These include the sample material and the overall amount of it being available for the
study, the specific transformation characteristics, the expected overall radioactive con-
tent in the sample, and possible interferences with other radionuclides. A secondary
aspect concerns the required measurement speed, the sample throughput as well as
the required effort in experimental equipment and man-power. The first meaningful
criterion is extracted from the half-life, when comparing the number of transforma-
tions during a given measuring time to the total number of atoms in the sample. This
approach is demonstrated in Tab. 4.1 for some long-lived radionuclides of relevance,
where an (unrealistic) 100% detection probability has been assumed for the radiome-
tric technique. In absence of any background, a minimum value for a statistically sig-
nificant result of, e.g., 10 counts for a 24 h measuring sequence has been adopted.
Correspondingly, if precise determination of radiation levels and individual expo-
sure rates is required, conventional radiometric determination techniques can be ap-
plied only in case of sufficiently high specific activities in the sample. For all other
cases, i.e., for determination of radionuclides of long half-lives at low concentration,
in the presence of interferences and other disturbing species or for transformation
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Tab. 4.1: Comparison of transformations per 24 h and atom numbers for some radioisotopes.

Radionuclide Half-life t/2 Transformations per 24 h Atoms in the sample
(=0.01 mBq)
3H 12.3a 1 4.5.10°
e 5730 a 1 2.0 - 10°
“1ca 1.03-10°a 1 3.8 - 107
%05y 28.5a 1 1.0 - 10*
998T¢ 2.1-10%a 1 7.7 - 107
129 1.57 -107a 1 5.7 - 10°
239py 2.41-10%a 1 8.8 - 10°

spectra with strongly overlapping radiation, complementary sensitive techniques are
required for unambiguous determination of ultratrace radioactivity levels. Generally,
analyses with the highest validity already at low contents near the detection limits
are needed. In order to compete with or even be superior to any radiometric tech-
nique, mass spectrometric determination must in addition be capable of dealing with
sample sizes and atom numbers of the analyte that correspond to activities at the nat-
ural radiation levels found in the environment around the globe. Regarding reason-
able sample sizes and measurement periods for analysis, the detectable contents,
i.e., the level of detection (LOD) of radiometry lies in the range of down to well below
uBq up to few mBq, depending on transformation characteristics and half-life. For
many cases of relevance, these numbers are significantly above the concentrations
found in nature and often inadequate.

In conclusion, above a certain threshold of half-life and for realistic conditions,
counting the number of atoms is often much more sensitive than counting radioactive
transformations. In the case of interfering radiation, the measurement of the atom
number is even more important, while the analysis of the isotope pattern of an element
provides additional meaningful information. Correspondingly, in many cases, RMS is
the most suitable technique for unambiguous radionuclide determination. This is par-
ticularly valid for o- and B-emitters with considerable long half-lives, where radiomet-
ric techniques are severely limited in sensitivity or are impaired by background. The
concept of RMS therefore encompasses a number of specialized inorganic mass spec-
trometry methods (Becker 2007), which are often specifically adapted and optimized
for application to individual radioisotopes as discussed in detail in the next sections.

4.3 Components of radioisotope mass spectrometry

Mass spectrometry in general is one of the earliest developed, most widely used,
and best known techniques in analytical chemistry. It combines a sequence of indi-
vidual process steps, from which the five most prominent ones are pointed out
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schematically in Fig. 4.2. Of course, this layout applies to RMS too, and the individ-
ual steps will be discussed in detail in the successive sections below.

SAMPLE TAKING AND DATA ANALYSIS
CHEMICAL SAMPLE AND
PREPARATION QUANTIFICATION
IONIZATION ks -
AND ION = =
DISPERSION DETECTION
ACCELERATION

Fig. 4.2: Principal process steps of mass spectrometry in general as well as of RMS.

4.3.1 Sample taking and chemical sample preparation

Sampling location, the choice of sample material, and the procedure of sample tak-
ing itself are critical issues for RMS, as these steps might easily introduce artificial
contaminations, interferences, or avoidable background. Correspondingly, in many
cases, initial chemical preselection of the chemical element of interest — or at least a
class of elements — is carried out prior to quantitative analysis by RMS. Conven-
tional wet chemistry, primarily involving chromatographic separation methods, is
applied frequently for conversion of the sample material into a suitable chemical
form, i.e., a wet solution of the element of interest, to allow for the subsequent
steps of efficient evaporation, atomization, and ionization.

Only in rare exceptional cases, direct sample analysis is possible. Here, for exam-
ple, laser ablation or ion sputtering is used, but online coupling techniques of chroma-
tography and mass spectrometry, in the form of a so-called hyphenation technique,
have also been implemented. Much more common, however, is the discrete combina-
tion of the two individual steps of preseparation and mass spectrometry.

4.3.2 lonization

After preparation, liquid sample material is introduced into the ion source of the
mass spectrometer, usually employing electrolytic deposition and subsequent dry-
ing; alternatively, a solid or a powder sample can be introduced directly into the
ion source cavity. A number of different techniques used for efficient ionization are
discussed below; the individual method chosen not only distinguishes but even

printed on 2/11/2023 6:44 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

4 Radioisotope mass spectrometry =—— 107

denominates the individual type of RMS. The ionization process also determines
the required chemical sample form and preparation. After ionization, the formation
of the ion beam includes the individual stages of ion acceleration and beam focus-
ing. These are usually achieved by electrostatic fields shaped to achieve a suitable
compromise between the optimum of the parameters of overall transmission (deter-
mining the efficiency), mass dispersion (determining the selectivity), and back-
ground suppression (limiting the sensitivity).

4.3.3 Mass dispersion

Mass dispersion in RMS, like in mass spectrometry, in general, is accomplished by
selection of the mass-over-charge ratio of the accelerated ions. Typical for this pur-
pose and most simple in construction and operation are static magnetic mass spec-
trometers, which use a single sector-field dipole magnet. We may discuss this
geometry as a model case here somewhat in detail. These spectrometers apply the
LORENTZ force Fy, for spatial separation

Fio =ZevB (4.1)

in a transversal homogenous magnetic field of field strength B of ions, which are
characterized by their charge of Z times the elementary electric charge e and their
velocity v. The LORENTZ force is always directed perpendicular to the ion motion and
correspondingly acts as a centripetal force Feenri:

mv2

Feentri = - (4.2)

which drives the ions onto a circular track with radius r inside the field. Here, the
individual mass m of the ions enters, and from equalizing the two forces, the radius
r of the circular path inside the magnet is easily computed as

my
r=——. 4.3

ZeB (4.3)
As a consequence, this radius in a homogeneous magnetic field is directly propor-
tional to the momentum of the entering ion, p = mv. The ion velocity may be related
to the electrostatic potential Uy of acceleration through Ey, = %mv2 =ZeUg, which
leads to the fundamental equation of mass spectrometry:

m _r’eB’

Z 22U’

(4.4)
Correspondingly, the mass over charge ratio m/Z of an ion is unambiguously re-

lated to the radius r, the magnetic field strength B, and the acceleration potential
Ug, ensuring proper mass resolution as long as different charge states can be
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separated. The bending of the ion beam in the magnetic field additionally implies a
focussing of the angular distribution of the ion beam at a specific focal plane, in
which a slit systems is installed and serves for the mass selection. By setting the
width of this slit, the acceptance of the detector system is chosen to a fraction, an
entire mass or a band of masses defining the resolution of the system, but also lim-
iting transmission and thus overall sensitivity. Recording of a mass spectrum is fi-
nally accomplished by varying one of the easily accessible parameters, usually the
magnetic field strength B, and measuring the transmitted ion current or alternatively
counting the individual ions as function of this parameter at a suitable detector. Most
common are sector field geometries with 60° or 90° deflection, which ensure favour-
able focussing conditions, in combination with a temporal scan of the magnetic field
for point-wise registration of the mass spectrum. The use of photographic plates or
spatially extended particle detectors for instantaneous recording of a full mass spec-
trum at the focal plane, as present in early mass spectrographs, has been abandoned
due to numerous shortcomings regarding sensitivity, quantification, and resolution.

There are two prominent variables that characterize the quality and specific
purpose of a particular mass spectrometry instrument: The mass resolution R is
given by

R=—o, (4.5)

where Am is the width of the mass peak at mass m, usually measured at 10% of the
peak height. It defines the quality of the mass spectrum and is a measure for the
accuracy with which a certain mass value may be determined. It is primarily de-
pending on the emittance of the ion source, which is primarily given by the spatial,
angular, and energetic distribution of the emitted ions and the value of the electro-
static potential Uy of acceleration. A high value of ® is of special relevance for in-
vestigation of complex molecules with high mass numbers well above 10,000 u,
while for RMS, which is uniquely carried out on atoms and thus deals with maxi-
mum mass numbers well below 300, a mid-size mass resolution around ¥ =500 to
1000, as typical for sector field type spectrometers, is by far sufficient to completely
separate neighboring masses. On the other hand, the mass resolution does not con-
tain any information on the shape of and, in particular, about the outer wings of a
mass peak. Accordingly, it is not a good indicator for the selectivity of a mass spec-
trometer, which is limited by the admixtures of contributions of either one of the
two neighboring masses m + 1 and m — 1 on the mass peak at mass m. This contribu-
tion is described by the second characteristic quantity, the abundance sensitivity
(AS), defined by

(4.6)
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The abundance sensitivity may either be determined from the height H (as given) or
from the area A of the neighboring mass peaks and, for asymmetrical peaks, may
well be different for the left-hand side, corresponding to H,,.;, or the right-hand
side, corresponding to H,, ;. The value of AS indicates the minimum abundance
with which a specific trace isotope of mass m can be determined next to a signifi-
cantly more abundant neighboring isotope of mass m + 1 or m — 1, respectively, as a
quantity with negative exponent. The reciprocal value, S =1/AS, given with positive
exponent, is identified with the particular selectivity of a given mass spectrometric
method.

Further developments and refinements of magnetic mass analyzers addressing
the optimization of those characteristic quantities & and AS, include the combina-
tion with an electrostatic energy analyzer for the ion beam. In this way, a double-
focusing sector field mass spectrometer with considerably higher mass resolution in
the order of up to %% =100, 000 is formed.? It also allows for focussing both the angular
and the momentum distribution of the initial ion beam from the ion source through
the dispersive element and onto the detector, minimizing losses at the slit system.

Alternatively, dynamic mass spectrometers exploit the stability of ion trajectories
in alternating electromagnetic fields in the radiofrequency (RF) range. Using a super-
position of an electric alternating RF and an electrostatic (DC) potential, which are
applied to precisely shaped electrodes, a two-dimensional quadrupole mass filter or
a point-symmetrical three-dimensional ion trap is formed, in which ion oscillation
and movement are determined by the mass-to-charge-ratio and can be analyzed ac-
cordingly. In both cases, specifically high abundance sensitivity in the order of 10®
and beyond can be achieved. The general principle of these devices and their use for
mass spectrometry were demonstrated for the first time by Wolfgang PAuL, who was
honored with the Noble prize for this ground-breaking development, offering wide-
spread applications in analytics as well as in fundamental research and high preci-
sion studies (Paul 1990). A combination of an electrostatic field with a parallel strong
magnetic field also leads to a trapping geometry denoted Penning trap, which often
is the central component of a Fourier-transform ion cyclotron resonance mass spec-
trometers, in which highest resolution of & up to 2,000,000 is achieved by measuring
the mass-dependent cyclotron frequency of the trapped ions. It is primarily used for
applications in biochemistry and medicine, i.e., in proteomics or metabolism. Mean-
while, the fully electrostatic Orbitrap geometry, where the ions spiral multiple times
around a central inner spindle-like electrode, has been developed, which also leads
to an ion trap arrangement providing highest mass resolution with significantly re-
duced experimental effort.

8 Realized, e.g., as a MATTAUCH-HERZOG or NIER-JOHNSON-type mass spectrometer, they provide
both spatial and energetic focusing and separate interfering components for most of the well-known
“difficult” elements.
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A completely different approach of mass spectrometry utilizes the precise re-
cording of ion flight times along a given field-free drift length in a time-of-flight
mass spectrometer (TOF-MS) apparatus. This device either involves a pulsed ion
source, e.g., realized by a pulsed laser or gas inlet nozzle, while alternatively a
pulsed acceleration field may be applied. In both cases, acceleration of the ions
must be performed in an arrangement of a two-stage acceleration formed by electro-
des with consecutive well-adjusted field gradients followed by the field-free drift
length. In this way, a time focus with isochronic arrival of all ions of a given mass is
achieved at a specific position, where the detector must be positioned. The total
flight path length defines the achievable mass resolution. The latter can signifi-
cantly be improved in a reflectron arrangement by using an electrostatic ion mirror
about half the way along the path. In this way, influences resulting from the initial
spatial spread and energetic distribution of the ions, caused by the ionization pro-
cess, are widely compensated. In general, particularly fast and powerful data han-
dling and acquisition for the multitude of full mass spectra registered in a short
time period is required for TOF-MS.

In summary, the choice of the dispersive element in RMS depends on the spe-
cific analytical problem, which primarily dictates the required properties of the ion-
ization process, but in most cases, is not really critical and may consider different
arrangements. Highest experimental expenditure is caused by involving resonant
laser radiation for the ionization process, by implementing a superconducting mag-
net, or by even using a high energy particle accelerator for providing highest speci-
fications regarding the mass spectrometer performance. Here, a balance between
the aspects of highest selectivity, corresponding to abundance sensitivity, highest
efficiency, determined by the ionization probability and the spectrometer transmis-
sion and resolution in the spectrum must be made. As expected, those techniques
with highest expenditure deliver ultimate specifications.

4.3.4 lon detection

In the easiest way, quantitative ion detection on the selected mass is carried out by
a direct and very sensitive ion beam current measurements. Using electrically well
shielded collectors in the form of a so-called FARADAY cup together with high sensitiv-
ity amplifiers and amperemeters, currents in the 1072 to 10> A range may well be
recorded quantitatively, but influences from electronic noise and unspecific back-
ground must well be controlled. Individual counting of ions yields optimum sensitiv-
ity with detection of individual ions. Single ion counting is performed either in a
discrete secondary electron multiplier (SEM), a single-channel continuous ion detec-
tor (channeltron), or in a channelplate with a multitude of identical channels. Also,
multicollector arrangements with a set of 8 or more individual detectors are in use
while the traditional setup of a highly sensitive photographic plates is outdated.
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Nevertheless, all these highly sensitive devices are also affected by background,
stemming from the electronic components but additionally from scattered ions, vaga-
bonding electrons, and radioactive decay processes within the vacuum chamber of
the spectrometer.

4.3.5 Data analysis and absolute quantification

The recording of mass spectra generally requires computerized data acquisition and
process control. Analytical results are extracted from the spectra and deliver overall
content and/or isotopic abundances of one or numerous elements of relevance in the
sample by comparison of peak heights or areas. A particular challenge is the correct
quantification of the absolute content of a species, i.e., one or more radionuclides of
interest, in the initial sample from the measured count rates. For this purpose, differ-
ent calibration routines have been developed. Very typical is the deliberate addition
of a known amount of a tracer isotope of the element of interest, called a spike,
which is used as an internal calibration standard for isotope dilution techniques. A
further issue is the necessary deconvolution of molecular compounds, which might
have similar mass and correspondingly mimic a peak of a radionuclide of interest in
a spectrum. Their occurrence must either be prevented, e.g., by dissociation along
the analytical determination process or distinguished by utilizing known isotope ra-
tios. Correspondingly, a specific subset of dedicated techniques of inorganic mass
spectrometry is found to be most suitable for radioisotope determination in RMS,
which are used either in a very standard way or, for selected cases, in specifically
adapted versions (Becker 2012). A somewhat quantitative comparison of the different
experimental approaches discussed below will be attempted based upon the two rele-
vant key factors: the analytical sensitivity and the selectivity.

Analytical sensitivity reflects the achievable level of detection (LOD) for a given
species, i.e., a certain radioisotope of relevance in a sample. It is primarily deter-
mined by the overall efficiency of the method in respect to any kind of background,
no matter if specific or unspecific. Quantitatively, the LOD is defined as the lowest
quantity of a substance that can be distinguished from a blank (i.e., its absence)
with a given statistical probability. The latter is determined by the count rates of
the (wanted) signal and the (unwanted) background. Its numerical value is usually
taken as the relative standard deviation (RSD) of the data, which is obtained from a
statistically significant set of identical measurements according to mathematical
statistics. The RSD also defines the significance of the results of this technique. A
rough estimate on the overall efficiency may be made using assumptions on the
performance of the individual process steps, while a quantitative measurement re-
quires the use of a calibrated standard as initial sample and implies the quantitative
assessment of the integrated ion counts at the detector.
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In this context, special care must be taken to properly distinguish between the
precision of an analytical technique, which specifies only the reproducibility of re-
sults and the accuracy, which represents the absolute correctness of the data,
which may only be verified through an independent error-free method.

As already discussed above, in the general field of mass spectrometry, the selec-
tivity is given by the reciprocal of the isotopic abundance sensitivity of the method.
On the other hand, isobaric interferences from molecular or even atomic species of
similar mass may play a major obstructive role. For some of the techniques men-
tioned below, they are completely unpredictable and may obscure results signifi-
cantly, in particular close to the LOD. Correspondingly, these contaminants must
either be removed beforehand, e.g., by proper sample preparation and presepara-
tion using classical wet chemistry or chromatographic techniques or investigated in
detail in independent measurements and properly taken into account during data
analysis.

4.4 Individual mass spectrometric systems for RMS

Radioisotope mass spectrometry basically comprises the full range of inorganic
mass spectrometer types. The selection of a particular system is governed by the
sample material, the matrix, and the required specifications for sensitivity and se-
lectivity. Most significant differences of the techniques concern the required chemi-
cal form of the sample, the sample supply, and the ionization process. As pointed
out above, the specific choice of the dispersive element is a less important technical
issue, which nevertheless affects the achievable sensitivity and selectivity. Disturb-
ing background, caused by atoms, molecules, atomic clusters, which all might be
present in highest surplus, or unspecific causes requires to configurate the specific
mass spectrometric approach for highest selectivity in the suppression of these
interferences.

A straight introduction of solid-state sample material preventing chemical sample
preparation is possible in so-called direct mass spectrometric analysis using detach-
ment by a primary particle beam or laser ablation, as carried out, e.g., in glow-
discharge (GD), secondary-ion (SI), or laser ablation (LA) mass spectrometry (MS).
For specific studies, these specific processes prevent the possible introduction of ad-
ditional contaminations, which might occur during necessary preparations step for
conventional MS. In addition, direct MS gives access to the analysis of smallest par-
ticles, which cannot be treated conventionally. On the other hand, pre-treatment is
necessary for a number of dedicated applications, e.g., by removing isobars, and, in
particular, for the most sensitive techniques, as there are thermal ionization (TI), res-
onance ionization (RI), or accelerator-based (A)MS techniques. Specifically, in aque-
ous solutions, isobaric interferences cannot be excluded completely, for instance, for
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inductively coupled plasma (ICP-)MS. However, proper quantification is much more
difficult in direct solid-state mass spectrometry than for chemically treated liquid
samples, as suitable calibrated reference materials are often not available.

Concluding these considerations, the most prominent RMS techniques in use
are listed in Tab. 4.2.

Tab. 4.2: Important types of radioisotope mass spectrometers.

Abbreviation Type Applied usually to

TIMS Thermal ionization mass Small volumes (=10 pl) of liquid solution deposited on
spectrometry a filament

GDMS Glow discharge mass Solid or powder samples
spectrometry

SIMS Secondary ion mass Solids, particles, and surfaces
spectrometry

ICP-MS Inductively coupled plasma Realized also in combination with laser ablation
mass spectrometry techniques (LA-ICP-MS)

RIMS Resonance ionization mass  Small volumes (=10 pl) of liquid solutions deposited
spectrometry on a filament, also in combination with sputtering as

direct technique secondary neutral mass spectrometry

AMS accelerator mass Powder samples
spectrometry

The very specific and sophisticated techniques of RIMS and AMS presently are con-
sidered primarily for mono-elemental — or even mono-isotopic — ultratrace analysis
of highest specifications regarding sensitivity, selectivity, and determination of pre-
cise isotope ratios spanning many orders of magnitude. The other four “conven-
tional” methods of RMS in the table represent sensitive multi-element techniques,
which permit for general determination of concentrations and no too extreme iso-
tope ratios. In this way, isotopic compositions of trace and ultratrace elements be-
come accessible. LODs for the overall content of a radioactive element or a certain
radioisotope in a sample are generally in the concentration range of ng to sub-ng
per g of sample material for solids and down to sub-pg/1 for aqueous solutions. Pre-
cisions down to 10~ RSD have been demonstrated for isotope ratio measurements
in particular sample materials. Here, RSD is given by the standard deviation of re-
sults divided by the mean of the isotope ratio value. The achievable precision for
AMS data is similar, while for RIMS, it is limited in the low percent range due to
unavoidable fluctuations in the laser ionization process. Anyhow, LODs for the ul-
trasensitive techniques of RIMS and AMS are usually given as absolute atom num-
bers per sample with typical values of 10° atoms, corresponding to few fg, for RIMS
down to 10* atoms, i.e., some atg, for AMS, respectively.
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The abbreviations of the mass spectrometric methods, as given in Tab. 4.2, are
chosen according to the evaporation, atomization, and ionization processes used,
which also determine the chemical form of the sample accepted. For the analysis of
compact solids and powder samples, evaporation and atomization are possible via
various processes affecting the surface structure. These include thermal heating,
laser ablation, or sputtering by interaction of a plasma, electron beam, or ion bom-
bardment and may all already lead to some rate of ionization. Nevertheless, the effi-
cient and deliberate ionization of the evaporated atomic species often require
additional efforts: electron impact in a plasma or by an electron beam, surface ioni-
zation on a hot refractory metal filament, or optical multiphoton excitation with
laser light are some possibilities. In more conventional ion sources, a separation of
the evaporation, atomization, and ionization processes is not possible, e.g., for sin-
gle-filament TIMS, GDMS, SIMS, ICP-MS, or AMS, where sputtering is used to pro-
duce negative ions. Distinct post-ionization on atoms is used in LA-ICP-MS, RIMS,
and secondary neutral mass spectrometry (SNMS).

Specialities and application fields of the six specific techniques for RMS
of Tab. 4.2, which are applied for the determination of particular long-lived ra-
dionuclides and isotope ratio measurements are described in the following.

4.4.1 Thermal ionization mass spectrometry (TIMS)

The release of neutral atoms or charged ions from hot surfaces in thermal equilib-
rium relies on energetic considerations as given by the BOLTZMANN constant kg of
thermodynamics.’ According to the SAHA-LANGMUIR equation, the ratio of singly
positively charged ions to the neutral species is

N. _8+ .e(We_ID)/kBT) 4.7)
No 2o
where the statistical weights g, and g, are given by the multiplicity'® of ionized and
neutral ground state, I, is the first ionization potential of the element under study,
and W, is the work function of the surface material.
For the formation of singly charged negative ions, the rather similar formula of
(4.8) applies, primarily changing the sign of the exponent and replacing the ioniza-
tion potential I, by the electron affinity E,.

N- _ 8 gmawer it (4.8)
No 8o

9 The BOLTZMANN constant bridges the energy of an individual particle level with temperature: kg =
8.617 - 10°eVK ™.
10 Cf. Chapter 1in Vol. I, eq. (1.27).
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In both cases, T is the absolute temperature of the filament used for ionization, while
often the sample is evaporated from an independent atomizer filament on somewhat
lower temperature used to decouple the processes of evaporation/atomization from
ionization. The work function W, determines the electron emission or absorption of
the metal surface that initiates the ionization process. At filament temperatures of
1500 to 2300 K, all elements with ionization potentials below 7 eV, i.e., alkali, alkaline
earth, lanthanide, and actinide elements,' are efficiently positively ionized from
high temperature refractory metal surfaces of Ta, Re, or W. These materials have high
work functions of 4.30 to 4.98 eV. For elements with higher first ionization potential,
dedicated ion emitting reagents like silica gel with H;PO, and/or H3BO; are added for
the formation of metal complex MeO; ions."

Thermal ionization mass spectrometry, as schematically sketched in Fig. 4.3, is
particularly well suited for precise isotope ratio measurements with accuracies up to
1074, no matter if concerning stable or radioactive isotopes. Careful sample prepara-
tion using ultrapure reagents minimizes isobaric contaminants. Quantitative determi-
nation of isotope ratios and absolute contents of radioisotopes may be hampered by
isotope fractionation, which takes place due to a slight change of the ionization prob-
ability along a series of isotopes of one element. Attempts for correction use conven-
tional isotope dilution techniques based on well-known isotope ratios by spiking
with isotope tracers (Platzner 1997). Disturbing influences from fluctuations in the
ion source operation are minimized by applying fast switching routines between iso-
topes or by using sophisticated multicollector detectors which enable parallel deter-
mination of ion currents or counts on several close lying isotopes.

SURFACE IONIZATION MASS DISPERSION ION DETECTION

magnetic secondary electron

acceleration . -
/ ‘ sector field multiplier

— 1N
atomizer

H
filament

Fig. 4.3: Schematic view of a thermal ionization mass spectrometer with a double filament ion
source, typical for alkaline earth, lanthanide, and actinide elements, for which the temperatures
for evaporation and ionization are significantly different. HV = high voltage.

11 Cf. Chapter 1in Vol. I, Fig. 1.11.
12 In contrast, negative ion production is not common in radioisotope mass spectrometry and will
not be discussed here.
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Applications of TIMS are manifold. Examples include the routine determination
of U isotope abundances in natural U ore samples, carried out, e.g., by the Institute
for Reference Measurements and Materials IRMM of the European Commission in
Geel, Belgium as well as the investigation on unintentional lowest dose Pu intake
by workers, which was measured in urine samples, e.g., at Los Alamos National
Laboratory. Sensitivity in the order of 1fg Pu per liter of sample material has been
demonstrated, which ensures the determination of whole-body concentrations as
low as 100 fg, corresponding to a minimum detectable total incorporation of about
108 Pu atoms in a human body. This is orders of magnitude below the LOD of radio-
metric techniques using a-spectrometry or whole body counters.

4.4.2 Glow discharge mass spectrometry (GDMS)

The principle of a glow discharge ion source, operating at a pressure of around
1mbar (10 Pa) of argon as discharge gas, is based on Ar* ion formation and acceler-
ation in the low-pressure plasma environment. By the impact of the Ar* ions onto
the source container, which acts as cathode, sputtering processes on the sample de-
posited there take place and lead to formation of free atoms. These sputtered neu-
tral species are ionized in the same plasma via electron impact. The broad energy
distribution of the released ion ensemble implies the use of double-focusing mass
spectrometers with selection of both the individual mass-to-charge and energy-to-
charge ratio of each ion to give a meaningful mass spectrum.

A schematic drawing of a GDM spectrometer is shown in Fig. 4.4. Depending on
the sample composition, either direct current (dc) or radiofrequency (1f) discharges
may be used. Due to charging effects on the sample surface, the analysis of noncon-
ducting materials is often obstructed, and admixture of graphite powder to the sample
material, the use of a secondary cathode, or a dedicated radiofrequency discharge is
required.

GLOW DISCHARGE MASS DISPERSION ION DETECTION
accele- magnetic secondary electron
ration sector field multiplier

plasma 1 _/_ 1 — ~—— )
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Fig. 4.4: Schematic picture of a glow discharge mass spectrometer, typically using a magnetic
sector field mass analyzer and a Faraday cup or secondary electron multiplier for detection.
HV = high voltage.
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GDMS is very powerful for efficient and direct trace analysis of solid-state sam-
ples (Harrison 1988). In RMS, it has found widespread application for the compre-
hensive characterization of nuclear samples. It has been applied in the fields of
nuclear technology and research for characterization of fuel elements, cladding ma-
terials, nuclear waste glasses, and smuggled undeclared nuclear materials, even
addressing higher-level activities. In the latter case, it is necessary to fully enclose
the GDMS, operate it in radiation protection areas, and control any waste gases for
emitted radioactivity.

One main interest is the determination of the elemental and isotopic composi-
tion of all these materials, especially regarding concentrations of uranium, pluto-
nium, and minor actinides, as an indicator of its origin and nuclear burnup. A
comparison with TIMS and ICP-MS showed that GDMS is well competitive in terms
of precision and accuracy for these elements. Nonconductive uranium and pluto-
nium oxide compounds are investigated by adding a conducting host matrix, i.e.,
tantalum or titanium powder (Betti 2004).

GDMS has also been applied by the same authors for migration studies of radio-
nuclides in the environment as a major aspect in safety assessments for nuclear
waste repositories. An example is the determination of ’Np or #*°U in Irish Sea
sediment samples with detection limits in the pg/g range; in which the finding of
both isotopes clearly indicates the presence of irradiated nuclear fuel.

4.4.3 Secondary ion mass spectrometry (SIMS)

Secondary ion mass spectrometry (SIMS) is based on generation of ions by the inter-
action of a well-focused primary ion beam, which impinges on the solid analytical
sample with an energy in the range of about 1-25 keV. Depending on energy and
species of the primary ions, which could be Ar*, 0,7, O, , Cs", Ga*, or few others,
and the nature of the sample, the ions penetrate into the solid substance to depths
between 1 and 10 nm. The impact of their kinetic energy on the atoms of the solid
causes sputtering of both positively and negatively charged “secondary” ions as
well as of neutral particles from the microscopic crater formed at the interaction
spot. By a dedicated acceleration potential typically in the order of 10 kV and ion
optical beam shaping, the released ions of either charge state may be extracted for
transfer into and analysis in the subsequent mass separator.

For a specific element, the production yield of secondary ions depends on the
ionization potential and, in addition, on particular properties of the sample mate-
rial such as its chemical composition or structure. Different operational regimes of
SIMS use either very low or alternatively rather high primary ion current density.
The latter “invasive” technique is applied as “dynamic” SIMS for fast layer-by-layer
erosion, depth profiling studies, and direct analysis of microparticles. It allows for
three-dimensional characterization and imaging of the sample composition by
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scanning the well-focused primary ion beam over the surface in combination with
depth profiling. Alternatively, quasi nondestructive “static” SIMS with low primary
ion currents provides highest lateral resolution below 0.5 pm through dedicated ion
optical focusing of the primary ion beam and well-adapted extraction of the second-
ary ion beam. A schematic presentation of the source region of a secondary ion
mass spectrometer is given in Fig. 4.5.

SPUTTERING ION SOURCE

primary ion beam

/é'f.if@/ secondary
o & / jon beam
| A
E, f n—O—O—— O —— =>
w

\_ towards mass

spectrometer Fig. 4.5: Schematic sketch of the ion source
region for secondary ion mass
spectrometry. HV = high voltage.

Similar to GDMS, the broad energy distribution of the ions released by the sputtering
process requires the use of either static double-focusing or dynamic TOF mass spec-
trometers. For the latter, a fast switching of the primary ion beam provides the re-
quired pulsed ionization. In both cases, very high mass resolution of up to i =
10,000 and detection limits in the ng/g to pg/g range have been demonstrated.

The quantification of analytical results obtained by SIMS requires the use of rel-
ative sensitivity coefficients (RSC), which depend on parameters like primary ion
beam quality, physical and chemical properties of the element under study, compo-
sition of the sample matrix, and charge state distribution of the secondary ions.
These have to be determined by the use of standard reference materials and limit
the accuracy of the method somewhere in the percent region.

Due to the high lateral resolution, the application of SIMS to RMS focuses on the
identification and analysis of particles including their radioactive inventory. Further
examples for SIMS applications include the characterization of environmental samples
including the distribution of interspersed natural radioisotopes, localization of con-
taminations originating from nuclear medical applications (°*®Tc, °Sr, and 7°Br) or
from the nuclear fuel cycle, investigations on surface contaminations, depth profile
measurements on nuclear and shielding materials as well as general material science
studies concerning on radioisotope content, e.g., for use in semiconductor industry.

The identification of individual hot particles of uranium and other actinides in
respect to their isotopic composition is important for environmental monitoring, non-
proliferation verification in nuclear safeguarding, and nuclear forensic studies. Hot
particles with diameters of ~10 pm can be transported as aerosols over long distances
and are recovered in environmental and swipe samples. Isotopic compositions in

printed on 2/11/2023 6:44 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

4 Radioisotope mass spectrometry =— 119

those particles can be measured with accuracies and precision of 0.5% by SIMS. Ap-
plication of the latest generation of SIMS instruments with lateral resolution in
the range of down to =100 nm, presolar micrograins in meteorites were investi-
gated on their "'B/'°B and ®Be/!B compositions. These indicated intense inci-
dents of y-ray radiation in the very early solar system, which help understand the
processes that led to its foundation.

4.4.4 Inductively coupled plasma mass spectrometry (ICP-MS)

Inductively coupled plasmas produce flame-like electrical discharges under at-
mospheric pressure, which provide highly efficient vaporization, atomization,
and ionization of mainly all elements of the Periodic Table (Montaser 1998). Usu-
ally, the plasma is formed in a stream of 8 to 20 1/min of argon gas, flowing
through an assembly of concentric quartz tubes denoted as plasma torch. Radio-
frequency power in the kilowatt range at typical operation frequencies of 27 or
40 MHz ignites the plasma and ensures high-energy electron bombardment. Temper-
atures of the ions around 6000 K are reached, while the electrons in the plasma gain
additional kinetic energy corresponding to even higher electron temperatures. High-
est efficiency is obtained in ICP-MS through nearly complete ionization of all species
from the liquid sample material. The latter is introduced by nebulization centrally
into the torch within the central stream of the argon carrier gas. The introduction of
the ions formed under atmospheric pressure conditions in the plasma torch into ul-
trahigh vacuum of the mass spectrometer chamber is carried out via very narrow gas
inlet apertures and a differentially pumped interface including a sampler and skim-
mer unit as sketched in Fig. 4.6. Frequently, the ICP is combined with a compact
quadrupole mass analyzer, which permits suitable operation also under not fully sat-
isfying vacuum conditions.
INDUCTIVELY COUPLED PLASMA IONIZATION
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Fig. 4.6: Principal components of a quadrupole ICP-MS system. lons are created in the plasma
torch and transferred into the quadrupole mass spectrometer through the differentially pumped
inlet system and interface.
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The sampler forms the first differential pumping stage; an exit aperture of typi-
cally 1 mm diameter in combination with strong vacuum pumps results in a pres-
sure reduction from atmosphere down to ~5 mbar. The still smaller skimmer orifice
is located somewhat later downstream for optimal extraction of the analyte ions
into the ultrahigh vacuum of the mass spectrometer via transfer ion optics.

In ICP-MS, the introduction of the sample into the plasma is most essential.
Liquids are dispersed into fine aerosols using either pneumatic or ultrasonic nebu-
lizers. An analyte transport efficiency of typically 5% is obtained for conventional
solution uptake rates of about 1 ml/min. For microsamples and well-adapted nebu-
lizers with flow rates as low as only a few pl/min, transport efficiencies up to almost
100% can be achieved. In general, ICP-MS enables rather universal detection of a
wide range of elements in various matrices at major, minor, trace, and ultratrace
concentration level, also supported by preceding dissolution of solid samples into
liquid form. Correspondingly, it has become the workhorse for inorganic mass spec-
trometry and is also omnipresent in RMS. As a further advantage, the liquid sample
introduction for ICP-MS offers the very convenient opportunity of a direct combina-
tion of chromatographic preseparation steps leading to a hyphenated technique.
Using ion or liquid chromatography or alternatively capillary electrophoresis, a de-
tection limit in the low ppb range and precisions in the range of 1% are obtained,
most often limited by unavoidable isobars or interferences from the plasma.

As an alternative sample preparation step, laser ablation (LA) is used for efficient
evaporation of solid samples in ICP-MS. The plume of vapor and particulate matter
from the pulsed laser laser-surface interaction is transported from a specific LA cham-
ber into the plasma torch for atomization and ionization, as sketched in Fig. 4.7. LA-
ICP-MS addresses a wide variety of materials including conducting and nonconducting
inorganic and organic compounds both accessible as solid or powder. In addition to
conventional bulk analysis, well-focused LA also permits for sampling of small areas
in microanalysis or for spatially resolved studies (Gray 1985).

laser beam ICP-MS FRONTEND

inductively
LASER ABLATION  coupled plasma

Fig. 4.7: Principle of LA-ICP-MS coupling. Interaction of a focused laser beam onto a solid surface
ablates and evaporates species from the sample. The ablated material is transported using the
argon carrier gas into the inductively coupled plasma torch for ionization. RF = radio frequency,
HV = high voltage.
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An effective approach of ICP-MS uses a combination of the ICP ion source with
a high-resolution double-focusing sector field mass analyzer. This configuration al-
lows for significant reduction of spectral interferences in the elemental analysis
and thus permits the operation of the plasma torch in its optimum “hot” mode, in
which interferences are abundant but also the strongly disturbing effect of oxide
formation is strongly reduced in respect to a low background “cold” plasma. High-
resolution ICP-MS thus is one of the preferred methods for multi-element investiga-
tions on low trace and ultratrace level in complex matrices as well as for precise
measurements of isotope ratios.

A further upgrade of the ICP-MS technology implies the introduction of a colli-
sion cell into the mass spectrometer ion beam path. This device serves to dissociate
disturbing molecular ions, to reduce the kinetic energy distribution of the ions, and
to neutralize a major share of the disturbing argon ions of the plasma significantly
reducing spectral interferences. It also results in higher ion transmission improving
sensitivity and higher precision of isotope ratio measurements (Diez-Fernandez
2020). The most important technical refinement for isotope ratio measurements by
sector-field ICP-MS was the implementation of a multiple-ion collector device, re-
sulting in a precision of up to 0.002% in relative isotope abundances.

Already by using conventional low-resolution ICP-MS, the determination of
205y, 137Cs, lanthanides, and actinides is possible even in the presence of consider-
able isobaric interferences. In the determination of the radioisotopes of Cs at their
nominal masses of 134, 135, and 137, for example, interferences by the natural iso-
baric isotopes of **1%>137Ba are efficiently eliminated. A quantitative detection
limit of 16 pg/g for total Cs with a precision of 2.5% at concentration levels of
100 ppb was demonstrated. For the isotope ratio **Cs/**’Cs, a similar precision was
achieved.

Soil samples from the former Semipalatinsk nuclear test site in Kazakhstan were
investigated by ICP-MS in order to determine plutonium contamination levels to-
gether with isotope ratios at levels around 0.1 pg/g. *°Pu/?*°Pu ratios of 0.036(1) and
0.067(1) were measured in different samples and 2**Pu/?°Pu ratios of 0.000048(4)
and 0.00029(5), respectively, showing the high precision of the technique. These val-
ues are significantly lower than values commonly accepted for global fallout from at-
mospheric nuclear weapons tests, which might indicate a specific composition of the
nuclear explosive or additional sources of the Pu contamination.

The direct measuring capability of LA-ICP-MS was investigated on long-lived Th
and U radionuclides in nonconducting concrete matrices as a very common mate-
rial for nuclear waste packages. Thereby LODs in the low pg/g range were deter-
mined. This study also served to compare different calibration procedures, i.e.,
correction of analytical data by RSCs, the use of predetermined calibration curves,
and calibration by coupling with an ultrasonic nebulizer. In high purity water, a
detection limit for uranium in the lowest fg/ml range was achieved.
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In comparison to the other conventional techniques of RMS, ICP-MS is one of
the most sensitive techniques specifically regarding low-level long-lived radionu-
clide analysis in rather pure matrices, where interferences can be widely avoided.
Correspondingly, it has also been frequently used for the pre-screening of materials
to be employed in the framework of rare event searches, e.g., in detector material
used in deep underground laboratories for investigations of properties of neutrinos
or dark matter (Marchegiani 2021).

4.4.5 Resonance ionization mass spectrometry (RIMS)

For a variety of studies, e.g., on environmental or geological samples, the conven-
tional methods of RMS discussed so far are limited in their performance and appli-
cability. This is caused by the occurrence of isobaric interferences or by a surplus of
strong neighboring masses due to the limited abundance sensitivity of the mass
spectrometer. By applying a resonant optical excitation and ionization only to spe-
cific analyte atoms using laser light tuned to the unique resonance lines of this ele-
ment, the ionization process in resonance ionization mass spectrometry (RIMS)
removes these boundaries and introduces highest elemental and - for selected
cases with dedicated experimental arrangements — even supplementary isotopic se-
lectivity to the mass spectrometric process (Letokhov 1987). The resulting notable
properties of resonance ionization in combination with subsequent mass spectrom-
etry are:
— highest, almost complete suppression of any atomic and molecular isobaric in-
terference in the sample;
- good overall sensitivity in the fg-range (~10° atoms/sample);
— feasibility of ultra-high isotopic selectivity up to 10" (by adding selection
through optical isotope shifts in the atomic transitions to the abundance sensi-
tivity of the mass spectrometer).

However, as a drawback and in contrast to other mass spectrometric methods,
RIMS is not easily suitable for multi-element analysis but restricted to single-
element determination. The principle of resonant ionization is shown in Fig. 4.8.
The sample atoms are evaporated in ultra-high vacuum from a metallic filament
into a beam or form a vapor inside a atomizer cavity. Starting from the atomic
ground state or a thermally populated, still low-lying excited state, the free atoms
are resonantly excited into a high-lying atomic state by step-wise absorption of pho-
tons from different lasers, which are well tuned to the individual optical transition.
Typically, the first excitation step in the blue and the second one in the red spectral
region are required. Ionization of the highly excited atoms can be performed in dif-
ferent ways by photons from another laser: either nonresonantly raising the overall
excitation energy beyond the ionization potential or resonantly populating a so-
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ionization continuum A

ION* -
> Fig. 4.8: Principle of three-step resonant excitation
m T g and ionization of an atom by laser light. lonization
w into an auto-ionizing state situated above the
E ionization potential (/) is given on the left side,
A resonant population of a high-lying RYDBERG state,
m and subsequent ionization on the right side. The
vertical error indicates the increase in excitation
ATOM - energy.

called auto-ionizing state situated above the first ionization potential of the atom.
Alternatively, high-lying bound atomic, so-called RYDBERG states just below the ion-
ization potential, may be populated and are subsequently ionized, e.g., via an elec-
tric field, black body radiation, far infrared photons, or by gas-kinetic collisions.

The resonant absorption of a photon by an atom exhibits a very high cross sec-
tion of

AZ

o ~10°cm?, (4.9)

Oopt =
and the excitation probability per optical step may be estimated using the simple
relation

Wopt: Oopt * NMphoton * Lint- (4.10)

State-of-the-art tunable laser systems deliver photon fluxes of nppoton = 10*°~10*®
photons, either per second for continuous operation or alternatively within a short
pulse (=10 ns) for pulsed laser systems. Correspondingly, if interaction times in the
order of t;,; = 1 ps are arranged, the resonant optical excitation steps are “saturated”
with optimum efficiencies near 100%. The bottleneck of the resonance ionization
process is the final ionizing step. It exhibits much lower cross sections around
1077-107" cm? for the ionization into the continuum, while for auto-ionizing or
RYDBERG states the overall ionization efficiency is increased significantly. Values up
to 50% and beyond have been demonstrated on calibrated test samples.

In general, power, tunability, spectral stability, and bandwidth of the laser ra-
diation are crucial factors of the RIMS technique and must be optimized in order to
achieve highest performance. In particular, the spectral bandwidth in respect to the
natural line width of the individual optical transitions influences both the optical
selectivity and the overall efficiency.
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4.4.5.1 Pulsed laser RIMS

For only moderate demands on isotopic selectivity, pulsed laser RIMS is used to en-
sure complete saturation of all optical excitation steps and the ionization for high-
est efficiency and analytical sensitivity. Pulsed laser ionization is ideally combined
with mass separation by a time-of-flight mass spectrometer, for which the short
laser pulse precisely defines the start signal and the ion arrival at the detector gives
the stop signal for mass identification. Temporal and spatial overlaps of sample
evaporation and laser pulses are critical and must be properly adjusted for well-
resolved mass spectra.

Low repetition rate pulsed lasers operating in the 10 Hz regime are used to-
gether with well-synchronized pulsed laser ablation in the field of fundamental re-
search on short-lived radionuclides. Unfortunately, this process is critically affected
by insufficient pulse-to-pulse stability of power and spatial profile of the lasers pre-
venting quantitative analytical application. In combination with continuous and
smooth evaporation of an analytical sample by resistive heating from a filament or
cavity, the use of high repetition pulsed lasers operating at around 10 kHz pulse
rate is required for minimum losses. Well-controlled operation of such a laser sys-
tem with up to three spectrally precisely tuned and temporally well-synchronized
lasers is rather sophisticated and has so far restricted the use of RIMS to only a few
research laboratories worldwide. Nevertheless, this approach, at a reflectron TOF-
MS, as sketched in Fig. 4.9, is routinely used for ultratrace determination of pluto-
nium and neptunium as well as of °*®Tc in environmental and biological samples.

—————————————————— ~
( TUNABLE { resonance ionization REFLECTRON - TOF
LASER SYSTEM MASS SPECTROMETER

acceleration
. .
Laser1 . .

Laser 2

reflectron

Laser 3

channel plate ion detector ion mirror

Fig. 4.9: Sketch of pulsed-laser RIMS with a reflectron time-of-flight mass spectrometer (TOF-MS)
as used, e.g., for sensitive determination of plutonium and other actinides.

The necessary procedure for the particular case of Pu isotopes includes chro-
matographic preseparation from the sample for electrolytic deposition as hydroxide
on a tantalum filament. For quantification, a known spike of a tracer isotope — usu-
ally ***Pu (t72=8.00 - 10” a) - is added to the sample prior to the chemical treat-
ment while for monitoring of the chemical yield by a-spectrometry, a second spike
of °Pu (¢ = 2.858 a) might be added, too. For efficient chemical reduction of Pu to
its metallic form and for smooth atomization inside the vacuum recipient at around
1300 K, the filament is covered with a pm-thin titanium layer by sputtering. After
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selective resonant ionization, the ions are mass selected and detected in a reflectron
TOF-MS system.

For highly selective direct and spatially resolved RMS, the very powerful hyper-
nathed technique of secondary neutral mass spectrometry (SNMS) has been devel-
oped by the combination of sputtering with post-ionization via RIMS. The set-up is
based upon a conventional SIMS device, which is upgraded by a suitable laser sys-
tem. Secondary ions from the sputtering process are fully suppressed by pulsed
electrostatic deflection, and remaining neutrals in the interaction region of the de-
vice are resonantly ionized for mass selection in a TOF-MS. The set-up permits for
element selective analysis of smallest aerosol and hot particles as well as depth pro-
files or localized surface contaminations. The example of an 8-pm diameter hot par-
ticle, collected from the red forest of Chernobyl and shown in the inlay as an
electron microscopy image, is given in Fig. 4.10. It shows the inventory and the ra-
tios of the isotopes #%-24*-?41:242py The technique is also extended to minor actinide
isotopes, e.g., for *?’Am determination (Bosco 2021).
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Fig. 4.10: Plutonium inventory of the 8 ym diameter hot particle shown in the electron microscopy
inlay as obtained by SNMS. Lasers in resonance for plutonium (red), laser off-resonant showing
uranium backgrounds (blue).

4.4.5.2 High-resolution RIMS

The method of high-resolution (HR)-RIMS offers ultimate isotopic selectivity well
above 10° on top of the elemental isobar selection. Thus, it is used for cases requiring
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extremely high dynamic range in isotope ratios, e.g., for the determination of ultra-
trace isotopes of an omnipresent element in the unavoidable presence of its stable
isotopes. Using narrow bandwidth continuous wave lasers, high additional isotope
selection is introduced into the optical excitation and ionization process by resolution
of the optical isotope shift of atomic transitions. This small effect is due to the influ-
ence of the finite mass and size of the atomic nucleus of different isotopes onto the
specific binding of the valence electron and can be exploited during optical excita-
tion. In combination with a mass spectrometer which adds high abundance sensitiv-
ity, highest overall selectivity in respect to isotopes and isobars was demonstrated for
a number of ultrarare radioisotopes, e.g., °°Sr, *’Cs, °Pb, and #°U. For the long-
lived radioisotope “!Ca, a record value of up to S ~3 - 10" has been achieved in the
presence of a vast surplus of stable calcium, predominantly the neighboring isotope
“OCa, with an LOD of 1fg per sample, corresponding to about 10° atoms. This result
serves as a benchmark for the achievable specifications of the technique and enables
various applications, e.g., using “'Ca as a biomedical tracer isotope for in vivo studies
of human calcium kinetics and osteoporosis prevention studies. For these investiga-
tions, a minuscule pg amount (~10'®) atoms of the long-lived “'Ca (half-life of 10°
years) can be administered to volunteers. The resulting incorporation of ~3 kBq is
well below the natural internal exposure of typically >10 kBq, stemming dominantly
from the abundant radioisotope “°K, and is not expected to cause any radiation haz-
ard. As given in Fig. 4.11, the excretion curve for different test persons can be retraced,
and long-term studies on the calcium metabolism become possible. In addition, funda-
mental research on extraterrestrial “'Ca production cross sections prepare for cosmo-
chemical investigations on the *'Ca content and depth profile in meteorites, while the
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Fig. 4.11: Excretion curve of *’Ca from five test persons, showing only small individual variability.
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estimation of *’Ca contamination from reactor concrete and other materials for inte-
grated neutron dosimetry were rendered possible by this specification.

The setup for HR-RIMS applies a crossed-beam geometry for laser excitation on
a well-collimated atomic beam, which effuses from a hot graphite furnace. In this
way, spectral broadenings of the optical excitation lines are avoided, which would
arise from the DOPPLER effect due to the different velocities of the individual atoms
for a filament or in-cavity geometry and would prevent optical selectivity. For oper-
ation with HR continuous laser ionization, the combination with a quadrupole
mass spectrometer, for which abundance sensitivity in mass selection is optimum,
is best-suited. Nevertheless, neighboring isotope selectivity is limited by various
types of unspecific background to a range of 10" and in addition require dedicated
experimental arrangements.

For a fast and sensitive determination of the radioisotopes *°Sr and *°Sr in vari-
ous environmental and medical samples, an alternative approach of HR-RIMS had
to be customized. As isotope shifts in strontium are negligible, and resonance ioni-
zation was applied on an accelerated fast atomic beam in collinear geometry. In
this way, the isotope-dependent and very large DOPPLER shift of the optical reso-
nance lines was used for selective ionization of individual isotopes. This technique
was realized as an add-on to a large high-voltage mass spectrometer. The analytical
sample is ionized unselectively in a conventional surface ion source, accelerated to
a rather high ion beam energy of =30 keV and undergoes mass separation first. A
fast atomic beam is formed by charge exchange processes induced through colli-
sions in a cesium vapor cell with only little effect on the beam quality. Immediately
afterwards, isotope selective laser excitation with subsequent ionization in a strong
electric field is performed, followed by quantitative ion detection on a channeltron
detector. An overall selectivity of S ~ 10" for the isotope ratio *°Sr/*®Sr was demon-
strated at an LOD for *°Sr of 3 - 10° atoms (=1.5 mBq), and numerous low level sam-
ples contaminated by the Chernobyl accident were analyzed.

4.4.6 Accelerator mass spectrometry

Accelerator mass spectrometry (AMS) is the most elaborated mass spectrometric
technique, which is specifically tailored to provide highest selectivity with respect
to any kind of isobaric and isotopic interferences for the determination of ultimate
isotopic ratios. This feature involves high-energy ion acceleration in combination
with a multitude of further process steps. The development of AMS was stimulated
by the prevalent determination of the cosmogenic radioisotope *“C with its out-
standing applications for radiodating, atmospheric and oceanographic circulation
studies, nuclear forensics, or biomedical studies, cf. Chapter 5. Many of these fields
of C determination just became possible by the development of AMS, which re-
placed the formerly used low-level radiometric counting technique owing to its
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significantly higher sensitivity, smaller sample size requirement, and faster response.

Mass spectrometric radiocarbon dating, carried out on '“C isotopic levels as low as

107" in respect to stable carbon isotopes, represents the best known and widest field

of high selectivity mass spectrometry with thousands of samples per year. On top of

this, further applications of AMS on other radionuclides have contributed to the im-

portance and acceptance of this highly sophisticated technique.

In the late 1970s, it was realized that isobaric contaminations in mass spectrom-
etry may well be eliminated by production of negative ions in a sputter source.
Moreover, after acceleration to high beam energy in the order of MeV, a variety of
selection techniques can be applied and render possible quantitative, selective
counting of the species of interest with unrivalled background suppression:

— Atomic isobars are eliminated already in the ion source by exploiting instability
and corresponding inexistence of some negative ions, which would act as iso-
baric interferences like N~ in respect to *C".

— As pointed out by eq. (4.4) in Section 4.3.3, mass spectrometry selects according
to the mass-to-charge ratio m/Z. Correspondingly, molecular ions like 28Si**,
BBCH", or 12CH, act as isobars and interfere with C* ions in conventional RMS.
In AMS, they are efficiently removed during acceleration: in the first half of the
routinely used tandem accelerator, all negatively charged species, i.e., atomic
and molecular ions are converted into positively charge states by stripping off
outer electrons. In this process, molecular isobars are entirely removed by dis-
integration into their atomic fragments.

— On the high energetic ion, beam efficient and isobar discriminating nuclear
physics detection techniques are used enabling element selective ion counting.
The unambiguous determination of both mass and proton number for each ion
removes any influence from remaining isobaric interferences even on the 10"
level and beyond. The finally limiting background originates from effects of gas
kinetics, wall scattering, or the charge-exchange collisions, which may be
strongly, but never completely, suppressed by optimizing the experimental con-
ditions (Tuniz et al. 1998).

A typical AMS system for radionuclides is based on a tandem accelerator with a ter-
minal voltage around 2.5 to 5 MV. On the so-called low-energy side of the device,
intense beams of negative atomic or molecular ions of the species of interest are
produced within a conventional sputter ion source by Cs* ion bombardment of
some keV beam energy focused onto the analyte. Typically, about 10 mg of sample
material are needed for insertion into the sputter target, for which proper chemical
pre-treatment is crucial. This includes removal of excessive material, dissolution,
often addition of carrier, separation of the element of interest, and conversion into
the form most suitable for generating negative ions in the sputtering process. These
negative ions are accelerated towards the first low-energy magnetic sector field
mass separator with typically about 50 keV ion beam energy for an initial mass
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selection. Afterwards, acceleration to the positive central terminal voltage of some
MV of the accelerator takes place within the first half of the tandem accelerator. On
the high positive potential of the accelerator terminal, the ions undergo the strip-
ping process in a thin foil (=5 pg/cm?) or alternatively in a gas target as mentioned
before, which populates a spectrum of different positive charge states. Now posi-
tively charged, the ions are accelerated once more, this time from the positive termi-
nal potential down to electrical ground. In general, charge states between 2+ and
7+ are populated depending on the ion velocity. For the 5+ ion as example, this leads
to a total beam energy of six times the terminal potential of the tandem accelerator,
i.e., 15 MeV for a typical 2.5 MV AMS machine. All molecular ions are dissociated dur-
ing the stripping process, and their remaining fragments have significantly altered
mass-to-charge ratios and are thus fully separated. For this purpose, a second mag-
netic sector field mass separator is installed together with an electrostatic deflector
for energy filtering, this time on the high-energy side of the device. Species identifi-
cation with respect to proton number Z and mass A is achieved by measuring energy
and specific energy loss in a sensitive semiconductor detector telescope or in an en-
ergy-sensitive ionization chamber . The overall length of a typical AMS beam line
ranges from a few meters for a 1 MeV up to several tens of meters for a typical 5 MeV
machine. A sketch of the general layout of an AMS machine showing the individual
components discussed above is given in Fig. 4.12.
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Fig. 4.12: Schematics of a typical AMS machine, highlighting the individual components of the Cs*
sputter ion source, the first low-energy side mass selection, tandem accelerator with first
acceleration stage, ion beam stripper, and second acceleration, second mass and energy selection
on the high-energy side and finally selective ion detection.

Generally, AMS determines the concentration of the ultratrace radioisotope under
study by comparing its count rate to the ion current of an abundant stable isotope
of the same element as reference. Therefore, the measured ion count rates extend
over many orders of magnitude and the achievement of reasonable accuracy in the
order below 1% is a challenge. Experimentally, this is accomplished over a dynamic
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range of up to 15 orders of magnitude by operation in a fast cyclic mode, measuring
the reference as electric current on a FARADAY cup detector and the ultratrace ele-
ment as individual ion counts. Proper calibration and stability of both detectors as
well as the whole apparatus during the measurement is mandatory. For this pur-
pose, each analytical measurement is flanked by recordings on blind and calibra-
tion samples for background control and for the proper quantification of results.

For RMS studies of heavy radionuclides in the range of actinides, an additional
time-of-flight measurement is usually implemented into the AMS high-energy ion
beam path for further suppression of unselective background. In an alternative ap-
proach, the use of a gas-filled magnet in front of the detector provides spatial sepa-
ration of ions with different proton number Z and further increases the suppression
of those isobars that have not been filtered out sufficiently during the stripping pro-
cess. Recently, enormous efforts have been made to reduce sizes and costs of AMS
systems. By incorporating optimized gas strippers and using state-of-the-art semi-
conductor detectors, compact low-voltage AMS machines of 200 kV to 1 MV have
been realized, which provide comparable specifications to large machines but re-
duce expenditure and costs of analytical measurements significantly. These will be
addressed in detail in Chapter 5.

4.4.7 Applications of AMS

AMS has nowadays become a standard technique applied for investigations on a
vaste variety of long-lived radionuclides. Isotopes in routine operation are '°Be, *C,
2641, 36Cl, “!Ca, and *°I. Many others, namely >H, He, "Be, ****Na, >°Si, *Ar, ““Ti,
53Mn, 55,60Fe’ 59’63Ni, 7956, 811(1,, 9OSr, 9321,, 93M0, 99gTC, 107Pd, 15lsm, 205Pb, 236U,
B7Np, and 28 ?*Pu have also been investigated as research activities in analytics
or to address fundamental problems. Most of them reveal natural abundances in
the range of 10~° down to 107*8, cf. Fig. 4.1.

4.4.7.1 Nuclear dating

AMS is best known for its applications on the radioisotope “C with thousands of
samples investigated per year worldwide. '“C is produced by the neutron compo-
nent of cosmic rays from N in the upper atmosphere with a rate of about two
atoms/(cm?’s). Through the formation of CO,, it is very homogeneously distributed
throughout the global atmosphere and is easily assimilated by living organisms.
With a half-life of t%/2=5730 a and an average abundance in living organisms of
about 107*, the determination of the remaining C abundance in fossils not only
gives access to a dating range of about 60,000 years before present but, in addition,
opens up a broad field of further investigations, e.g., circulation studies of the

printed on 2/11/2023 6:44 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

4 Radioisotope mass spectrometry =— 131

atmosphere or the oceans, authentication of minerals, plants, and even artificial
pieces like artwork. This topic is discussed in detail in Chapter 5.

4.4.7.2 Pharmacological and medical applications

Studies involving radiotracer isotopes have become enormously relevant for various
kinds of in vivo studies about influences of nutrition or deficiencies as well as on
analyzing actuators and prevention of numerous diseases. In most cases, suitable
enriched stable isotopes are not available, and radioisotopes must be chosen; thus,
high donation doses would lead to a significant radiation dose for the test person.
Furthermore, such high doses could affect the proper physiological response itself.
Consequently, AMS with its high sensitivity and selectivity has become the most
valuable system for analyzing biomedical samples. Apart from “C, that is also the
key isotope for labeling numerous biomedically relevant compounds (cf. Chap-
ter 12), radioisotopes used in this field are °Be, °Al, “!Ca, "°Se, and 1. Until re-
cently, aluminum was considered an essential trace element, while only in the last
decade has its toxicity been recognized. A number of AMS studies with 2°Al on gas-
trointestinal and intravenous absorption were carried out, which indicated path-
ways and established exchange rates for Al crossing the blood-brain barrier. “'Ca,
as another example, has become extremely versatile to analyze nutritional and
other effects on in vivo calcium-kinematics and to work out means of prevention
and treatments of Ca-related diseases like osteoporosis.

4.4.7.3 Nuclear energy

The determination of low level contaminations of radionuclides originating from
the nuclear fuel cycle is of major importance for nuclear safeguarding, but it is
often complicated by the necessity to distinguish these contributions from naturally
existing radioactivity levels. A few AMS machines are specialized for measuring
these radionuclides. Overall efficiencies of up to 10™* enabling measurements with
as few as 10° atoms of the radioisotope of interest have been demonstrated in favor-
able cases with typical selectivities above 10'°. AMS investigations in this field have
been reported for *°Sr, *°%Tc, 2°°Pb, °U, and several Pu isotopes. Applications con-
cerning Pu also include biomedical studies on the uptake and retention of Pu in
living organisms.
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4.5 Qutlook

The advantages and high performance of counting the individual atoms rather than
the transformations by decay for specific long-lived radioisotopes in an analytical
sample has been worked out in this chapter. Based on the well-established and
widely applied techniques of inorganic mass spectrometry, approaches for radioiso-
tope mass spectrometry (RMS) today are far developed and in many cases deliver
more sensitive and more significant results than radiometric determination techni-
ques based upon the emitted radiation.

Involving only rather minor adaptations, the conventional RMS methods are
based on TIMS, GDMS, SIMS, and ICP-MS. Their performance competes with the
specific sophisticated approaches of AMS and RIMS. The latter — on the other
hand - delivers highest specifications regarding the key parameters of sensitivity
and selectivity by implying advanced accelerator- and/or laser-based technology.
A steady and steep progress is ongoing, regarding underlying aspects of mass
spectrometry, upgrades of components, and combinations of methods. On one
side, this includes the central mass-dispersive component involving novel com-
puter-optimized magnet designs or new spectrometer geometries, like the orbital
ion trap or a multi-reflectron approach. Similarly, continuous ion source develop-
ment constantly increases the range of accessible atomic and molecular ion spe-
cies in the beam as well as the stability and achievable ion currents. The latter is
a prevalent factor for the study of ultratrace isotopes of lowest abundance at the
required sensitivity as well as for investigations with highest dynamic range. The
important add-on technologies of lasers in RIMS, accelerators in AMS, or a combi-
nation of both undergo a similar development, which enhances and simplifies
the utilization of these techniques and ensures reliable and accurate results.

Most exciting is the ongoing miniaturization of spectrometers and the complete
automatization of process control and most other aspects of RMS techniques, which
is rapidly driven by the revolution in electronics and computer technology experi-
enced in the last decades. Key words like “lab-on-a-chip” will also soon apply for
mass spectrometric techniques in general and in particular for RMS applications on
radionuclides. These new developments go well along with the quantitative and
qualitative increase in the demand for radionuclide determination concerning ana-
lytics as well as fundamental problems. While on one side, the beneficial use of spe-
cific radioisotopes, e.g., in nuclear medicine, presently is steadily growing, the
rising awareness of radioactive hazard to the population, and the environment fos-
ters application and development in the field of radioanalytics. This also stimulates
RMS as one of the most sensitive key techniques.
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Tab. A: Terminology in radioisotope mass spectroscopy.

Abundance sensitivity

Contribution of one peak in a mass spectrum to the neighboring
peak, measured either in percentage of the height or area

Accelerator mass spectrometer

Mass spectrometric device involving a particle accelerator and
numerous selection steps for ultimate isotope selectivity

Accuracy

Measure of the absolute correctness of analytical results

Auto-ionizing state

Energetic state of the atom, situated above the first ionization
potential in the continuum of unbound energies

Channelplate

Single ion detector with high dynamical range, containing a
multitude of individual single electron multiplier channels

Channeltron

Single ion detector based upon a single continuous electron
multiplier channel

Chromatography Physical method of species separation by distribution between
two phases
Continuum Energy range above the first ionization level of an atom

Cross section

Probability of an interaction, expressed as a corresponding
interaction area

Dispersion Ability of the mass spectrometric device to separate different
masses
Efficiency Ratio of detected particles in comparison to the initial sample

content

Electron affinity

Binding energy of the extra electron of a negatively charged ion

Emittance

Quality parameter of a charged particle beam given by area times
opening angle

Erosion

Process of slow excavation of material, e.g., by ion bombardment

Faraday cup

Well-shielded electrode arrangement for precise determination of
delivered electric charge or current of an impinging ion beam

Filament

Heated metal carrier for introduction and evaporation of a sample
at the ion source

Glow discharge mass

spectrometer

Mass spectrometric device utilizing a glow discharge as ion
source

Hot particle

Aerosol particle carrying significantly increased radioactivity level

Hyphenated technique

Direct coupling of chromatographic and further selection
techniques like mass spectrometry
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Tab. A (continued)

Inductively coupled plasma

Inductively heated argon plasma operating under ambient
conditions

Inductively coupled plasma
mass spectrometer

Mass spectrometric device using an ICP plasma torch and
differential pumping stages as ion source

Interfering radiation

Disturbing a-, B-, y-radiation with identical or close-lying energy
from unwanted contaminations

lonization potential

Binding energy of the valence electron of a neutral atom

Isobar

Atomic or molecular species with identical mass

Isochronous

Identical in time

Isotope dilution mass
spectrometry

Intentional admixture of a quantified amount of isotopically
enriched material to the sample enabling quantification

Isotope fractionation

Variation of detection efficiency as function of mass number in
mass spectrometry

Isotope pattern

Significant series of isotopic abundances for an element

Isotope shift

Influence of the finite nuclear mass and size on the energetic
levels of the valence electron and correspondingly the
characteristic resonance lines

Isotope tracer

Quantified amount of a single isotope added to the sample
enabling quantification

Laser ablation

Process of material evaporation by laser irradiation

Level of detection

Minimum detectable amount in a sample, determined by
statistics

Multiplicity

Quantification of the maximum filling of degenerate atomic
electron orbits

Orbitrap mass spectrometer

lon trapping device based upon a central spindle on high
potential around which the ion spiral

Photographic plate detector

Exposure to irradiation by particles gives sensitivity patterns on
the plates, which show up after photographic development

Plasma torch

Radiofrequency discharge operating at atmospheric pressure as
ion source in ICP-MS

Precision

Measure of the reproducibility of analytical results

Reflectron

Arrangement of a time-of-flight mass spectrometer (TOF-MS)
involving an electrostatic ion reflector to compensate the initial
energy distribution
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Refractory metal

Class of metals that are extraordinarily resistant to heat and wear

Relative sensitivity coefficient

Experimental parameter characterizing the different influence of
matrices in LA-ICP-MS

Relative standard deviation

Statistical quantity measuring the width of a normal distribution

Reproducibility

Measure of the ability of an apparatus to generate identical
results in consecutive measurements

Resolution

The ability to distinguish mass peaks in a spectrum, determined
by the mass number divided by the peak widths

Resonance ionization mass
spectrometer

Mass spectrometric device using resonant optical excitation and
subsequent ionization induced by tunable laser light as ion
source

RYDBERG state

Highly excited bound atomic level with high principal quantum
number of the valence electron, situated just below the first
ionization potential

Sample

Specimen or small quantity of the material under investigation

Secondary electron multiplier

Electronic device based on discrete electrodes (dynodes)
enabling amplification of single electron or ion impact for
electronic recording

Sensitivity Measure of the detection ability by an analytical method,
quantified via the LOD
Sputtering Process of ejection of atoms and ions from a solid target by

impact of energetic particles

Statistical weight
Thermal ionization mass
spectrometer

Relative probability of a state
Mass spectrometric device applying surface ionization on a single
or double filament as ion source

TOF-MS

Mass spectrometric device using the flight time after pulsed
ionization for mass selection

Work function

Required energy to remove an electron from a solid surface of a
given material
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5 Nuclear dating

Aim: To understand the past is instrumental for predicting the future. Therefore,
dating of objects — be they from human activities or from nature — is of prime inter-
est in science. Radionuclides are the most useful tool to tackle this problem. Their
half-lives may be used as a clock to measure elapsed time. However, a number of
conditions have to be met for proper application of such dating methods. Our envi-
ronment is rich in radionuclides, mostly of natural origin but partly also from an-
thropogenic sources such as nuclear weapons testing or from nuclear accidents.
This chapter summarizes applications of such radionuclides for dating purpose.

Special emphasis is given to radiocarbon, **C. For many applications this radio-
isotope of carbon is the most important dating radionuclide that enables to cover
time horizons from the present until about 55,000 years ago. The use of parent/
daughter systems is described as well.

Two other short sections address dating via stored signals in the samples from
radioactive transformation. These are fission track and thermoluminescence dating.

5.1 Introduction

Knowledge on the age of important objects, e.g., of archeological or geological ori-
gin, environmental archives, or of our Earth and the solar system or even an object
from space such as meteorites, is of great interest to mankind. This interest is based
on the public understanding that present and future development can only be un-
derstood on the basis of historic information.

Until the discovery of radioactivity in 1896 by BECQUEREL it was essentially im-
possible to tackle this problem accurately except in cases where historic documen-
tation was accessible (e.g., debris from documented volcanic eruptions stored in
environmental archives such as lake sediments or glacier ice cores). Another exam-
ple is seasonal information preserved, e.g., in accurately documented tree rings. Ra-
dioactive transformation of nuclides contained in our environment paved the way
to solve many of the most challenging questions about the history and birth or
death of many important samples or to study climate variability in the past.

The basis of nuclear dating lies in the fact that the number of atoms N of a
given radionuclide is correlated with time according to the well-known exponential
transformation law,

Nl =N0 exp {—A(to—tj)}, (51)
https://doi.org/10.1515/9783110742701-005
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where N; and N, denote the number of atoms at time of measurement (¢;) and at
time zero (t,), respectively, and A the transformation constant.
This equation may be transformed into

to—t1=At=%1n<No/N1), (52)

which yields the age At.

The transformation of a given radionuclide is essentially not altered by environ-
mental influences such as chemical speciation, temperature, pressure, or other
physical parameters. The transformation constant A therefore acts as an absolute
clock.! Radioactivity A may be quantified either by measuring the radioactive trans-
formation rate (radiometric method, cf. Chapter 1) or by determining the mass of
the nuclide of interest (mass spectrometry, cf. Chapter 4) to obtain the number of
atoms. Both quantities are correlated via

A=AN. (5.3)

As a rule of thumb, for short-lived radionuclides with half-lives lower than about
100 years it is advisable to perform a radiometric analysis and for nuclides with lon-
ger half-lives a mass spectrometric determination. The reason for this time limit is
the achieved sensitivity: for short-lived radionuclides a large part of the ensemble
of atoms transforms during the measuring time, say a few days at most. This yields
an accurate determination of the activity because radiometric analysis may be per-
formed with very high counting efficiency. Hence, for longer-lived nuclides the sen-
sitivity of a mass spectrometric analysis becomes superior. Often, accelerator mass
spectrometry (AMS) is used for the determination of the number of atoms.? This
technique may reach overall efficiencies of a few percent and has the great advan-
tage of being essentially background-free. Moreover, AMS enables counting of sin-
gle separated ions with a counter placed in the focal plane, while conventional
mass spectrometers determine separated ions via electric current measurement.
This latter technique is not applicable to detection of only few ions. AMS has revo-
lutionized dating with, e.g., the radionuclide “C (“radiocarbon”, see below).

1 Except radionuclides transforming by electron capture, i.e., atoms that undergo a nuclear trans-
formation via capture of an atomic electron. Such a process is slightly influenced by the chemical
environment, cf. Chapters 7 and 11 of Vol. I. One example that has been studied in detail is the in-
fluence of chemical composition on the transformation of "Be, a radionuclide quite abundant in the
atmosphere. This influence is even larger for nuclei traveling in space. Due to their high velocity
such atoms are highly stripped, meaning that they exist only in form of highly positively charged
ions with very few if any electrons. Clearly, this influences the probability to capture an atomic
electron by the nucleus and changes the radioactive transformation probability significantly.

2 Cf. Chapter 4 on Radionuclide Mass Spectrometry.

printed on 2/11/2023 6:44 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

5 Nuclear dating =— 139

In principle four situations exist that are commonly applied in nuclear dating,
cf. Tab. 5.1.

Tab. 5.1: Principle situations commonly applied in nuclear dating.

Approach Example Example application
radionuclide

Transformation from an ¢ Radiocarbon dating
equilibrium situation

Accumulation of a daughter 222Rn Dating applied in hydrology

nuclide

Transformation from a single 3H Dating of ice cores with maximum deposition
event injected into the in the years 1962-1963 from nuclear weapons
environment testing

Exposure age dating 1%ge Age determination of surface rocks

The following figures illustrate the four cases using baskets filled with sand where
every sand corn represents one atom.

5.1.1 Equilibrium situation

In the equilibrium situation a basket is continuously filled with sand while, simul-
taneously, the basket loses sand corns (resembling atoms) via a leak at a rate that
corresponds to the filling rate (see Fig. 5.1). Therefore, the sand level in the basket
is constant (equilibrium level). If, at a given time, the supply of sand is stopped,
meaning that the object is disconnected from the continuous supply, the level of
sand starts to lower according to the leaking rate. This leaking rate resembles the
transformation constant A of the radionuclide. From knowing the equilibrium level
at time zero (ty) and the level at present time (¢,) the elapsed time At since the dis-
connection from supply can be determined using eq. (5.2). Here, Ny means the number
of sand corns, i.e., the number of atoms of the radionuclide during the equilibrium
situation and N; the present number. A typical example of such a situation is radiocar-
bon dating.

5.1.2 Accumulation dating
The situation for accumulation dating is depicted in Fig. 5.2. Two baskets are con-

nected via a tube. At time zero basket two is empty (or has a known level). As time
elapses, basket one is leaking at a constant rate, resembling the transformation
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Fig. 5.1: Dating from an equilibrium state. Left side: equilibrium situation at time zero, t,. The
radionuclide is constantly produced at a rate which is equal to the transformation (i.e., loss) rate.
Right side: situation at “present time”. The radionuclide is no longer produced and transforms
according by its half-life.

constant of the radionuclides contained in basket one. This leads to a gradual filling
of basket two. Hence, with this method, the leaking time is determined from the
measured accumulation in basket two at present — if needed corrected for the level
at time zero — divided by the leak rate from basket one. This type of dating is fre-
quently used in geology, e.g., using the “°K | “°Ar method. In special cases, basket
number 2 may also leak because the species accumulated in basket two is not stable
but radioactive. Such a case is the ’Rn dating applied in hydrology.

5.1.3 Decay from a single event

Decay from a single event means that due to an “injection” of a radioactive species
into the environment, some compartments, e.g., the atmosphere, have been en-
riched with this radionuclide. By measuring the radioactivity at present and know-
ing the activity at time of injection, the elapsed time may be deduced. This situation
is reflected in Fig. 5.3. A typical example for this situation is tritium dating using
the well-known release (“injection”) of this radionuclide into the stratosphere by
nuclear weapons testing in the early 1960s.
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1]

Fig. 5.2: Accumulation dating. Left side: at time zero (t,) the lower basket has zero or a known
filling. Right side: at “present time” the lower basket is partly filled due to transformation from the
upper basket. It is possible that also the lower basket has a “leak”, i.e., is radioactive.

Fig. 5.3: Decay of a radionuclide injected into the environment.
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5.1.4 Exposure age

Finally, exposure age dating uses the fact that radioactive nuclides are formed in
samples from the Earth’s surface because they are exposed to high-energetic pri-
mary and secondary cosmic ray particles.> Cosmic rays in space are predominantly
protons that travel with very high velocities, i.e., high energies. Such cosmic rays
and secondary particles (neutrons or myons) formed via interaction with the atmo-
sphere — mainly nitrogen, oxygen, and argon — may interact at the Earth’s surface
with rocks or soil. As a consequence, radioactive nuclides are formed. This means
that from the measured amount of such produced radionuclides in the sample and
assuming that the amount was zero at time zero (i.e., at a time where the surface
was not yet exposed to cosmic rays but covered by a layer of, e.g., soil or ice), the
time interval since removal of the cover layer may be deduced. This situation is pre-
sented in Fig. 5.4. A typical example is exposure age determination of surface rocks
by measuring '°Be or %°Al.

Fig. 5.4: Exposure age dating. At time zero (t,) production
of a radionuclide in the sample starts from zero.

5.1.5 Basic assumptions relevant in nuclear dating

All nuclear dating applications are based on the assumptions listed in Tab. 5.2.

Let us finally briefly touch on the reliability of a determined age with a given
technique, being it radiometric or via mass spectrometry. Two terms are usually
used to quantify the quality of the result: accuracy and precision. Accuracy describes
the degree of agreement between measured and true age of a sample, while preci-
sion describes the statistical uncertainty of a measurement, usually defined by the
number of detected events or atoms.

3 Cf. Chapter 2 for the origin and impact of cosmic rays.
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t in nuclear dating.

1 The number of atoms at time
zero, No, must be known.

Quite often this prerequisite is not fully met. An example is
210pp dating. Usually, the equilibrium situation in the past is
assumed to be reflected in constant activity concentration in
precipitation or the deposition rate of 2*°Pb per year at a
given site to be constant (see text).

2 The system to be dated must be
closed.

This means no physical or (geo)chemical processes have
changed the sample in such a way that the radionuclide
used for dating has been subjected to such processes.

3 The source of the sample is well
defined.

Especially in hydrology, water samples quite often represent
mixed sources. Such a situation may yield wrong average
ages, especially if only one radionuclide is used for dating.
Similarly, exposure age determinations with additional
surface erosion of the samples may falsify the result.

5.2 Environmental radionuclides

Nuclear dating uses radionuclides from our environment. Figure 5.5 depicts all classes of
“environmental radionuclides” plotted with their half-lives against the atomic number of
the nuclides. Only those radionuclides are identified with symbols that are relevant for
nuclear dating applications. They may be classified according to their origin, cf. Tab. 5.3.
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Fig. 5.5: Radionuclides in the environment of different origin as a function of their half-lives.
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Tab. 5.3: Environmental radionuclides classified by origin.

Origin Explanation Examples

Primordial  Produced during element synthesis in our galaxy but having Actinides in nature:
sufficiently long half-lives to still exist in part now 235238 2321

Radiogenic  Formed in radioactive transformation of primordial 226Ra, 210pp
radionuclides

Cosmogenic Produced in the interaction of high-energy cosmic ray particles  *“C, '°Be
(e.g., protons) with atmospheric constituents (e.g., nitrogen)

Fission Formed in spontaneous fission of actinide nuclides, released by *37Cs, 31|

nuclear facilities, or in nuclear bombs

Activation Produced in nuclear reactions with particles (mostly neutrons)  *4C
emitted in nuclear facilities or nuclear weapons testing

Breeding Formed in nuclear reactions (e.g., with neutrons or heavy ion Plutonium isotopes
particles) with actinides

Of primordial origin are those radionuclides that were formed in space and
partly survived since the birth of our solar system 4.55 - 10° years ago.

Radiogenic radionuclides are members of the natural transformation chains,
hence rather short-lived radionuclides compared to the age of the Earth. They are
constantly formed via radioactive transformation of the primordial radionuclides,
25238() and ’Th, respectively.

Cosmogenic radionuclides are formed by interaction of primary (mostly pro-
tons) or secondary (mostly neutrons or myons) particles in the upper atmosphere or
on the Earth’s surface.

Mostly of anthropogenic origin are radionuclides formed in nuclear fission pro-
cesses. This includes nuclear reactors as well as debris from nuclear weapons test-
ing. In ultra-trace amounts, natural fission products also exist on Earth formed via
interaction of neutrons with natural uranium or from spontaneous fission of Z8U.

Activation products are formed mainly in nuclear facilities or nuclear weapons
testing via interaction of emitted particles such as neutrons with stable nuclides in
close vicinity. An example is radiocarbon, formed from atmospheric nitrogen by in-
teraction with neutrons emitted from nuclear reactors in the *N(n,p)'*C reaction.

Breeding means that radionuclides which are not abundant in nature, i.e., iso-
topes of all elements with atomic numbers higher than 92 (uranium) are formed in
nuclear reactions. Artificial radioelements currently exist up to atomic number 118."

4 Cf. Chapter 9.
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Some of those radionuclides are also formed in nuclear explosions and have thus
been distributed globally, such as the plutonium isotopes “*’Pu and **°Pu, respec-
tively. Another isotope of plutonium, ?*®Pu is frequently used for electric supply in
satellites. By accidental failure of a few satellites, 2>®Pu has been deposited on the
Earth’s surface at the site of impact.

5.3 Dating with a single radionuclide

Most applications based on the detection of one radionuclide rely on the equilib-
rium situation, see Fig. 5.1. By some mechanism such as, e.g., via interaction of cos-
mic rays with the constituents of the atmosphere, the radionuclide of interest is
formed at a constant rate or at least at a documented rate during the time interval
to be dated. This enables a determination of the number of atoms or of the activity
at time zero, i.e., Ny or Ao, respectively. A special case is exposure age dating. Here,
the radionuclide has zero concentration at time zero and is then formed when the
object to be dated is exposed to cosmic rays. A summary of radionuclides discussed
in this chapter is compiled in Tab. 5.4.

Tab. 5.4: Dating with a single radionuclide.

Radionuclide Half-life in years Typical application

e 5730 Dating of carbon containing objects up to 55,000 years

210pp 22.2 Accumulation rate determination of lake sediments, or ice
cores over up to two centuries

326 153 Accumulation rate determination of sediment cores or ice
cores over about one millennium

1%Be 1.39 - 10° Accumulation rates of rocks; indirect dating of archives
based on chronology of solar activity

26 7.17 - 10° Accumulation rates of rocks

36l 3.01 - 10° Dating of archives over about one million years; dating of
modern archives based on >¢Cl injection by nuclear
weapons testing

5.3.1 “C (radiocarbon) (t¥2 = 5730 years)

Radiocarbon is a cosmogenic radionuclide. As shown in Fig. 5.6, it is mainly pro-
duced in the stratosphere by interaction of thermal neutrons formed as secondary
particles from primary cosmic rays (mostly protons) with nitrogen according to the
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nuclear reaction “*N(n,p)**C. The C atoms are instantaneously oxidized to “CO
and in a slower process to *CO,. Due to long residence times of CO, in the strato-
sphere and a low exchange rate between stratosphere and troposphere, latitudinal
differences of *C production are balanced. This results in a practically constant
supply of CO, to the troposphere. Again, long residence times lead to a complete
spatial mixing of *CO, in the troposphere within each of both hemispheres, before
it is transferred to the biosphere by photosynthesis or to the marine hydrosphere by
bicarbonate dissolution. Consequently, living plants and higher organisms consum-
ing such plants contain carbon on the contemporary radiocarbon level, cf. Fig. 5.1,
left. After their death, “fresh” carbon '“C is no longer taken up so that the radioac-
tive clock “starts ticking” with the half-life of 5730 years, cf. Fig. 5.1, right. This al-
lows dating of organic or carbonaceous material up to 55,000 years.

Although the stability of CO, in the atmosphere results in equilibration of spa-
tial *C activity concentration, residence times are not long enough to eliminate
temporal variability of *C production. Such variability occurs periodically on short
to long timescales (i.e., 10 to 10,000 years) and may amount to 0.5% to more than
10%, respectively. As explained above, C is produced practically exclusively from
galactic cosmic rays.® Studies of meteoroids revealed that the energy spectrum and
the amplitude of the interstellar galactic cosmic rays have been constant over the
past million years. Actually, changes in the **C production rates are caused by two
phenomena, the solar cosmic rays and the magnetic field of the Earth. Both compo-
nents counteract the galactic cosmic ray intensity thus modulating the impact of
the latter to the Earth’s atmosphere.® This leads to decadal up to centennial wiggles,
which stem from solar cycles of different frequency.” Additional wiggles on time-
scales of millennia to tens of millennia are caused by changes of the Earth’s magnetic
field inducing maximum differences of production rates in the order of >10%.

In early years of radiocarbon research (i.e., from the 1950s to the 1980s), gas
proportional counters (and later liquid scintillator counters, LSC) were employed
for measurement of the radioactivity of 14C. Since 1977, accelerator mass spectrome-
try (AMS) has been increasingly used and has become the main technique for *C

5 The sun sporadically produces eruptive events leading to intense fluxes of solar energetic par-
ticles (SEPs). SEPs of extreme energies that occur very rarely may result in measurable signals of
cosmogenic radionuclides such as C on top of the background from the production by galactic
cosmic rays.

6 A weak sun emitting cosmic rays of reduced fluence on the one hand or a weak magnetic field of
the Earth on the other hand (both compared to average conditions) are less able to repel the high-
energetic charged particles of intergalactic origin. This results in an enhanced *“C production in the
stratosphere.

7 The SCHWABE cycle with a periodicity of = 11 years leads to an average difference of *C production
between an active and a weak sun of about 5 %o, whereas the GLEISSBERG and the DEVRIES cycles
with a periodicity of 90 and 200 years, respectively, influence the variability of the radiocarbon pro-
duction by about 25 %oo.
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Fig. 5.6: Formation and distribution of natural **C; adapted from Currie (2002).

dating today. In AMS, '“C is measured together with the stable carbon isotopes **C
and °C quasi simultaneously in order to achieve high precision and accuracy of
measurement reaching values of 3%o or even better. Consequently, measurement
results are given as *“C/ 12 ratios, which are related to the “present” level. The term
FC (fraction of modern radiocarbon) is defined as:

("C/C) sample
= (c/2c) - (5.4)

modern

14

Equation (5.4) includes several conventions such as:

1. The year 1950 is considered as the reference year of all radiocarbon measure-
ments thus indicating the “present” or “modern” reference. Therefore, “before
present” (often abbreviated as BP) denotes a time before AD 1950.
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2. (*C/™C)modern is defined by convention from reference materials supplied by
NIST (National Institute of Standards and Technology from the US Department
of Commerce).

3. Isotopic fractionation processes of the three isotopes of carbon may occur either
in nature during each chemical or physical transformation within the carbon
cycle,® in the laboratory during sample pretreatment but also during AMS analy-
sis. In order to correct for such isotopic fractionations, all radiocarbon measure-
ments are related to a reference >C/™C isotopic ratio based on the assumption
that fractionations of **C/*C (either in nature or in the laboratory) can be quanti-
fied as twice the deviation of the *C/*2C ratio from the reference value.

The so-called “C age At is defined from the measured F**C as

At=—In(F"C) 8033 years, (5.5)

where 8033 years represents the mean lifetime 7(=A"! = t4/In 2) based on the “old”
14C half-life of 5568 years as determined in the 1950s. Although the new, correct
value is 5730 years, the “old” half-life is still used to guarantee consistency between
old published and new data. It therefore follows that the “C age only reflects a
first-order estimation of the age of a sample based on the wrong assumption of a
constant '“C production and applying an incorrect *“C half-life. The correct calendar
age of a sample is then deduced after comparison of the “C age with a calibration
curve. A large effort has been made with radiocarbon analysis of environmental ma-
terial that was independently dated with other techniques.

By comparison of the “C result with the independent (calendar) date, the radio-
carbon formation at a given time has been quantified leading to a calibration of the
14C age, Fig. 5.7. Tree rings have been used for the preparation of the calibration
curve back to 11950 BC. The independent dating was performed with dendrochro-
nology. This method enables dating of trees by determination of their ring widths
and by combination of overlapping tree-ring chronologies. For the Northern Hemi-
sphere, this technique cannot be continued further back in time due to a lack of
suitable trees at the conclusion of the last glacier maximum.

In order to continue calibration back to =55,000 years, other environmental ar-
chives have been used such as marine as well as lake sediments, marine corals, or
speleothems.” The independent dating of these samples has been performed with
the 2°Th | U method (see below) and other approaches, which, however, are less
precise than dendrochronology.

8 Every physical or chemical process with carbon-containing compounds leads to a slight but sig-
nificant change in the isotopic composition of its isotopes (i.e., 2C, *C, **C). The reason is the mass
dependence of equilibrium constants.

9 Speleothems are stalactites and stalagmites often found in caves.
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Fig. 5.7: The ™C age in years before present (BP, i.e., before AD 1950) as determined
from the radiocarbon measurement vs. the true calendar age.

Calibration of the *C age of a sample is achieved by convolution of the measure-
ment result with the calibration curve. The calibration procedure increases the dating
uncertainties substantially as a consequence of the measurement of the calibration
curve itself and of ambiguities of the calibration curve from variable C production.
Therefore, probability distributions of the calibrated “C age are not Gaussian — as
those of the “C age are. In some cases, it may be possible that two or even more proba-
ble periods for the calibrated date occur with unlikely periods between them. A famous
example which vielded unexpected dating uncertainty is the **C age determination of
Otzi, the iceman found 1991 in the Italian Alps. The **C measurement resulted in am-
biguous solutions for the calibrated date with three possible ages, covering roughly
two centuries (see Fig. 5.8).

In many geochemical applications the absolute age of a sample is of minor im-
portance, whereas the deviation of the **C level compared to the first-order model
of constant *“C production is very helpful, as this indicates processes such as the
solar and geomagnetic impact on *“C production or reservoir effects. An example is
carbon storage in an environmental compartment. For such cases A'“C is defined as

A¥C= <F14C exp [1922767“} - 1) -1000%o0, (5.6)
where t, is the year of origin of the sample and 8267 represents the mean lifetime in
years based on the correct “C half-life of 5730 years. With the exponential term, a
transformation correction is performed according to the age of the sample and based
on the assumptions and conditions of egs. (5.4) and (5.5), respectively. Therefore, all
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Fig. 5.8: 'C age in years before present (BP) vs. the true calendar age for the Otzi iceman. The
measured value for the **C age was 4550 + 19 BP (red distribution on y-axis). From the calibration
curve (blue curve) it follows that within uncertainty several true ages are possible (green
probability distributions on x-axis) between 3367 BC and 3108 BC; adapted from Bonani (1994).

samples meeting these requirements give A™C = 0 %o irrespective of their true age of
origin. Positive or negative A™C values indicate deviations of the reference condi-
tions, cf. Fig. 5.9, which may be caused by (a) variability of “C production, (b) age
offsets due to reservoir effects (these additional ages lead only to negative A'*C values),
or (c) manmade emissions of C from surface nuclear bomb explosions or of **C de-
pleted material from combustion of fossil fuels (which are devoid of *C), respectively.
As already pointed out, **C can be determined by two fundamentally different
techniques. Whereas radiometric techniques such as liquid scintillation or gas pro-
portional counters measure radiocarbon via its radioactive transformation, i.e.,
A (14C) by means of the emitting beta particle, accelerator mass spectrometry (AMS)
detects the number N of C atoms based on mass separation in magnetic and elec-
tric fields followed by an energy determination in gas ionization chambers (for de-
tails see Chapter 4). This fundamental difference has a substantial effect on the
detection efficiencies. For a given number N (**C), the efficiency of transformation
counting is limited by the ratio of measurement time and half-life of the nuclide.
Efficiencies in the order of 10~ are reached for *C analysis if counting of the samples
is restricted to not more than a few days because only very few atoms out of the entire
ensemble transform during such a time period. Mass spectrometry of long-lived radio-
nuclides does not depend on this restriction so that only its efficiencies of ionization,
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Fig. 5.9: A"C during the last 10,000 years vs. the true calendar age; adapted from (Stuiver 1986).

transmission, and detection are relevant, which can be as high as 10% for *C-AMS.
This results in a gain in detection efficiency between AMS and radiometric detection
by a factor of about 10*. Consequently, required sample quantities can be reduced
from gram amounts for counting techniques to submilligram amounts for AMS, which
entails a considerable benefit for dating of valuable samples.

5.3.2 21°%Pb (t12=22.2 a)

210pp) is a granddaughter-type member of the natural *>®U parent transformation se-
ries.'® ?'°Ph has a half-life of 22.2 years and transforms by B-emission to **°Bi, which
has a half-life of 5.01 days and again transforms via B-emission to ?*°Po (t1/2=
138 d), cf. Fig. 5.10. The B-transformation of ?’°Pb populates an exited state of the p-
emitter 2°Bi. This nuclear level de-excites via emission of a y-ray of 46 keV energy
to the ground state. However, this transition is highly converted which means that
only in 4% of transformations is a photon with this energy emitted and in 96% of
transformations an atomic electron. Decay continues then via a-emission with an
energy of 5.3 MeV to the stable end product of the ***U transformation series, °°Pb.
The time interval accessible to ?’°Pb dating is typically one to two centuries at
most. It is therefore often applied in studies where environmental archives are in-
vestigated covering the industrial time period, often called the anthroposphere.
Therefore, most applications of this radionuclide intend to study pollution records

10 Natural series of transformation are discussed in Chapter 3 of Vol. I.
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Fig. 5.10: Origin and fate of 2!°Pb in the atmosphere. ???Rn, formed in soil via transformation of
238|), is emanating into the atmosphere. After further transformation, generated 2*°Pb attaches to
aerosol particles which are scavenged by precipitation and deposition onto to the Earth’s surface.
210p further transforms via short-lived 2'°Bi to 2*°Po and finally to stable 2°°Pb.

caused by industrial emissions in appropriate archives (e.g., ice cores) or to deter-
mine accumulation rates during the last century in lake sediments.

Based on the rather short half-life of ?’°Pb it is advisable to measure it via radio-
metric techniques and not via mass spectrometry. Three options exist to determine
the '°Pb activity concentration (i) p-counting of ?’°Pb and/or *'°Bi, (ii) y-counting
of 2°Ph, and (iii) a-counting of the granddaughter *'°Po.

B-Counting has not found widespread application despite being very sensitive
and of high precision. The reason is the high radiochemical purity of the sample
needed prior to measurement. Since B-counting (e.g., using gas proportional or lig-
uid scintillation counters) is not nuclide-specific, a sophisticated chemical purifica-
tion of the sample is mandatory to suppress any contamination by the vast amount
of environmental radionuclides that also transform via B-emission. Such a separa-
tion procedure is very time-consuming.

If the sample has a sufficiently high ?’°Pb activity, y-counting is the method of
choice. This situation is often met when analyzing sediment samples. Unfortunately,
for determination of ?'°Pb in precipitation, the sensitivity achieved in y-counting is
not sufficient for reasonably sized volumes, say 1 liter. In this case, ?'°Pb is usually
determined via detection of #°Po. This method, however, requires secular equilib-
rium™ between the three radionuclides 2*°Pb, ?'°Bi, and #°Po, respectively. This is

11 See Chapter 3 in Vol. I for mathematical aspects of radioactive equilibria.
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reached after about one year. Advantage of this radiometric technique is the high
sensitivity because a-counting yields energy-resolved data at a 100% counting effi-
ciency of the used silicon detectors. The overall efficiency is then only determined
by geometrical parameters, i.e., the size of the detector facing the sample.

219p} dating is frequently applied for lake sediments and glacier ice. Figure 5.11
depicts such a dating of a sediment core from Lake Ziirich, Switzerland. Also inserted
into the figure are measurements of *’Cs, a radionuclide formed in nuclear fission.
This radionuclide was globally distributed from nuclear weapons testing during Soviet
Union and USA tests peaking in the years 1962-1963. The *'°Ph activity concentrations
depicted in Fig. 5.11 are not the total but the so-called “unsupported” activities. Since
sediment materials contain 22U, 2’°Pb is constantly formed via nuclear transforma-
tion. This “supported” 2'°Pb has therefore to be subtracted from the measured total
219p} activity concentration. This is usually made by measuring the #°Pb activity con-
centration in very deep samples, which are too old for ?°Pb dating. This value is then
considered as the “supported” 2°Pb activity concentration and is subtracted from all
measured values to yield the values for “unsupported” ?*°Pb. From Fig. 5.11 it is evi-
dent that at the surface of the sediment the '°Pb activity concentrations are nearly
constant down to a depth of about 1.5 g/cm? From the *’Cs measurement this depth
can be dated to be roughly 1963. The explanation for this inconsistency between *’Cs
and ?°Pb data comes from a process often observed in lake sediments: biogenic per-
turbation (bioturbation). Microorganisms are actively mixing organic material until a
certain depth, which influences the surface profile of 2'°Pb. It is interesting to note
that *’Cs, which is predominantly attached to clay minerals, is not influenced by this
process. The right axis of Fig. 5.11 depicts the combined age information from the
137Cs and the *'°Pb measurements. From the slope of the age-depth relationship an
average annual mass sedimentation rate of about 50 mg/cm? can be deduced.

It should be mentioned that analysis of the data depicted in Fig. 5.11 assume a
constant initial concentration (CIC model) of unsupported ?'°Pb. This means that
the sediment core is assumed to have a constant sedimentation rate with always
the same initial #'°Pb activity concentration. If, however, for the time period under
study the sedimentation rate changed, then such an assumption is incorrect. It is
then advisable to assume constant rate of supply (CRS model), meaning that the
annual deposition rate of ?’°Pb is constant even at variable sedimentation rate. As a
consequence, for years with lower than average accumulation rates the activity con-
centrations are higher and vice versa. For a detailed description of *°Pb in sedi-
ment dating using the two models and a combination of both, see Appleby (2008).

Figure 5.12 illustrates the 2'°Pb activity concentration along an ice core drilled
on Colle Gnifetti, Switzerland (saddle at 4450 m above sea level). Since ice contains
negligible amounts of mineral dust as a source of “supported” ?’°Pb, no corrections
are needed. Hence, the data shown represent the measured values. From the radio-
activity distribution along the ice core the age depicted on the lower horizontal axis
may be deduced.
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Fig. 5.11: 2’°Pb activity concentrations as a function of depth for a sediment core from Lake Ziirich.
Also shown is the activity of *”Cs from nuclear weapons testing (Erten 1985).
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Fig. 5.12: 2'°Pb activity concentrations along an ice core from the Colle Gnifetti at 4450 m above
sea level, Swiss Alps (deduced from Gédggeler et al. 1983).
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5.3.3 32Si (tY2 =153 a)

32Si is produced in the upper atmosphere via interaction of cosmic rays with the
argon isotope “°Ar in the spallation reaction “°Ar(p,20p)>°Si. As a nonvolatile prod-
uct it attaches to aerosol particles and is transported within about one week to the
Earth’s surface, where it is deposited mostly by wet precipitation.

3%Si has a half-life of 153 years, however with a large uncertainty.'? *°Si would be
an ideal tool to date samples in the range between one century and one millennium,
hence between the optimum dating ranges of #°Pb and “C. Besides the poorly
known half-life, there are several drawbacks that have prevented such applications
so far. The activity concentration of >°Si in air is very low because “°Ar is a minor
component of ambient air (0.9%). This means that a radiometric determination of
32Sj requires large sample volumes, e.g., about one ton of water. Typical values of 3*Si
activity concentrations in one ton of precipitation (or snow) are a few mBq only.
Therefore, in recent years attempts were made to measure >°Si via accelerator mass
spectrometry (AMS). But this approach is also limited due the fact that silicon is very
abundant in nature. In environmental samples the ratio between the radioactive isotope
3%5j and the stable isotopes of silicon, mainly *Si with 92.2% abundance, is extremely
low. Typical values are between 10 and 10. One of the very few examples where
32Sj dating was successfully applied is depicted in Fig. 5.13. It shows the **Si (and **°Ph)
depth profiles of a marine sediment core from Bangladesh. The measurements were per-
formed using radiometric technique by measuring the nuclide *P with a half-life of
14.3 days in secular equilibrium, a high-energy p-emitter formed in the p-transformation
of ¥Si. The interpretation of this study yielded a sedimentation rate for the uppermost
part of the core (dated with #°Pb) of 3.1 cm per year. Below this surface layer it was
much lower, 0.7 cm per year. The proposed interpretation of this significant change
in sedimentation rate is that it reflects increased sedimentation loads over the first
50 years due to human activities in this area.

Presently a great effort is being made to determine the half-life of *’Si with high pre-
cision. In an international collaboration under the leadership of the Paul Scherrer Insti-
tute (D. Schumann) first a high activity of *Si was produced by bombarding a vanadium
target with 590 MeV protons followed by a sophisticated radiochemical separation of sil-
icon. A variety of techniques was then applied to determine the number of *’Si atoms
(including, e.g., AMS) and the activity (e.g., liquid scintillation counting (LSC)) of ali-
quots to accurately determine the transformation constant of *Si according to A =A-N.

12 The accuracy of current literature data is still surprisingly poor. The published values range
from about 100 to 170 years.

13 Since AMS measures the ratio between the radioactive isotope and usually a stable isotope of
the same element, a determination of 3Si by this technique is at the cutting edge of AMS technol-
ogy. Only in very pure samples, e.g., in ice samples from New Zealand glaciers or from Antarctica,
has it so far been possible to measure >*Si by AMS.
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Fig. 5.13: Depth age relationship of a sediment core from Bangladesh deduced from measured
219ph and 32Si activity concentration; adapted from Morgenstern (2001).

5.3.4 °| (tY2=1.57 - 107 a)

In nature two isotopes of iodine exist, 1271 which is stable, and the long-lived radio-
active ?°I. ®°I has three different sources, (a) cosmogenic, (b) fissiogenic, and (c)
anthropogenic. Cosmogenic '*I is formed in the atmosphere via interaction of cos-
mic rays with xenon. Fissiogenic '*I is produced via spontaneous fission of 28U
contained in the Earth’s crust. Finally, nuclear weapons testing emitted '*I in con-
siderable amounts into the atmosphere. More recently, also reprocessing plants
emitted I into the atmosphere but also into the marine environment. These an-
thropogenic sources surpass the cosmogenic and fissiogenic sources by far. Usu-
ally I is determined in environmental samples relative to the stable '’I. Ratios
are 1.5 - 1072 for pre-anthropogenic iodine. This value can be found in oceanic
water that has not yet been influenced by anthropogenic input. Rain water in cen-
tral Europe, however, is much influenced by emissions from the reprocessing
plants in Sellafield (Great Britain) and La Hague (France). Typical isotopic ratios
may be as high as 107°,

Application of *°I for dating purpose is mostly in hydrology. Due to the long
half-life of '*°I reliable dating starts at ages of several million years. This includes
age determination of very old aquifers assuming the influence of fissiogenic and an-
thropogenic %I to be negligible. On the other hand, dating based on fissiogenic %I
may be applied for geothermal fluids. In this case, the concentration of **U must
be known as well as the transfer yield of formed '*°I from the ?®U source to the
fluid. Finally, some applications focus on the detection of anthropogenic '*°I. In
these cases the samples are very young.
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In all these applications, '®I is measured with highest sensitivity via AMS, rela-
tive to the stable isotope '*I. Some applications applied neutron activation analysis
as an analytic tool. Here, I is determined via formation of °I (tv2 =12.4 h) after
neutron capture at a research reactor.

5.3.5 °Be (t/2=1.39 - 10°%a)

19Be is a cosmogenic radionuclide formed in the upper atmosphere predominantly
in the spallation reactions between neutrons (secondary cosmic rays) with nitrogen
(**N(n,3p2n)'°Be). This radionuclide has been used to trace variability of solar ac-
tivity back in time because solar activity is anti-correlated with galactic cosmic ray
intensity (see the section on radiocarbon dating). Ice cores from Antarctica have
mostly been used as archives of this solar history. '°Be is incorporated into such
ice cores via precipitation. These investigations enabled dating of periods with low
solar activity such as the MAUNDER minimum from 1645 to 1715, which is assumed
to be responsible for a climatic depression (“Little Ice Age”). Hence, this dating is
based on the “fingerprint” idea: fluctuations of '°Be activity concentrations in the
sample over time are compared to known fluctuations of solar variability in the
past.

Another fast developing application of '°Be is exposure age determination.
This application is based on the fact that the Earth’s surface is exposed to cosmic
ray bombardment. Though the intensity of this bombardment is very small — due
to a high absorption of cosmic rays in the atmosphere - it is still sufficiently in-
tense to form some radionuclides via nuclear reactions, such as °Be in the reac-
tions '°0(a,2pn)'°Be or *°0(p~,apn)'°Be, respectively (see Fig. 5.14).

Therefore, based on known production rates of '°Be in a given geological surface,
the exposure age may be determined. However, one drawback under real conditions
is the erosion rate. If the surface to be dated is significantly influenced by erosion,
then the concentration of 1°Be levels off after a certain time (see Fig. 5.15). At satura-
tion, production and erosion are in equilibrium and dating is no longer possible.

Measured production rates in surface rock samples from North America yielded
about five '°Be atoms produced per gram and year (Balco et al. 2008). To determine
the erosion rate, a second radionuclide is required because the influence of erosion
on the build-up of radioactive atoms depends on the half-life of the radionuclide.
%A1 is mostly used for this purpose (see below).

5.3.6 2°Al (tY2=7.17 - 10° a)

%A1 is also a radionuclide formed on the Earth’s surface via interaction with cosmic
rays in different nuclear reactions, depending on the geological composition, e.g.,
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Fig. 5.14: °Be produced through interaction of secondary cosmic rays
(neutrons or myons) with the Earth’s surface.
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Fig. 5.15: Number of "°Be atoms formed in an exposed surface as a function of time
for different values of known surface erosion rates calculated via eq. (5.7).
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in %8Si(p,p2n)?°Al, or *5Si(u,3 n)?Al, respectively. Measured production rates in
surface rock samples from North America yielded about 30 *°Al atoms produced per
gram and year (Balco et al. 2008).

%A1 is often measured together with '°Be using AMS in cases where erosion is
assumed to be important. The reason is simply that the determination of two varia-
bles (exposure time and erosion rate) requires the measurement of two “clocks”,
e.g., both °Be and 2°Al. Measured exposure ages reach values of up to one million
years (Balco et al. 2008). The exposure age can then be determined from the two
radionuclides '°Be and %°Al via:

Nxzpo,x/{/lx"'eero/ax} (5.7)

with

N, number of measured atoms of x (*°Be or ?°Al) in the sample (atoms g*)

P, production rate of species y at the surface (atoms g ' a™"); e.g., about 5 for '°Be
(see Fig. 5.15) and 30 for Al

A,  transformation constant of species x (a™})

€0 €rosion rate (gcm™2a™)

a, effective attenuation depth of spallation product formation for °Be or 2°Al,
respectively, in the sample (assumed to be 160 g cm™).

Hence, eq. (5.7) has two variables, N,/P, , (which is the exposure age in years) and
€ero, the erosion rate.”

5.3.7 36Cl (t/2=3.01 - 10° a)

36Cl is formed by cosmic rays, mostly in the atmosphere via interaction with argon
(4°Ar(p,om)36Cl) but also in nuclear weapons testing. Cosmic ray produced 36C] has
found application as a dating tool for archives up to a few million years. Another
application is to use anthropogenic 2°Cl production via activation of sea-salt par-
ticles from the nuclear weapons testing in the Bikini Atoll in the late 1950s (see
Fig. 5.21 from Section 5.6) as a dating horizon.

36C1 is measured with highest sensitivity using AMS. Due to strong interference of
36C1 with the isobaric stable isotope of sulfur (*°S), >*Cl can only be measured with
big AMS accelerators that have a high accelerator voltage of several MV. Under these
conditions accelerated ions have high velocities (i.e., high kinetic energies), which
enables efficient separation of the isobaric nuclides **Cl and >*S by a gas-filled mag-
netic separator coupled to the accelerator. Recently >°Cl measurements have also

14 The method for dating is available under http://hess.ess.washington.edu.
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been successfully performed with smaller accelerators coupled to a gas cell to stop
the ions and followed by a laser interaction mass spectrometer (Lachner et al. 2019).

5.4 Dating with a radioactive parent and an
accumulating stable daughter

Most applications of this dating principle are in geochronology and cosmochronol-
ogy because the half-lives of the mostly used systems are very long, reaching the
age of the solar system. Knowing the actual activity and half-life of the transforming
parent nuclide together with the concentration of the daughter nuclide (radioactive
or stable) at time zero, the age can be inferred. Table 5.5 summarizes the examples
discussed in this chapter.

Tab. 5.5: Parent-daughter dating systems for application in geochronology
and cosmochronology as well as in hydrology (**?Rn | 2Ra).

Mother Half-life (a) Daughter Half-life (a)
238 4.47 - 10° 206pp, Stable
235y 7.04- 108 207pp Stable
2321h 1.40 - 10° 208pp, Stable
87Rb 4.97 - 10*° 875r Stable

40K 1.25 - 10° “Opr Stable
234 2.46 - 10° 230Th 7.54 - 10*
235y 7.04- 108 231pg 3.28 - 10*
226Ra 1.60 - 10° 222Rn 3.82 days

The most important examples are the natural transformation series starting with
B528() and #’Th and ending in the stable isotopes 2°¢:2°7-208ph. Moreover, the
40K | “°Ar and ®’Rb | ¥’Sr systems, where radioactive “°K (tV2=1.25 - 10° a) or ®'Rb
(tY2=4.97 - 10™ a) transform into stable “°Ar or ®’Sr, respectively, are also widely used.
Some other systems of minor importance are '*'Re | "*’0s (**"Re: t12=4.33 - 10'°a),
6Ly | 7eHE (VoLu: Y2 = 3.8 - 10'°a), or “°K | “°Ca, which takes into account that 11% of
40K transforms into “°Ar (see above) while 89% transforms into “°Ca.

Let us denote the number of radioactive parent nuclides with N* and the num-
ber of stable daughter nuclei with N*. Then the time dependence of the number of
parent nuclei at time ¢ is:

NP(t) =N"(ty)e ™, (5.8)

with t, referring to time zero. The number of daughter nuclei at time ¢ is:
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NA(6) = N9 () — [Np(to) -N"(t)]. (5.9)

Combining egs. (5.8) and (5.9) leads to eq. (5.10). Finally, eq. (5.11) yields the re-
quired parameter: time.

NA(0) = N () + N () (" -1) (5.10)
tZA—;h’l {1+ [(Nd(t)_Nd(tO))/Np(t)}}. (5.11)

It requires the measurement of the concentrations of parent and daughter at time ¢,
usually at present. Moreover, some assumptions are needed for the concentration
of the daughter at time zero. It should be added that dating requires that the system
remained “closed” during the time window to be dated, hence without any geo-
chemical processes that might influence the parent and/or daughter nuclide.

5.4.1 Dating with the natural transformation series

The parent|daughter systems considered are 22U | 2°°Pb (t12%%U = 4.47 - 10° a),
25U | 297Pb (t147°U =7.04 - 10% a), and ?°Th | *°®Pb (t12**°Th = 1.40 - 10'°a). It is as-
sumed that the intermediate transformation products between radioactive parent
and stable daughter are too short-lived to be of importance for the dating applica-
tion.” Dating with the natural transformation series requires an assumption about
the concentration of the terminal daughters (i.e., 2°©2°729%pp) at time zero.'® For de-
termination of the concentration of lead isotopes mostly thermal ionization mass
spectrometry (TIMS) is used. When needed, uranium and thorium are measured
using high-resolution inductively coupled plasma mass spectrometry (HR-ICP-MS).

15 It is interesting to note that the very first application of dating with the natural transformation
series was not based on the systems listed above but on the fact that in the transformation series
many a-particles are emitted, namely 8 a-particles in the transformation chains of U, 7 a-
particles of 2°U, and 6 a-particles of 2°Th, respectively. After having captured two electrons from
the surroundings these a-particles become stable helium atoms (“He). This means that the number
of helium atoms in a sample is correlated to the age. Based on this principle, RUTHERFORD estimated
the age of our Earth from the concentration of helium in uranium ores to be about 0.5 - 10° years.
This value turned out to be roughly one order of magnitude too short which was later explained as
being caused by partial loss of helium during metamorphosis processes.

16 There is one stable isotope of lead, 2°**Pb, which is not formed as end product of any natural
transformation series. The natural isotopic composition of lead, not influenced by transformation
from uranium or thorium (named nonradiogenic composition) is 2°“Pb: 1.4%, 2°°Pb: 24.1%, 2°’Pb:
22.1%, and 2°®Pb: 52.4%, respectively. The radiogenic contribution of 2°°Ph, 2°’Ph, or 2°®Pb in an
ore can then be determined by measuring the *°*Pb concentration and subtracting the nonradio-
genic contribution.
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In practical applications, usually two of the three transformation chains are
combined. This enables to check whether the system under study was indeed
closed, hence, has not been subjected to any geological processes that might have
led to a loss of lead, which is a volatile element. Such curves are called concordia.

Let us consider the two uranium transformation series and define Rg and R; as

follows:
) N(Z%Pb/szb)(t) _N (206Pb/204Pb)(to)
Re. = N (238U/204Pb)(t) (5.12)
and
- 207 204 7 (207 204
R N (*"Pb/™"Pb)(t) - N (*"Pb/*"Pb)(to) (5.13)

N (%50 Pb)(¢)

Figure 5.16 shows the concordia as a plot of R¢ against R;. If experimental results lie
on the line, then the system was closed. If the values are below the line then this
indicates loss of lead or a gain of uranium, and vice versa for data above the line.
The numbers listed along the lines represent the age in 10° years.
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Fig. 5.16: Concordia for R4 (eq. (5.12)) against R, (eq. (5.13)) (Friedlander et al. 1981). The numbers
listed along the lines represent the age in 10° years.

It is also possible to date solely via the concentration ratio between 2°°Pb and 2°’Pb,
if the sample contains no natural (nonradiogenic) lead, meaning that the concentra-
tion of >“Pb is zero. Taking eq. (5.10) and setting N (¢,) = O leads at time t to
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N (Z*U) (e}t(BSU)t _ 1)

N (*Pb/*"Pb) = .
( / ) N (235U) (e/l(ZSSU)t _ 1)

(5.14)

With the natural isotopic composition of uranium (3°U = 0.72% and 22U = 99.2745%,
ie., N (%U)/ N (*°U)=137.8), eq. (5.14) results in:

/1(238U)[ 1

N (*Pb/27Ph) =137.8
e

ST 619

This correlation is depicted in Fig. 5.17.
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Fig. 5.17: Dating based solely on 2°°Pb/2°”Pb for cases where the sample does not contain
nonradiogenic lead (Friedldnder et al. 1981).

If in a class of samples of identical age, e.g., meteorites of a given type, the concen-
tration of lead isotopes 2°°Pb and *°’Pb are measured relative to the nonradiogenic
isotope 2*“Pb for different subsamples, then a correlation is obtained named an
isochron.

1\7(207Pb/204Pb)(t) _ N(207Pb/204Pb)(t0) ) N(BSU) (e}L(BSU)t_l)
N

N (206Pb/204pb) (t) _ N (206Pb/204pb) (tO) N (238U) (eA(238U)t _ 1) (5 16)

1 eA(235U)t -1

T 137.8FBur 1
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An example of an isochronous dating for L-chondrites, a class of meteorites, is de-
picted in Fig. 5.18. All data on the isochronous correlation yield an age of 4.55 - 10°
years, which is the age of our solar system.
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Fig. 5.18: Isochronous dating of a meteorite. Applying eq. (5.16), the slope defines an age of 4.55 - 10°
years (Manhes 1982).

5.4.2 ®Rb | ¥’Sr system

87Rb transforms with a half-life of 4.97 - 10'° years into stable ¥'Sr. The measure-
ment of the two nuclides is usually made via mass spectrometry of ®Rb and of
87Sr/36Sr, respectively. This requires a quantitative chemical separation of both ele-
ments from aliquots of the same sample. The age then follows from:

(87Sr/868r)t = (87Sr/868r)0 + (87Rb/868r)t CASEILNEW (5.17)

While the concentration of stable ®°Sr is of course constant at all times, the concen-
tration of stable ’Sr at time zero is not known. It may be deduced from an isochro-
nous plot, which includes a set of data from subsamples of the same object.

Figure 5.19 depicts the experimental data of Sr/%°Sr plotted against ®’Rb/%°Sr
for a gneiss sample from Greenland. The value for (8’Sr/3°Sr), results from the inter-
cept of the isochronous line with the ordinate, yielding for the example depicted in
Fig. 5.19 the value 0.702. Applying eq. (5.17), the slope of the isochronous line repre-
sents one age, in this case 3.66 - 10° years.
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Fig. 5.19: Example of isochronous dating of several subsamples from a piece of gneiss from
Greenland with the 8’Rb|®”Sr system. The slope of the line represents an age of (3.66 £ 0.09) - 10° a
(Moorbath 1972).

5.4.3 “°K | “°Ar system

The dating is based on the 10.7% transformation branch of “°K into stable “°Ar."”
The long half-life of “°K of 1.25 - 10° a makes this system ideal for dating igneous
rocks, lunar samples, or meteorites, hence, very old objects of our solar system.
Argon is analyzed using a gas mass spectrometer after heating the sample to high
temperatures close to the melting point. “°K is usually analyzed from an aliquot of
the sample using atomic mass spectrometry (AAS) or ICP-MS. As for the ®’Sr|®'Rb
system, it is very important to know the yield of the chemical separation of both
elements with high accuracy. Analogous to eq. (5.17), the equation is:

(“OAr/%Ar) = (4°Ar/36Ar)O +f(401</36Ar)t (e (“OK)t _ 1, (5.18)

where f represents the branching ratio of 10.7% in the transformation of “°K. The
36Ar concentration is constant as a function of time and therefore used as reference.
The value for (“°Ar/>°Ar), can be determined from an isochronous plot at intercept
with the ordinate at “°K/?°Ar value at zero.

17 The more abundant branch, namely the 89.3% of “°K transforming to “°Ca is of little practical
use, since calcium is very abundant and the isotope “°Ca has a natural abundance of 96.4%.
Hence, the very little additional “°Ca formed via transformation of “°K can hardly be distinguished
from the vast amount of natural “°Ca.
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5.4.4 3°Ar | “°Ar system

As for the ®’Sr|®Rb method, the drawback of the system “°K | “°Ar lies in the fact
that measurements have to be made on different aliquots of the sample since two
different elements have to be analyzed. This can result in erroneous ages, e.g., due
to heterogeneity of the sample. In recent years, a modification of the “°K | “°Ar
method has found widespread application: the *°Ar | “°Ar method. The dating range
is identical to the “°K | “°Ar method described above.

Radiogenic *’Ar is a short-lived nuclide and has a half-life of 269 years. In this
approach stable **K is measured indirectly via >°Ar formed after neutron irradiation
in a research reactor in the reaction *K(n,p)**Ar. The rock samples are then heated
to temperatures close to the melting point and released >***°Ar is collected and is
measured via gas mass spectrometry. Typical applications include, besides Earth
sciences, also age determinations of hominid fossils in Africa. In Ethiopia Herto ho-
monids were dated with this method at between 160,000 and 154,000 years, making
them the oldest record of modern Homo sapiens.

5.5 Dating with a radioactive parent and an
accumulating radioactive daughter

This situation refers to Fig. 5.2 (right part) and is met in natural transformation series.
Parent and daughter nuclides are from the same transformation series, but are not
the stable end products such as 2°°?°"2°ph, Two situations exist in reality. First, at
time zero the activity concentration of the daughter is zero — or negligible — (called
daughter deficient situation, DD), but increases with time. Second, the activity con-
centration of the parent nuclide is negligibly small at all times, but the activity con-
centration of the daughter increases with time (daughter excess situation, DE).

5.5.1 24U | 22°Th system

These two nuclides from the U transformation series resemble the most important
example for DD-dating. The half-lives of U and **°Th are 2.46 - 10° years and
7.54 - 10* years, respectively. This limits the dating horizon to about 0.4 - 10° years.
The applications include solid objects formed in marine or terrestrial fluorapa-
tites, carbonates such as corals or mollusks, etc. Uranium is very soluble in water.'®

18 Uranium exists in marine environment in form of [U03* (CO3),]*~ ionic complexes which are
very soluble.
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Thorium on the other hand is fully hydrolyzed at typical marine pH conditions,
hence very insoluble and mostly adsorbed to solid particles contained in the water.
These particles sediment to the ocean floor. Therefore, the concentration of dis-
solved thorium in sea water is negligibly small. If objects such as stalactites in spe-
leothems or organisms that build a shell via carbonate formation (e.g., corals) in a
marine environment are formed, they will have a high concentration of uranium
but are depleted in thorium. Only via radioactive transformation of uranium is tho-
rium then formed in the solid objects. From the measurement of the activity concen-
tration of *°Th the time elapsed since formation may be deduced.

The situation refers to Fig. 5.4, being described specifically by

N 2500, =N 234y (1 - eA(BoTh)[). (5.19)

N 50qy, is the concentration at time ¢ and N x4, is assumed to be independent of
time for a given sample.' The reason is that 2*U is permanently formed via its par-
ent ~°U.

5.5.2 22°U| #*'Pa system

This couple of nuclides acts very similar to the system ?*U|?*°Th. As mentioned
above, uranium is very water soluble. Protactinium, however, has a very low solu-
bility. In its predominantly pentavalent state it is similar to the tetravalent state of
thorium and very hygroscopic. The half-lives of the nuclides are for 2'Pa 3.28 - 10*
years and for 2°U 7.04 - 10® years. This limits the accessible dating interval to less
than about 150,000 years.

5.5.3 222Rn | 22°Ra system

This application represents the DD situation. In glaciofluvial®® deposits surface
water from rivers infiltrate into nearby groundwater. The infiltration velocity of such

19 For objects to be dated the condition of a closed system is not always met. Many samples such
as bones or mollusks may experience some uranium uptake after formation. This influences the age
deduced from eq. (5.12). Another possible source of error may come from the fact that activity con-
centration of the daughter Z°Th at time zero is not negligible. If, e.g., the sample has some intru-
sions from geological materials, then this contamination contains the natural transformation
series, especially 2****U. The measured #*°Th activity concentration then needs to be corrected for
this contribution.

20 Retreating glaciers from the last ice age left many deposits in the Swiss midlands of several
hundred meter thickness.
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surface water into the groundwater is an important parameter for hydrological
modeling. This process may be traced using the noble gas isotope ??Rn (tV2 = 3.82d)
being generated from ?*°Ra (t¥2 = 1600 a), a member of the **®U transformation se-
ries. The activity concentration of **’Rn is very low in surface water due to outgas-
sing into the atmosphere, hence there is no equilibrium between its precursor **Ra
and ??Rn. This reflects the daughter-deficient situation at time zero. This is not the
case in the adjacent soil acting as bed of the groundwater. Here, secular equilibrium
exists between the members of the natural transformation series. By measuring the
increase of the ’Rn activity concentration as a function of the distance from the
river into the groundwater body, infiltration velocities may be deduced. Such an ex-
ample is shown in Fig. 5.20, which yielded a mean groundwater flow velocity of 5m

per day.
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Fig. 5.20: Example of 22?Rn dating in hydrology. Upper part: cross section of the river (Glatt,

Switzerland) with the locations of the boreholes (G1 to G5) to sample groundwater. Lower part:
222Rn activity measured in water samples extracted from the boreholes (von Gunten 1995).
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5.6 Dating with nuclides emitted during nuclear
weapons testing and nuclear accidents

On several occasions, manmade radionuclides have been emitted into the environ-
ment. These events may be used as dating horizons if stored in environmental ar-
chives. One of the most important emission sources were the aboveground® nuclear
weapons testing series conducted by USA and Soviet Union. Many radionuclides
such as fission products, bomb material, or secondary products from interaction with
neutrons were emitted into the atmosphere. In the late 1950s such tests were per-
formed by USA in the Bikini Atoll that led to activation of sea-salt particles contained
in the plume of the explosion. Figure 5.21 depicts some typical debris isolated from
the ice of a glacier in Switzerland. It includes material from the bomb itself such as
B9y (tv4=2.41 - 10° a), products formed in nuclear fission such as *’Cs (tv2=
30.1a), activated (by the enormous intensity of neutrons) sea-salt aerosol particles
239Pu
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Fig. 5.21: Radionuclides detected in ice cores from glaciers in Siberia (Belukha, Russia, 2>°Pu) and
from the Alps (Grenzgletscher, Switzerland, *”Cs, 3¢Cl, 3H) that can be assigned to nuclear
weapons testing in the late 1950s and early 1960s and to the Chernobyl accident in 1986 (activities
in units of Bq/lor TU (1TU = 0.18 mBq/1)) (Olivier 2004 (upper part); Eichler 2000 (lower part)).

21 “Aboveground” nuclear tests in contrast to “underground” tests.
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such as °Cl (t72=3.01 - 10° a) from the early tests over the Bikini Atoll, and tritium
(t%2=12.3 a), which was formed in the hydrogen bombs also via interaction with neu-
trons. These nuclides were largely injected into the stratosphere from where they re-
turned into the troposphere within several years. For the fission product **’Cs, the
emission into the European atmosphere caused by the Chernobyl accident in April
1986 is also observed. In this case, however, the transport occurred within the tropo-
sphere. These stratigraphic radioactive horizons are also often found in other ar-
chives such as lake sediments (see **’Cs in Fig. 5.11 in Section 5.3.2).

5.7 Fission tracks

381 is ubiquitous in nature. The average concentration in the Earth’s crust is
5 ppm. U mostly transforms via a-emission and to a much lesser extent by spon-
taneous fission (sf).”” Primary fission fragments have very high kinetic energies and
therefore damage the surrounding matrix leading to tracks. These so-called latent
fission tracks have a length of typically 10 to 20 um. These tracks become visible by
chemical etching, cf. Chapter 2, and can be counted using a microscope. From the
number of observed fission tracks and knowing the concentration of 22U, the age
may be inferred based on the known half-life of 2®U. Best suited for determination
of the 23U concentration is to measure *°U via thermal neutron induced fission.
25U has an abundance in natural uranium of 0.72%. The procedure then goes as
follows: first, the sample is etched and the number of fission tracks from 23U is de-
termined. Then the sample is irradiated at a research reactor with thermal neutrons
that initiate induced fission (if) of 2**U. The additionally formed fission tracks are
again etched and counted. From the added number of new fission tracks and the
natural abundance of ?°U the concentration of ?®U can be inferred. This leads to
the age At of a sample according to:

At= A(BlsU)ln{l + {1.61 -10% %me@ntﬁr] } (5.20)

with D(sf) and D(n,if) being the fission track densities from *>®U and from ***U in
the sample, respectively, &, in(n,if) the cross section for thermal neutron induced
fission of 2°U (=5.86 - 1072 cm?), @, the flux of thermal neutrons in n cm s}, and
t;; the irradiation time.

One major drawback in fission track dating is annealing. In the course of time
some tracks may fade away due to thermal processes or due to ion diffusion. This
may lead to narrower and shorter tracks. As a consequence, underestimated ages

22 Cf. Chapter 10 in Vol. I. The probability for sf in 22U is only 4.5 - 107°%.
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may result. Annealing depends greatly on the material. Zircon or titanite is influ-
enced very little by annealing while, e.g., apatite is much less stable.

Fission track dating has been successfully applied in dating of tephra and ob-
sidian from volcanic eruptions for up to several hundred millennia. It was, e.g., pos-
sible to date tephra in the lee of the Andes (Rio Grande Valley) to have an age of
225,000 + 25,000 years (Espizua 2002).

5.8 Thermoluminescence dating

Soil or rock usually contain radionuclides such as isotopes of uranium, thorium,
and potassium. The emitted radiation in the material forms ion-electron pairs.
Often, these electrons are trapped in structural defects of crystal lattices and can
then be released in the laboratory via controlled heating. As a consequence, light
signals are observed. Loosely bound electrons lead to light pulses at heating tem-
perature of about 100 °C, while highly bound electrons need heating temperatures
in excess of 500 °C to ignite light emission. Photon detection is usually plotted
against the heating temperature (glow curve), in which peaks reflect the various
electron trap configurations in the material. It turned out that high temperature
thermoluminescence is proportional to the irradiation dose of the material. The age
of a sample can then be determined from the known natural dose per year in the
sample. However, the energy deposited in the material is strongly dependent on the
nature of radioactivity: a-particles have a high LET (linear energy transfer) value,
but on a short distance of typically some 20 to 50 pm, while B-particles are stopped
with a much lower LET value within a range of several mm. Gamma rays, finally,
have very few interactions and as a consequence very long stopping ranges. This
means that for each type of irradiation a calibration is required for the dose to light
emission relationship. In addition, the linearity in this relationship is limited: e.g.,
quartz, saturation of the light emission is observed at 100-500 Gray (Gy), while cal-
cite saturates at a much higher dose of about 3 kGy. To conclude, thermolumines-
cence dating should be applied with a certain degree of caution and, if possible,
verified with some other dating options. In real applications, thermoluminescence
dating turned out to be suited for the time window between **C and “°K|“°Ar
dating.

5.9 Outlook

Nuclear dating has found widespread application in many fields of science. The
time range that may be analyzed is huge: it covers hours to billions of years. How-
ever, nuclear dating very much depends on the known accuracy of the half-life of
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the radionuclides involved. Some environmental radionuclides still have poorly
known half-lives that need further improvement. One example mentioned in this
chapter is >°Si. Published values range from about 100 to 170 years with an average
value of 153 years. This situation prevents application of this nuclide for accurate
dating purposes. Another example is ®°Fe (not mentioned in this chapter). Its half-
life was published to be 1.5 - 10°a. Recently, it was re-measured and the new value
is now 2.62 - 10° a (Rugel 2009).

One drawback in nuclear dating is the analytical challenge: usually the sam-
ples to be dated contain only tiny amounts of the radionuclide that serves as a
“clock” to determine the age. Earlier, the determination of such radionuclides oc-
curred mostly via radiometric techniques. Recently, thanks to technological prog-
ress, mass spectrometry has gained increased importance due to considerably
improved sensitivity. This made it possible to measure, e.g., radionuclides with
half-lives greater than about 100 years in environmental samples with accelerator
mass spectrometry (AMS) down to a level of less than 10° atoms (cf. Chapter 4).

The “workhorse” in nuclear dating is still radiocarbon, *C. This situation will
probably remain so in the future, simply because many objects to be analyzed con-
tain carbon. Hence, many laboratories have recently ordered miniaturized AMS de-
vices, now available on the market, that are fully dedicated to measure radiocarbon
with supreme sensitivity and accuracy.
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6 Chemical speciation of radionuclides
in solution

Aim: The term speciation subsumes the quantification of the chemical species with
regard to oxidation states, complexation, formation of large molecules, and poly-
merization. It comprises physicochemical properties, molecular mass, charge, va-
lence or oxidation state, complexing ability, structure, morphology, and density.
Furthermore, the term speciation is used for the distribution of a given element
amongst defined chemical species in a system.

Many radionuclides have a very rich chemistry in solution. Solutions may simulta-
neously contain many different ions, complexes, molecules colloidal, or solid phases.
Different species might vary considerably in their molecular growth mechanisms, com-
plexation behavior, dissolution properties, and their sorption behavior onto and incor-
poration behavior into solid phases. To understand each individual species and the
behavior of the system as a whole the speciation needs to employ a variety of different
analytical techniques. No single analytical technique is capable of measuring a com-
plete speciation but typically a multitude of complementary characterization techni-
ques are required.

The present chapter introduces some speciation methods ordered by the size
range of species the methods can be applied to. None of the methods is used for
radionuclides only, rather are they frequently applied techniques and for each of
the methods one representative example of radionuclide speciation is discussed.

6.1 Introduction

The solution chemistry of some of the radionuclides is rather “complicated” - this is
particularly true for some of the actinides. Under certain chemical conditions as
many as four different oxidation states of plutonium are present in solution simulta-
neously, each of them having unique properties.' Consequently, quantification of the
chemical species with regard to oxidation states, complexation, formation of large
molecules, polymerization, and also sorption onto or incorporation into solids needs
to be investigated. This in short is called speciation. Speciation comprises physico-
chemical properties, molecular mass, charge, valence or oxidation state, complexing

1 To cite Glen SEABORG, “In a real sense, by virtue of its complexity, plutonium exhibits nearly all
of the solution behavior shown by any of the other elements.”

https://doi.org/10.1515/9783110742701-006
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ability, structure, morphology, and density. The term speciation is also used for the
distribution of a given element amongst defined chemical species in a system.

Chemical species can vary over a wide size range, from small ions or molecules
with sizes of less than 1 nm via small molecule with simple ligands to macromolecules,
organometallic compounds, polymeric species, nanoparticles, and colloids ranging
from 1nm all the way to macroscopic mineral particles and other solid phases with
sizes of more than 1 pm. The species of different size ranges are related to each other,
often in terms of chemical equilibria. One simple example is the equilibrium between
two oxidation states determined by the redox potential. An example from the upper
size range is the solubility of a defined solid phase in contact with an (aqueous) solu-
tion, which determines the amount of atomic/ionic species in solution for defined
chemical conditions of the liquid phase.

Solutions may contain many different ions, complexes, and molecules with a
multitude of molecular growth mechanisms, complexation and dissolution processes
taking place simultaneously. It is rather obvious that in an ensemble of many differ-
ent and interacting species reactivities, mobilities, sorption behavior, and so on can
be difficult to obtain. Furthermore, it is not necessarily the most abundant species
which dominates the chemical properties of the system but rather some minor but
highly reactive species — for instance due to high charge. To understand the behavior
of the system as a whole the speciation needs to be obtained including those minor
species. No single analytical technique is capable of measuring a complete speciation
but typically a multitude of complementary characterization techniques are required.
Table 6.1 lists the many techniques used in speciation, which will be mentioned in
this chapter.

The smallest solution species are single ions, and the chapter starts with techni-
ques for probing oxidation states of radionuclides in solution. Next, detection and
quantification of complexes and small molecules including structural probes are dis-
cussed. The separate subsections are structured according the corresponding most rep-
resentative analytical techniques. The chapter continues with methods applied for
polymers and colloids and concludes with a short outlook on surface-sensitive techni-
ques. Bulk analysis is not in the scope of this chapter.

6.2 Absorption spectroscopy (UV-VIS, LPAS)

The chemical environment of any atom ranging from formation of covalent elec-
tronic bonds to changes in oxidation state influences its electronic structures. Since
the atom’s electrons also absorb photons, it is straightforward to probe oxidation
states by absorption spectroscopy, which is indeed applied for many elements as a
routine method. The principle is very simple (Fig. 6.1). A beam of light enters a sam-
ple with a well-defined path length. The intensity of the light in front of the sample is
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compared to the one behind, the difference between both intensities being defined as
extinction.” It is important to keep in mind that extinction does not only comprise the
desired absorption signal (the interaction with the electrons), but also scattering of
light which often is unwanted, e.g., if the sample is opaque or contains a large num-
ber of small particles. A wavelength-dependent spectrum is obtained by either using a
tenable monochromatic light source or by introducing “white” light and adding a
wavelength dispersive element such as a grating or a prism behind the sample. Preci-
sion is increased by so-called double path instruments where the light beam is split
into two parts of equal intensity and guided via identical beam paths to two indepen-
dent detectors. One beam penetrates the sample, the second a reference solution or a
blank. The difference in extinction is measured accurately to typically 1 part in 10 000
or better. For dilute solutions (low extinction) BEER’s law is linearly approximated re-
lating the absorption Aps

Aabs = smOICd > (61)

with the molar absorptivity e, (in M cm™), thickness of the sample d (in cm), and
concentration c of an absorbant (in M = mol/l). Typical absorptivities are 100 M'lcm™
leading to lowest measurable concentrations in the uM range. However, organic mol-
ecules, e.g., dyes, absorb light up to 1000 times stronger, metal ions with so-called
forbidden transitions may absorb light weaker by the same factor. The limit of detec-
tion (LOD) is lowered by increasing the path length.

A very convenient method is the use of a so-called “liquid wave guide capillary”.
The sample is filled into a narrow capillary of a material with an index of refraction’®
Nyefy Smaller than the one of water (1.5 H,0 =1.33). In analogy to the principle of a fiber
light guide, the light cannot leave the capillary due to total internal reflection. While
the standard absorption cell has a path length of only 1cm, waveguides of up to 10 m
length are available. The extinction is hence 1000 times higher.

A beam of light enters a sample with a well-defined path length. The intensity of
the light in front of the sample is compared to the one behind, the difference between
both intensities being defined as extinction. The interaction of the light with the sam-
ple can be detected by different methods: the absorption can be monitored, fluores-
cence can be detected (this will be discussed in more detail in Section 6.11) or the
deposition of energy in the sample can be detected by a photoacoustic method.

Figure 6.2 illustrates the application of the technique for the case of plutonium
in solution. Under acidic, slightly oxidizing conditions pu', Pulvaq, PuY, PuY, and

2 Extinction is the loss of light which passes through a medium. Extinction is the sum of absorp-
tion and scattering.

3 Index of refraction of a substance (optical medium) is a dimensionless number that describes
how light propagates through that medium.

printed on 2/11/2023 6:44 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

6 Chemical speciation of radionuclides in solution =— 181

Photo-Acoustic Absorption

A 4

Fluorescence

Fig. 6.1: The principle of absorption spectroscopy.

Pu'V-polymer species”® (colloids) are stable in solution making the exact speciation
particularly challenging. Fortunately, all Pu oxidation states exhibit quite narrow
and characteristic absorption peaks, due to simple LAPORTE forbidden intraband
transitions® of the 5f electrons, as shown in the upper left part of Fig. 6.2. The corre-
sponding colors of plutonium solutions in the respective oxidation states are shown
in the lower part of Fig. 6.2. If a mixture of different oxidation states is present in solu-
tion, the absolute concentration of all oxidation states is obtained by mathematical
deconvolution of the sum spectra. The achievable precision strongly depends on the
set of reference spectra available taking in account the influence of the matrix due to
complexation of in particular the tetra- and hexavalent ions with, e.g., nitrate or chlo-
ride ions. Thus, by this method, complexation of actinides by organic compounds can
be studied in order to gain thermodynamical complexation data, as shown for Np(V)
by Maiwald et al. (2020).

In samples with strong light scattering, the absorption signal is often consider-
ably disturbed as illustrated in Fig. 6.2 (upper right, blue line), for the case of a so-
lution containing trivalent praseodymium and 100 nm polystyrene nanoparticles.
Effects of absorption and scattering should be considered. The light scattered elasti-
cally by particles leaves the sample and does not deposit energy. Absorption, in
contrast, deposits energy, leads to local heating and, consequently initiates volume

4 The subscript in PuIVaq indicates summation over all aqueous species containing tetravalent Pu.
Without subscript, only the ion Pu** was considered.

5 LAPORTE forbidden intraband transitions are electronic transitions including a spin change,
which are strongly suppressed.
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Fig. 6.2: Application of the UV-VIS method to determine oxidation states of Plutonium solution

samples. Left: Absorption spectra of four reference solutions are given in the molar absorptivity

scale. The solutions were prepared at different concentrations and in different media: Pu'' at 2.6 -
1073 M in 1M HClO,, Pu",q at 3.7 - 107 M in 0.5 M HCL, Pu¥ at 3.0 - 107> M in 0.001 M HCLO,, Pu""
at 2.3 - 107> M. Bottom: Plutonium solutions with the respective pure oxidation states show
characteristic colors. Right: In samples with strong light scattering, the absorption signal is often
considerably disturbed as illustrated in the right figure (blue line), for the case of a solution
containing trivalent praseodymium and 100 nm polystyrene nanoparticles. The red curve shows the
same sample as before, this time measured by LPAS.

expansion of the illuminated fraction of the sample. The higher the absorptivity at a
given wavelength is, the stronger the shock wave caused by the expansion. This ef-
fect is exploited by LPAS. A narrowband tunable laser is scanned over the spectral
range to be measured and a piezo detector® transforms the shock wave into an elec-
tric signal, which is strictly proportional to the absorptivity of the absorbent. The
red curve in Fig. 6.2 shows the same sample as before, this time measured by LPAS.
The slope due to RAYLEIGH scattering’ is clearly suppressed. Furthermore, LPAS is
up to three orders of magnitude more sensitive compared to conventional UV-VIS.

However, LPAS is technically more demanding and more time consuming.

6 A piezo detector is a very sensitive microphone.
7 RAYLEIGH scattering is scattering of light by particles much smaller than the wavelength of the

light.
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6.3 X-ray absorption near edge structure
spectroscopy (XANES)

A method closely related to absorption techniques in the visible range, is an X-ray

absorption based technique called XANES (X-ray absorption near edge structure).

The technique is comparable to the absorption spectroscopy methods described in

Section 6.2 but differs in the energy region of the incident radiation, ranging from

~500 eV to 100 keV, namely the X-ray region in the electromagnetic spectrum.
Being an absorption technique, it follows BEER’s law,

I=Ie ™, (6.2)

with the intensity of the incident beam I, the intensity I after absorbed by a sample
of the thickness d, as shown in Fig. 6.3. The absorption coefficient u is element spe-
cific and depending on the sample density p, the atomic number Z, the atomic mass
A, and the X-ray energy:

o2
T (6.3)
This technique is based on the photoelectric effect:® By use of a synchrotron, X-ray
photons of defined (and variable) energy can be produced. These photons ionize
atoms by the photoelectric effect, possible for all electrons with a binding energy
below the one of the photon entering.

—_ 1,

——— ] =———)

sample

Fig. 6.3: X-ray absorption near edge structure is an absorption technique and thus follows Beer’s
law. The intensity of the incident beam /, is reduced to the intensity / by passing the sample of
thickness d. The absorption coefficient i is dependent on the atomic number and the energy. Thus
the spectra contain information about the element composition.

To understand the effects of the emission of electrons, we have to recall what we
learned about the electron shell, cf. Sections 1.3 and 1.4 in Vol. I. Electrons are

8 The photoelectric effect was introduced in Chapter 11 of Vol. I in the context of secondary transi-
tions of unstable nuclides, related to excited nuclear states. Here, it is induced by external excita-
tion on stable atoms.
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present in different shells n of discrete energies (n=1,2,3, ..., 7). These shells are
often symbolized by Latin capital letters (K, L, M, . . ., Q), as shown in Fig. 6.4. The
electrons in the outer shell are called valence electrons and are responsible for the
chemical behavior of an element. All the other electrons present in the shells of lower
n than the valence electrons are referred to as “core electrons” in X-ray absorption
spectroscopy methods. Let us revisit the calcium atom from Sections 1.3 and 1.4
in Vol. I: it contains 20 electrons in its shells from n=1, ..., 4 (see Fig. 6.4). The
valence electrons are situated in the shell with n =4 (the N-shell), the other electrons
distributed over the K-, L-, and M-shells are the core electrons.

NUCLEUS

SHELL ELECTRONS

VALENCE ELECTRONS

Fig. 6.4: X-ray absorption near edge structure spectroscopy is based on the photoelectric effect.
X-rays of sufficient energy can be absorbed by core-level electrons of the probed element (here Ca)
in the sample. These electrons are excited to unbound states, the so-called continuum. K, L, and M
denote the electron shells of the respective probed element.

If we now bring a calcium sample (or any other element) into an X-ray beam with
tunable energy at a synchrotron, the X-ray photons can interact with the electron
shells of the atoms. By increasing the X-ray energy, corresponding to eq. (6.3), the
absorption coefficient u will decrease. Thus, with increasing X-ray energy every
probed sample would become more and more transparent. However, there are pro-
nounced resonances in those cases where a core-level electron is excited to so-
called unbound states (see Fig. 6.4). One observes a sudden increase as shown in
Fig. 6.5 in the X-ray absorption cross section called “absorption edge” when the X-
ray energy EX™ corresponds to the binding energy of the respective core-level elec-
trons. These binding energies are not only element specific, they also depend on
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XANES

p (E)

E(eV)

Fig. 6.5: Schematic sketch of an X-ray absorption spectrum. The energy of the X-ray photons is
plotted on the x-axis, the absorption coefficient p on the y-axis. With increasing energy, the
absorption coefficient decreases until the X-ray energy resonantly excites a core electron into an
unbound state. This leads to a sudden increase in the absorption, a so-called absorption edge. The
position of the absorption edge is both element and oxidation state specific. The X-ray absorption
near edge structure (XANES) spectroscopy focuses on the area close (typically within 30 eV of the
main absorption edge) to the absorption edge. The EXAFS region in the plot will be discussed in
Section 6.8.

the effective charge at the probed atoms and thus can be applied to determine the
oxidation state of the investigated element.

An example for the identification and quantification of oxidation states of ra-
dionuclides is shown in Fig. 6.6. It shows typical absorption spectra of the different
oxidation states of 2’Np in solution recorded at the Np L3-edge.’ The spectral fea-
tures close to the absorption edge are the X-ray absorption near edge structure
(XANES), being element and oxidation state specific. The part of the spectrum at
higher energies, called the EXAFS (extended X-ray absorption fine structure) will be
discussed later in this chapter (Section 6.7), when the interactions with the nearest
neighbor atoms of the radionuclide are of interest.

The different oxidation states of neptunium were prepared by electrolysis and
the XANES measurements were performed in situ in an electrolysis cell. The versatil-
ity to combine X-ray spectroscopy with in situ preparative methods in combination
with the high selectivity of excitation is one of the strong advantages of X-ray spec-
troscopy. The shift in the absorption peak for the respective oxidation states follows
the expected trends of the effective charge on the metal center. The discontinuity
from the Np'¥ to Np" results from the formation of transdioxo neptunyl ions NpO,"
and NpO%*, respectively. The doubly bound O atoms donate electron density back to

9 Np L3-edge means that the excitation energy of the X-ray corresponds to the electrons in the Np-
L-shell. As introduced in Section 1.4.1 of Vol. I, all shells except the K-shell split into subshells. The
L-shell is divided into three subshells: L1, L2, and L3. L1 corresponds to the 2s energy level, L2 to
2p1/2, and L3 to 2ps5, (see also Section 1.6.2 in Vol. I).
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Fig. 6.6: The dependency of the peak positions of a probed element on the oxidation state is
shown in this example for 2’Np in its different oxidation states prepared by electrolysis. The
spectra of the pure oxidation states clearly show distinctive shifts. Moreover, the peak forms differ
due to the different ionic species characteristic for the Np oxidation states: while in the lower
oxidation states Np exist as Np>* and Np**, the higher oxidation states form dioxo-ions Np0,*/2*,
The different coordination geometry causes different peak forms. Figure reproduced from Gaona

et al. (2012) with permission.

the Np atom causing a shift of the absorption edges. From the spectra of the pure
oxidation states, one can determine the abundance of the different oxidation states
in solution of unknown composition by fitting these spectra.

Recently a high energy resolution fluorescence detection (HERFD) mode was
developed and applied to the investigation on nanometer sized plutonium nanopar-
ticles (see also Section 6.12). Gerber et al. (2020) showed that the plutonium oxida-
tion state in PuO, nanoparticles is exclusively Pu(IV). Before, a mixture of Pu(IV)
and higher oxidation states was proposed. The technique can be applied on solid
samples, solutions, and gaseous samples.

6.4 Liquid-liquid extraction

Alternative approaches to measure a radionuclide’s oxidation state in solution are
based on chemical separation applicable to even minute concentrations and hence
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particularly suited for radiochemistry.!® All of these techniques make use of oxidation
state selective complexation by ligands, some kind of extraction or separation of the
noncomplexed residues followed by (e.g., radiochemical) detection of the radionu-
clide of interest. One separation method is the liquid-liquid extraction technique. An
organic phase with selective extraction ligands'! is added to the aqueous phase con-
taining radionuclides in different oxidations states (see Fig. 6.7). The organic phase
needs to solvate both the extraction ligand and the M-L-complexes formed by the li-
gands with the respective radionuclide. Furthermore, the organic phase should be re-
sistant against radiolysis and should not mix with the aqueous phase. Ligands are
selected according to oxidation state selective complexation of radionuclides, allow-
ing for extraction of one characteristic oxidation state only. The two-phase mixture is
shaken for a sufficient time, to enlarge the phase boundary during the extraction pro-
cess. Afterwards, the mixtures are allowed to phase separate again. Consequently,
one oxidation state is enriched in the organic phase, while the other oxidation states

a) b)
£ e
organic phase (‘_) (.. @ @
shaking
"k 9@

extraction J

ligand c L ~ (:) G.)
aqueous phase ® e, -

° ° L *

@ RN in different ®
# oxidation states + ¥ ° ™ ]

Fig. 6.7: Liquid-liquid extraction: a) An organic phase containing selective extraction ligands is
added to an aqueous solution of radionuclide in different oxidation states. If the organic phase is
nonmiscible with the aqueous phase, two phases form. On the phase boundary, the extraction
ligands complex the metal ions from the aqueous solution and stabilize them in the organic phase.
The mixture is shaken vigorously to enlarge the phase boundary. b) After subsequent phase
separation one oxidation state is enriched in the organic phase if ligands were applied that
selectively stabilize one oxidation state in the organic phase. The other oxidation states remain in
the aqueous phase.

10 Radiochemical separation methods are discussed in Chapter 7.
11 “Extraction” ligands L are chelating agents which form M-L-complexes, which change the lip-
ophilicity of the initial hydrophilic cationic M species to a lipophilic complex.
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remain in the aqueous solution (see Fig. 6.7). The quantification can be performed by
first separating the two liquid phases or by taking aliquots from each phase; followed
by analyzing the activities of the two phases by standard radioanalytical techniques
like liquid scintillation counting, y-spectrometry, etc.

6.5 Capillary electrophoresis (CE)

Another chemical separation technique often applied in radiochemical speciation is
capillary electrophoresis™ (CE). Here, a conductive solution within a thin capillary
is subjected to an electric field. A schematic figure of the principle of the technique
is depicted in Fig. 6.8. Two mechanisms play a role: First, charged species will ex-
perience a force that is proportional to their charge and the electrical field. Thus,
species with different charge will be separated. This is called electrophoretic mobil-
ity" (uer):

_ v _ Zeo
TE 6Nt

MErF (6.4)
with z being the effective charge of the ion, ey the elementary charge of the elec-
tron, 1 the dynamic viscosity in Nsm™, and r,q the hydrodynamic ionic radius of
the hydrated ion. It connects the migration velocity v of the ions with the electrical
field strength E.

Anions will move towards the anode, cations towards the cathode; neutral spe-
cies are only separated when they are associated to charged molecules. When an
ion moves through a solution, it is surrounded by a number of solvent molecules.
This increases its effective radius. This effect is accounted for with the so-called hy-
drodynamic radius which describes this effective radius. Larger ions have lower
mobilities and are separated from the smaller ones.

The second mechanism is called electroosmotic flow* (uEop):

_ &0&(

= m> (6-5)

HEor

12 The principles of electromigration are introduced in Chapter 7. Many of the parameters defined
there also apply to CE.

13 Electrophoretic mobility is defined as the rate of migration of the substance measured in cm/s
under the influence of a potential gradient of 1V/cm and given in units of cms™ V™2, cf. also
Chapter 7.

14 Electroosmotic flow describes the motion of a liquid in a capillary induced by a voltage applied
to the two capillary ends.
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Fig. 6.8: Principle of capillary electrophoresis: A glass capillary filled with a solution of
radionuclide containing electrolytes is subjected to a strong electric field. This leads to a motion of
the ions present in solution towards the electrode of opposite charge. lon electrophoretic mobility
ver depends on size and charge causing the intended fractionation. Moreover, the solution is
dragged through the capillary towards the cathode by the electroosmotic flow pgof, induced by a
double layer of electrolyte cations that forms at the capillary walls due to its negative charge.

with &, being the electric field constant in As V'm™, &, the dielectricity con-
stant, and { the zeta potential.” Electroosmotic flow is induced by the capillary
walls coated with silanol groups. These are deprotonated at pH > 2, leading to a neg-
ative charge at the capillary walls that is compensated by cationic electrolyte ions
from the buffer solution. The electrolyte cations form a double layer: the layer
closer to the wall is fixed, the second layer is mobile. Due to the voltage applied,
this positive layer will move towards the cathode and drag the whole solution in
that direction. The total mobility (u) results from the sum pgg + pgor-

After separation, the different fractions have to be detected by a suitable detec-
tion method, for instance by a mass spectrometer, a UV-VIS spectrometer, an NMR
spectrometer or an activity counter. An example for the separation of 2*’Np in differ-
ent oxidation states applying an ICP-MS™® as detection method is shown on the left
side of Fig. 6.9. The different oxidation states pass the capillary after different times
and are thus fractionated. Due to the size dependency of the electrophoretic mobil-
ity, molecules can also be separated by this method. The right side of Fig. 6.9
shows the fractionation of the first three mononuclear hydrolysis species of ***Pu in
the oxidation state Pu'V, i.e., [Pu(OH),]*™. The three different species were sepa-
rated clearly from each other and quantified by ICP-MS afterwards.

15 The zeta potential { describes the potential gradient at the cationic double layer formed at the
capillary walls. Its value is crucial for the macroscopic behavior of an electrolyte in a capillary.

16 ICP-MS is an inductively coupled plasma mass spectrometer. It is a widely applied tool for ele-
mental analysis and concentration determination of metals in solutions.
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Fig. 6.9: Data obtained by capillary electrophoresis from Banik et al. Left: Different oxidation states
of Z”Np are separated by CE and the fractions are quantified by ICP-MS. Here Np' shows a higher
electrophoretic mobility due to its higher charge than NpY, which forms NpO," ions in aqueous
solution (Banik et al. 2010). Right: Fractionation and quantification of 242Pu" hydrolysis products
(Banik et al. 2009).

6.6 Electrospray ionization mass spectrometry (ESI)

A direct and at the same time low invasive!” technique for speciation of molecules
in solution is electrospray ionization (ESI). A liquid is introduced into a small capil-
lary with a fine tip. By applying a high voltage to the tip the electric field generates
charged droplets, as shown in Fig. 6.10. In an electrospray ion source, coupled to
mass spectrometer, these primary droplets are guided into the vacuum where they
shrink due to solvent evaporation and coulomb explosion'® until only one molecule
with a small number of solvent molecules remains. These charged species are char-
acterized by a mass analyzer, such as a time-of-flight drift tube, magnetic sector
field analyzer, quadrupole (HF) analyzer, or ion trap. Developed for the low inva-
sive detection of fragile, large biomolecules, as shown in Hoyer et al. (2019), this
technique also proved useful for detection of inorganic complexes and polymers.*
During the droplet shrinking process the ratio of volatile to nonvolatile species
may be changed, so-called up-concentration. This effect is strongly reduced by gen-
erating smaller primary droplets in the case of so-called nano-ESI, a particularly

17 “Noninvasive” means that the species are not changed during transfer to the detection system
(in this case into the mass analyzer).

18 “Coulomb explosion” means that the charge density on the outside of a droplet increases dur-
ing shrinkage (constant charge but decreasing surface area). This causes instability and leads to
coulomb explosion.

19 In contrast to detection of large organic molecules that are charged in the source by attachment
of protons, inorganic complexes need to be present as charged species already in solution. Neutral
molecules cannot be detected.
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metal coated tip

Fig. 6.10: A spray is generated by applying high voltage to a metal-coated quartz capillary. The
droplets shrink and Coulomb explode as they enter vacuum, forming single charged molecules
with a small shell of water molecules.

soft variation of electrospray. By substituting the metal capillary by a glass capillary
of only approximately 2 pm inner tip diameter, droplets of less than 50 nm radius
are generated. These droplets contain only a small number of nonvolatile com-
pounds, making polymerization during droplet shrinkage less likely. Second, evap-
oration is much faster than for conventional ESI. Operative parameters of the
source can be chosen to be mild such that a solvent shell is maintained surrounding
the molecules during all stages of detection, minimizing also the risk of fragmenta-
tion or dehydration.

Typical samples may contain analyte concentrations of <10 mM and ionic
strength I <100 mM, since the amount of electrolyte present in solution is limited
by the ESI technique: Salt deposition clogs the tip of the needle or the small orifice
where the spray enters the vacuum chamber.

The method is illustrated for the analysis of polymers of (tetravalent) thorium?
ions in solution, as shown in Fig. 6.11. It is well known that thorium hydrolyzes
rather fast, which in turn leads to formation of polynuclear hydroxide complexes
and colloids. These species play a crucial role in understanding thorium solution
chemistry, since their presence causes apparent solubilities several orders of mag-
nitude higher than in the absence of polymerization. Reactivity and extractability of
polymeric species differ strongly from monomers due to their high charge. It is
hence necessary to understand formation of polymers quantitatively on a molecular
level. While at high acidity (ca. pH 1) monomeric species account for the majority of
thorium in solution [Th'V];y, the fraction of polynuclear hydroxide complexes in-
creases with increasing pH. Close to the limit of solubility for amorphous thorium
hydroxide Th(OH),, polymers often dominate the solutions. One especially stable
and pronounced species detected by ESI is the pentamer shown in Fig. 6.11.

20 Polymers comprise as many as 20 metal ions bridged by hydroxide groups or oxygen.
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Fig. 6.11: Time-of-flight spectrum of a solution at pHc 3.17 containing [Th"];,; = 2.89 - 1072 M. The
two peak groups around m/q =250 amu/e?! and m/q = 400 amu/e comprise mononuclear
hydrolysis complexes still inside tiny water droplets (15-30 water molecules). Doubly charged
dimers are superimposed on the latter group. The peaks around m/q = 650 amu/e comprise triply
charged pentamers. Right: Structure of the Th-pentamer according to molecular modeling.

Another strength of the method is that it can determine the presence of ternary
species in solution: Recently Losch et al. studied® the complexation of hexavalent
uranium with aqueous silicates by a combination of ESI-MS and fluorescence spec-
troscopy (see Section 6.11). Uranium(VI) tends to hydrolyze in the investigated pH-
range, leading to the formation of different uranium hydroxo species. The results in
Losch et al. (2020) clearly show the presence of ternary uranium-hydroxo-silicate
species in solution. These ternary species are not accessible by means of spectro-
scopic measurements alone; ESI-MS results show the sum formulas of the species
present in solution and can give the crucial hints to the presence of such species in
solution.

The method is suited for detecting the distribution of all charged species in so-
lution, including minor species. Using mass analyzers of high resolving power, spe-
cies contributing only a few ppm to the total metal concentration in solution are
efficiently detected.

6.7 Extended X-ray absorption fine structure
spectroscopy (EXAFS)

After having determined characteristic oxidation states of a radionuclide and quan-
tified the fraction of individual complexes formed, the next step in speciation is to
gain information on the structure of the compounds. This asks for information on

21 amu/e represents atomic mass units divided by the charge.
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the close environment of the (radio)metal and the kinds of infractions between the
“central” metal Me and atoms representing the “environment”. To identify the near-
est neighbor atoms of the radionuclide, the extended X-ray absorption fine struc-
ture (EXAFS) technique, mentioned before in Section 6.3 on XANES, can be utilized.

When a core-electron (see Fig. 6.4) absorbs an X-ray photon of sufficient energy
and wave length A, it becomes a “photoelectron”, an electron induced by interac-
tion with electromagnetic radiation, with a specific energy ejected from the absorb-
ing atom. Its kinetic energy can be expressed as wave number k = 2rt/A.

On its path, the photoelectron is backscattered from the electrons of neighbor-
ing atoms to the absorbing atom. Presence of the backscattering electron modulates
the amplitude of the photoelectron wave function at the absorbing atom. A simpli-
fied scheme is depicted in Fig. 6.12.

photoelectron  backscattered
photoelectron

absorbing atom neighbour atom

Fig. 6.12: An incident X-ray beam excites an electron from a core level to the continuum. The
photoelectron can be backscattered by electrons from neighboring atoms. The backscattered
photoelectron wave interferes with the outgoing parts of the initial photoelectron wavefunction.

The waves of the ejected electron and the backscattered electron interfere. Depend-
ing on the wavelength of the electrons and the distance between the emitting and
backscattering atom, interference can be constructive or destructive. This interfer-
ence gives rise to the oscillations in the absorption function called the extended X-
ray absorption fine structure (EXAFS), depicted in Fig. 6.13. It plots the absorption
coefficient (E) as a function of the X-ray energy EX™ (in eV).

The oscillations can be described by the EXAFS fine structure function (E):

X(E)= %, ©6.6)

where (E) is the measured absorption coefficient (black line in Fig. 6.13), uo(E) is a
background function (plotted in gray) that represents the absorption of an isolated
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Fig. 6.13: The absorption coefficient (E) is plotted against the kinetic energy of the incident X-ray
photons in eV. The interfering photoelectron waves cause modulations in the absorption
coefficient (E) called the extended X-ray absorption fine structure (EXAFS). This oscillation can be
seen in the EXAFS region at higher energies compared to the XANES region depicted in the
spectrum. The gray line po(E) represents the absorption of an isolated atom that has no
backscattering neighbors.

atom without backscattering neighbors, and Auo(E) is the jump in the absorption at
the energy E, at the absorption edge.

As mentioned above, the photoelectron shows a wave behavior. To understand
the fine structure in the EXAFS region, it is expedient to convert the X-ray energy to
k, being the wavenumber of the electron. It is defined as follows:

k= /w, ©6.7)

with E, being the absorption edge energy, m. the electron mass, and % the reduced
PLANCK constant.”

Now the oscillations in the fine structure (k) can be described as a function of
the photoelectron wave number k. The different frequencies in the oscillations in
(k) result from different near-neighbor coordination shells and can be modeled by
the EXAFS equation:

- 2k%0?

x(k)= Z % sin[2kR; + 6(k)], (6.8)
j )

where f(k) and (k) are scattering parameters of the atoms neighboring the excited
atom (both of these depend on Z, the atomic number of the neighbor atoms and
consequently are element specific), N is the number of neighboring atoms, R is the

22 h=h/(2n).
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distance to the neighbors, and ¢® a factor that describes the disorder in the neighbor
distance. From this somewhat complicated equation we can see that the oscillations
contain information about the atomic number Z of the neighboring atoms, and the
distance R between absorbing atom and neighbor atom up to 5 A.

As the EXAFS (k) oscillations decay rather quickly, the signal is weighted with
respect to the wavenumber k by multiplying it with a power of k (i or k%), to am-
plify the oscillations at high k-values as shown in Fig. 6.14. The EXAFS data basi-
cally consist of sums of damped sine waves. FOURIER transformation® of the k-space
spectrum to the position space delivers a direct relation of the distances of the
neighbor atoms and the oscillation magnitude: the oscillation magnitude is then
plotted as a function of the bond distances in A. In this representation the peaks
correspond to groups of atoms at different distances.

x(k)
o

k2 (k) (A-2)

k(A

Fig. 6.14: Isolated (k) oscillations of a molybdenum sample. The top shows the oscillations
extracted from the X-ray absorption spectrum by background subtraction, normalization, and
conversion to the k-space without weighting. The unit of k is 1/A. On the bottom the same data is
k-weighted (k*(k)) in order to emphasize the oscillations that transform quickly with increasing
k-values.

23 The FOURIER transformation is a mathematical method that describes a signal as a sum of sine
and cosine waves of different frequencies and amplitudes.
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An example for an EXAFS spectrum is given in Fig. 6.15. It shows the EXAFS spectra
of #?Pu¥" and #**Pu"" in solution. The k> weighted EXAFS oscillations are plotted
against the X-ray energy. A FOURIER transformation results in a spectrum showing
the EXAFS oscillation magnitude at varying Pu—O bond distances to the neighbor-
ing atoms. Here the distances to the next-neighbor atoms are discernible. EXAFS
confirmed that Pu"" does not form dioxo-ions analog to PuO%", but a tetraoxo-ion
PuO, with four oxygen atoms at a distance of 1.88 A corresponding to four doubly
bound oxygen atoms, and two further oxygen atoms at a distance of 2.3 A corre-
sponding to two hydroxide moieties in the first coordination shell. The respective
structures are depicted.

~ PuVII

I3 (k) Exafs
FT magnitude

4 6 8 10 12 14 16
k, A L, A

Fig. 6.15: EXAFS data of 242Pu¥"" and 2“2Pu"" solutions by Antonio et al. (2012) Left: By background
subtraction, normalization and conversion to the k-space, see egs. (6.7) and (6.8), the EXAFS
oscillations x(k) can be isolated from the raw data. The oscillations are weighted with respect to
the wavenumber k (multiplied by a power of k) in order to enhance the quick oscillations for high k
values. This is depicted in the two k> weighted spectra for Pu"' (bottom) and Pu"" (top). These
oscillations contain information about the types, number, and distances of neighboring atoms.
Right: After Fourier transformation into the r-space (&) the spectrum visualizes the EXAFS
oscillations depending on the bond distance r in A. The different coordination spheres around the
absorbing atom and their respective bond distances are visible. The two spectra for Pu¥' and Pu""
show two different oxygen shells for the oxygen atoms bound to the plutonium in two different
ways. The plutonium oxygen double bond has a smaller bond length than the plutonium hydroxide
bonds, as shown in the upper right part of the figure. If one compares the spectra of the two
plutonium species, one can clearly see that the EXAFS magnitude contains information about the
number of atoms in the respective shell: For Pu¥" in the upper spectrum the EXAFS magnitude for
the Pu =0 shell is much higher, as four oxygen atoms are bound to the plutonium center in this
fashion. For Pu¥' in the lower spectrum the peak corresponding to the Pu—OH bonds becomes more
pronounced as the number of hydroxide moieties is larger in this species. Figure reprinted and
adapted with permission from Antonio et al. (2012).
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As many organic ligands ubiquitous in the geosphere, might enhance the mo-
bility of actinides in the far field of a nuclear waste repository due to their relatively
high complexation constants, understanding of actinide complexation by organic
ligands is crucial. Taube et al. (2019) studied the complexation of americium by
malic acid by a combination of EXAFS and other techniques. The EXAFS spectra
give insight into the first coordination sphere of a coordinated metal, the method
revealed that americium is coordinated in a tridentate ring structure by malate.

6.8 Infrared (IR) vibration spectroscopy

The absorption of electromagnetic radiation in the much lower energy range, i.e.,
the infrared region (1.2-1.7 eV)** is not capable of exciting shell electrons to non-
binding or unbound states, as seen in the UV-VIS or X-ray region. However, mole-
cules can absorb light in this region. This absorption induces vibrations of the
molecules, as shown on the left side in Fig. 6.16 and can be applied for infrared (IR)
spectroscopy.

harmonic potential

‘/ MORSE potential
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Fig. 6.16: Left: Simplified scheme of infrared (IR) spectroscopy: Electromagnetic radiation in the
infrared region can induce vibrations of molecules. Right: Potential curves for the harmonic (gray
dots) and anharmonic oscillator. The real system is approached by the Morse potential depicted as
a black curve. The energy levels calculated by the Schrodinger equation are shown for the Morse
potential. The higher the v-values, the closer the energy levels get to each other until they form a
continuum. At a certain energy value the molecule dissociates. In IR spectroscopy the energy
transitions between the different vibrational levels are measured.

The energy levels of the different vibrational states are quantized: each vibration
that can be induced has its own discrete energy. In the simplest approach the

24 For the classification of electromagnetic radiation cf. Chapter 3 in Vol. I.
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energy levels of a vibrating diatomic molecule can be described by the harmonic
oscillator.”

It uses the analogy of a vibrating diatomic molecule to the vibration of two masses
linked by a spring, dependent on the masses of the atoms in the respective molecule
and the bond strength. The energy levels are described by the following equation:

Evip = (v + %) hw, (6.9)

with w being the angular frequency and v the quantum number of the vibration lev-
els. In this simple approach the potential energy curve would have a parabola
shape (as depicted in Fig. 6.16 in gray) and equidistant energy levels. The special
selection rule for vibrational transitions is Av + 1. This means that only transitions
from and into neighboring energy levels are allowed.

The real system however, is better described by the MORSE potential,” depicted
in Fig. 6.16 in black. In contrast to the harmonic approach, it allows the description
of the dissociation of molecules when they have absorbed a certain threshold value
of energy. Here also other transitions with Av+1,2,3, . . . are allowed.

Neither do all molecules show absorption bands in the infrared region, nor
does every possible vibration. There is a general selection rule” demanding that
the dipole moment has to change upon the vibration movement. Consequently ho-
monuclear diatomic molecules (like H,) do not show absorption bands in the IR re-
gion, as their dipole moment does not change upon vibration.

A variation of the dipole moment is, for example, given for asymmetric stretch-
ing modes of linear triatomic molecules, like the actinyl ions AnO%*, shown in
Fig. 6.17. The respective vibration frequency of the free uranyl ion (961 cm™) can be
altered by coordination of hydroxide moieties to the uranium metal center upon hy-
drolysis. This coordination leads to a variation in the electronic density of the ura-
nium atom, and a subsequent weakening of the U=0 bonds.

An example for the changing IR transitions due to the formation of dimeric and
trimeric hydrolysis species is shown in Fig. 6.17. Here, the different hydrolysis spe-
cies can be assigned by their characteristic vibration frequencies. The abundance of
the respective species in solution can then be determined by peak deconvolution.

1’26

25 The harmonic oscillator was introduced in Section 1.5.2 in Vol. L.

26 The MORSE potential describes the electronic potential of a diatomic molecule depending on the
distance between the two nuclei.

27 A vibrating dipole emits electromagnetic waves. Looking at it the other way round, the induc-
tion of a vibration upon absorption of an electromagnetic wave has to induce a dipole moment dur-
ing the vibration. Whenever light interacts with matter, a dipole moment is induced. It is described
by fi;q = @Eo cos 2rtvot, where E is the amplitude of the electromagnetic field, v, is the frequency of
the field, and « is the polarizability, which describes how effective an electromagnetic field induces
a dipole moment.
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Fig. 6.17: Changing IR transitions due to the formation of dimeric and trimeric hydrolysis uranium
species. Left: The v asymmetric stretching mode of UO%* -moieties is IR active and causes
absorption bands in the infrared region. For uranyl aquo ions (shown above) this absorption band
has its maximum at 961 cm™. The coordination of strong OH™ ligands to the uranyl cation varies
the bond strength of the U =0 bonds, causing shifts in the absorption bands, as shown for the
case of the UOZ(OH)§+ species on the lower part. Right: IR spectrum of a U"' solution containing
different uranium species. Due to the different absorption bands of the respective species the
integral absorption plotted in black can be deconvoluted and the abundances of the three different
species UO,(OH)*, (UO,),(OH)3", and (UO,);(OH); can be obtained.

6.9 Raman spectroscopy

In addition to IR spectroscopy, there is another type of vibrational spectroscopy
(though not based on absorption of electromagnetic radiation, but on scattering),
called RAMAN spectroscopy. If a beam of monochromatic light passes through a
sample, some of the photons collide with the molecules. A number of the photons
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are scattered elastically. These keep their initial energy. The corresponding process
is called RAYLEIGH scattering.

A small fraction of the photons change their direction and either lose part of
their energy (so-called STOKES scattering), or gain energy from the molecules (anti-
STOKES scattering; for both see Fig. 6.18). The RAMAN process is described as an exci-
tation of the molecules to virtual states.?® This excitation occurs from the ground
state in the case for STOKES scattering, shown in the right part of Fig. 6.18 with the
red arrows. From the virtual excited state the molecule relaxes into a vibrational
excited mode of the electronic ground state. Due to the energy loss of the photon in
the scattering process, vibrations are induced in the molecule.

first excited state
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hVSTOKES virtual states

hv;
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Fig. 6.18: Schematic sketch of the Raman effect. Left: Incident photons can be scattered on the
molecules. If they scatter inelastically the photons can either lose energy in this process (Stokes
scattering, red) or gain energy (anti-Stokes scattering, blue). Right: Raman scattering is described
as an excitation of the molecule into virtual states and a relaxation into different vibration states.
The virtual states are below the first excited electronic state. Transitions into and out of these
states cannot be observed separately; they only occur in scattering processes.

The anti-STOKES scattering occurs in molecules that are already in an excited vibra-
tional state. It is depicted on the right side of Fig. 6.18 with the blue arrows. Excitation
into the (electronic) virtual state is followed by relaxation into the ground state: the
photon gains energy from the molecule. Only one photon out of 108 shows RAMAN scat-
tering. Thus for the detection of RAMAN photons, the analyzer is placed perpendic-
ularly to the beam of monochromatic light in order to reduce the background of

28 “Virtual” states: When a photon whose energy is too low to excite the electrons in a molecule
from the electronic ground state to the first excited state is absorbed, the molecule can end up in a
so-called “virtual” state which does not correspond to a real energy level of the molecule. The
RAMAN scattering process consists of a dipole transition from the electronic ground state into these
virtual states and from there back to the ground state. As neither of these two transitions can be
observed separately, these states are called virtual states.
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the elastically scattered light, which is strongly enhanced in a forward and back-
ward direction. By analyzing STOKES and anti-STOKES scattering, these energy lev-
els reflect vibrational states of the molecules. The STOKES and anti-STOKES signals
are measured as shifts in wavenumbers from the RAYLEIGH peak.

But when is a vibration RAMAN active and which transitions are allowed? The
key property is the polarizability a of the molecule. It was briefly introduced in Sec-
tion 6.8 on infrared spectroscopy:

ﬁind = (XE. (610)

It is a value for the ability of an electric field E to induce a dipole moment in a mole-
cule (or atom). Polarizabilities in molecules might change with changing positions
of the atoms during vibrations (or rotations):

a=ag+ <a—a>Ar, (6.11)
or
with Ar being the distance from the molecule’s equilibrium geometry. When we
write the change in the distance between the atoms (during the vibration) Ar as a
cosine based function® in terms of the frequency of the vibration v and time ¢ and
express the inducing electric field E also in terms of frequency and time,® we ob-
tain an expression that describes the scattering processes of light at a molecule:
Mind = A0 + EmaxCOS (27T Vint) 6.12)
+ Emaxmex (98) (cos(2mr(vin +V)) +€os(27 1 (vin = V))). ©
Vin is the frequency of the incoming light. The first term describes the RAYLEIGH scat-
tering: the scattered photon has the same frequency, as the incoming one. The
other two terms describe the shifts in the frequency of the STOKES scattering (vi, — v)
and the anti-STOKES scattering (vi, + v). The second term is multiplied with the
derivative that describes the change in the polarizability with the change in
bond-length. From eq. (6.12) we can see the selection rule for RAMAN scattering: the
polarizability a has to change during the vibration, otherwise the derivative becomes
zero and the second term becomes zero and there will be no RAMAN scattering.

IR and RAMAN spectroscopy complement one another. Some vibrations that do
not show IR activity are accessible by this light-scattering technique. An example
for RAMAN active vibrations in radionuclide species are the v; stretching modes® of
actinyl-ions some actinides form in the oxidation states +V and +VI. This is shown
for the case of Pu"! in Fig. 6.19 for the PuO3" -ion.

29 As Ar = rpaxcos (2rvt).

30 As E= E,.xC0S (2 vipt).

31 “v, Stretching” is the symmetric stretching vibration of the actinyl ion Anog* . It is shown for the
case of PuO%+ in the upper spectrum of Fig. 6.20.
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Fig. 6.19: Raman spectra of 242Pu0,(NO5), in the solid state (lower part, red) and in solution (upper
spectrum, blue). The symmetric stretching mode of the plutonylion (O =Pu =0) changes the
polarizability of the molecule. Thus this vibration mode shows Raman absorption bands at 836 and
844 cm™?, respectively. The second absorption band in the spectra results from a vibration of
coordinated nitrate anions. This band is also present in the upper spectrum of the solution
species, showing that nitrate anions are also coordinated in the solution species. Figure reprinted
and adapted with permission from Gaunt et al. (2011).

6.10 Nuclear magnetic resonance (NMR)

Another versatile tool providing insight into the configuration of radionuclide solu-
tion species, being capable also of delivering dynamic information on molecules, is
nuclear magnetic resonance (NMR) spectroscopy. A nucleus that has an overall
spin I (I+0) also has a magnetic moment. If such a spin is brought into an external
magnetic field, it can obtain 2I + 1 possible orientations, which differ in the mag-
netic quantum number’” m;. For a spin 1/2 nucleus this is shown in Fig. 6.20.

A nucleus with the spin I in a magnetic field B can only have the following en-
ergy values:

Ep = -gruymB. (6.13)

32 The magnetic quantum number was introduced for electrons in Section 1.4.1 in Vol. I. Here m; is
used for a nucleus with a spin I. It describes the projection of the angular momentum of the nucleus
on one axis of the coordination system.
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Fig. 6.20: A nucleus with a nuclear spin / can occupy 2/ + 1 orientations in a magnetic field. For a
spin 1/2 nucleus, such as the proton, there are two different orientations m= +1/2 and m= -1/2.
The respective spin axes show a precession around the magnetic field axis with a specific
frequency wy. It is dependent on the magnetic field applied to the system.

g; is the nucleon g-factor,® py is the nuclear magnetron.>* The allowed values
for m; are also given in eq. (6.13). There is an energy gap between the two possible
orientations given by:

AE = gpuyB. (6.14)

The varying energies of the two orientations with a varying magnetic field B are
shown schematically in Fig. 6.21. Slightly more nuclei of the system are present in
the state where the spin is aligned with the magnetic field. Thus in the whole sys-
tem, there is a small net magnetization along the axis of the B-field.

=1
m =1
E
AE=gu,B
m, =+
B

Fig. 6.21: Nuclear spin levels of a spin 1/2 in a magnetic field. With increasing magnetic field
strength B, the energy gap between the energetically favored m;= +1/2 and the m;= - 1/2 state
increases. Radio frequency pulses can induce transitions from favored to nonfavored spin states
when the energy of the photons has the same value as the energy gap. It corresponds to the value
of the precession frequency around the axis of the magnetic field wo.

33 The nucleon g-factor characterizes the magnetic moment and the gyromagnetic ratio of a nu-
cleus. It is a dimensionless quantity.

34 The nuclear magnetron py is a physical constant that describes the magnetic moment. It is de-
fined by: puy =eh/ (Zmp), with m, being the mass of the proton and e the elementary charge.
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Radio frequency pulses induce transitions from favored to nonfavored® spin
states. More spins are aligned with the magnetic field. As the population of the two
energy states is nearly equal for weak magnetic fields, very strong magnetic fields
are applied. Not every atom of the same element shows the resonances at the same
energies. The resonance is influenced by the local magnetic field at the nucleus. It
does not have the exact same value as the field applied to the system with the mag-
net. The applied field induces an orbital angular momentum in the electrons sur-
rounding the nucleus, which causes a small magnetic field 6B. It is proportional to
the applied magnetic field. The induced field 6B causes a shielding of the nucleus,
where the nucleus seems to “see” a smaller magnetic field. The induced field can be
expressed as 6B = — 0B, where o is the shielding constant. The value of this shielding
is dependent on the electron density around the nucleus. Thus protons bound in dif-
ferent chemical groups have different shielding constants. The local magnetic fields
influence the resonance condition to:

hv = g1piyBiocal = (1-0)B. (6.15)

Chemically equivalent nuclei show the same resonance frequency, the so-called
“chemical shift” oB, describing the differences in magnetic shielding with respect
to a standard compound. This chemical shift is plotted against the absorption inten-
sities in the spectra. Changes in the electron density on the probed nucleus will
lead to differently pronounced shielding of the nucleus. Additionally the presence
of paramagnetic atoms® leads to a shift of the resonances.

In modern NMR techniques the resonance frequencies of the different nuclei is
no longer measured by scanning the applied radiofrequency field or the magnetic
field strength. Very short, high intensity pulses of radiofrequency radiation are ap-
plied to the nuclei in the magnetic field. This short radiofrequency pulse excites all
frequencies within a spectral width. It can be compared to hitting a bell with a ham-
mer: all frequencies of the bell will start to ring due to this action and will decay
over time. The radiofrequency pulse is introduced into the system along the x-axis,
as shown in Fig. 6.22. This forces the spin showing a precession around the z-axis
into the x-y-plane, as shown in the middle of Fig. 6.22. If the system is undis-
turbed after the pulse, it will show a relaxation of the spins back into the
ground state. This relaxation into the ground states is monitored in NMR spec-
troscopy as so-called “free induction decay” (FID), monitored along the x-axis
of Fig. 6.22. It contains all resonance frequencies of the system. A subsequent

35 “Favored” or “nonfavored” nuclear states can be explained by Fig. 6.21. With increasing mag-
netic field B the m; = + 1/2 state has lower energies. It is energetically favored with respect to the m;
= 1/2 state whose energy increases with increasing magnetic field strength.

36 Paramagnetic atoms have unpaired electrons in their electron shell. When these are brought
into a magnetic field, they are attracted by it.
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Fig. 6.22: In modern Fourier transformation NMR systems very intense directed radiofrequency
pulses with a specific spectral width are used to excite all spins of the system at once. After the
pulse, these relax into the ground state. As every nucleus in a different chemical environment has
different local magnetic fields, the precession frequencies w, of these differ during the relaxation
process. The relaxation of all the different frequencies is monitored as the free induction decay
(FID) over time shown on the right side. This FID contains the whole spectral information.
Subsequent Fourier transformation of the signal transforms the signal from the time domain to the
frequency domain. Afterwards it shows the resonance frequencies of all excited nuclei in the
system. An example for this is shown in Fig. 6.23.

FOURIER transformation®” of the signal leads to the NMR spectrum containing in-
formation about the resonance frequencies of the excited spins.

The integral of the peaks is proportional to the number of chemically equivalent
nuclei. Figure 6.23 shows this for the so-called n-propyl-BTP extraction ligand, de-
signed for the selective separation of trivalent actinides from trivalent lanthanides.
Magnetically equivalent nuclei, like the protons in position 3 and 5, give rise to one
signal in the spectrum. The protons, bound in different chemical environments, re-
sult in multiplets shifted by different characteristic ppm values from the standard
compound tetramethylsilane (TMS) at O ppm.

The spins of the nuclei are not independent from each other: neighboring
atoms show an arrangement of their spins due to magnetic interactions. This spin-
spin coupling is mediated via covalent bonds by the electrons, which are also spin
1/2 particles.

It leads to fine structures in the spectra and can furthermore be applied for corre-
lation spectroscopy where nuclei linked by bonds can be correlated to each other, as
performed in Fig. 6.24 for N and 'H nuclei. Thus by NMR spectroscopy one can ob-
tain structural information of molecules, containing NMR active nuclei, in solution.

NMR spectroscopy can be applied for a wide variety of questions: Structural
characterization of organic molecules is the most broadly applied one. Furthermore,
monitoring the magnetic relaxation of the excited nuclei can follow dynamic pro-
cesses reaction kinetics.

37 The FOURIER transformation was introduced in Section 6.8 of this chapter. Here it is applied in
order to transform the signal from the time domain into the frequency domain.
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Fig. 6.23: Proton-NMR spectrum of an alkylated bis-triazinyl-pyridine (BTP). After Fourier
transformation the resonance frequencies relative to an internal standard are obtained. These are
plotted as a chemical shift with respect to the internal standard in ppm. The integrals of the
respective peaks contain information about the relative abundances of the nuclei with the
respective resonance frequency in the measured compound. Five groups of chemically equivalent
protons are in the BTP molecule. Electron mediated spin-spin interaction between the different
protons via covalent bonds lead to the splitting of the signals into multiplets (Adam et al. 2013).
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Fig. 6.24: °N-'H correlation NMR spectrum of an Am-BTP complex. The x-axis shows the chemical
shift of the protons (*H) and the y-axis the chemical shift of the nitrogen nuclei (**N). The overall
spins of different nuclei can be correlated to each other in correlation NMR-experiments. The spins
of these are coupled by the binding electrons when the >N-'H are relatively close to each other.
These experiments deliver structural information about which proton is bound to which nitrogen in
the compound. The spectrum of an Am(BTP); complex furthermore shows that due to the
coordination of BTP to the Am cation, the electron density of the metal ion is transferred to the
coordinated nitrogen atom in the central pyridine rings. As the Am>* metal ion is paramagnetic,
this causes characteristic peak shifts in the NMR spectra. Reproduced and adapted from Adam

et al. (2013) with permission of the Royal Society of Chemistry.
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As mentioned above, not only the differences in electron density around the ex-
cited nucleus, causing different local magnetic fields, can cause shifts in the reso-
nance frequencies. Also the presence of an atom with unpaired electrons in its
shell, thus being paramagnetic, causes characteristic shifts in the resonance fre-
quencies of the nuclei close to the paramagnetic center. An example for the applica-
tion of NMR spectroscopy to radionuclides is the measurement of complexes of
f-elements with organic and inorganic ligands. The f-elements show exceptionally
large paramagnetic properties, as they might have several (up to seven) unpaired
electrons in their f-shell. These paramagnetic properties influence the chemical
shifts of the ligands coordinated, causing characteristic shifts in the NMR spectra.

Their so-called uncoupled spin density®® can be transferred via covalent bonds
or through space due to dipolar interaction. This means that nuclei directly coordi-
nated to f-elements show a distinct shift of their resonance positions in the spectra.

The following example focuses on the aforementioned n-propyl-BTP ligand
shown in Fig. 6.23. As mentioned above, it can be applied to partition the trivalent
actinides (Am>" and Cm>", being 5-f-elements) from the also mostly trivalent lantha-
nides (being 4-f-elements) during reprocessing steps of spent nuclear fuel (for the
Partitioning and Transmutation concept, cf. Chapter 10). During liquid-liquid-
extraction® steps in the reprocessing of spent fuel n-propyl-BTP ligand show a
selectivity to extract Am>* and Cm>* some orders of magnitude better than the
chemically similar trivalent lanthanides. In order to understand this selectivity
better, NMR measurements of the complexes n-propyl-BTP forms with Am>* and
different trivalent lanthanides were performed. In Fig. 6.24 a correlation spectrum
of an Am-BTP-complex is shown.

The paramagnetic shift due to the uncoupled electrons of Am>* is clearly visible
in the correlation spectrum. The ligand binds to the americium ion with the nitrogen
atoms number 1 and 8, as shown in the upper right part of the figure. These atoms,
directly coordinated to the actinide ion, show an exceptional paramagnetic shift. The
values for these nitrogen resonances in the respective lanthanide complexes are lo-
cated in the red field in Fig. 6.24. These results indicate a different behavior of the
trivalent actinides compared to the chemically very similar trivalent lanthanides. The
Am>*-ion seems to form stronger bonds to the extraction ligand. The orbitals of the
Am’" seem to have a larger overlap with the ones of the nitrogen atoms of the ligand
than the ones of the lanthanide-ions show. Consequently, a larger paramagnetic shift
for the coordinating nitrogen atoms is detected with the NMR technique.

As mentioned before organic ligands present in nature can form complexes with
actinide ions and change their behavior in the environment. Citric acid is ubiquitous
in nature and present in all living organisms. Complex formation with uranium was

38 Spin density is the difference in electron density of electrons with different spin alignments.
39 See Chapter 7, Section 7.4.
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studied by Kretzschmar et al. (2021). Temperature dependent NMR studies revealed,
that the dimeric and trimeric complex species form in aqueous solution. The ’O-NMR
results give insight to the structures of these species. Species distribution calculations
showed, that the mobility of U(VI) in the environment is not enhanced by these com-
plexes, being an important information for the assessment of the environmental fate
of uranium.

6.11 Fluorescence spectroscopy

When the atoms of a sample are excited by photons, light of equal or lower energy
can be emitted. This is called fluorescence or phosphorescence depending on the
dipole selection rules of the transition, determined by the angular momenta“® of
initial and final state. Figure 6.25 shows the absorption and emission processes for
the case of fluorescence.

vibrational
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Fig. 6.25: Schematic view on fluorescence processes: Electrons in atoms can be excited from the
electronic ground state s, to the first electronic excited state s;, as shown on the left side. After
vibrational relaxation to the vibrational ground state of the s, state (black arrow) the excitation
energy can be dissipated by the emission of light. This effect is called fluorescence when the spin
of the excited electron is kept during the whole process, as shown in the boxes to the left. Due to
the vibrational relaxation step, the fluorescence light (v, green arrows) shows a shift to lower
energies compared to the stimulating light (hv aps, blue arrows) or the same energy value.

40 The angular momentum of an atom is a good quantum number. The difference between the an-
gular momenta of the initial and final atomic state must be carried by the photon.
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The experimental setup is similar to the one of absorption spectroscopy and
hence included in Fig. 6.26. The emitted light is usually analyzed by a spectrometer.
This method is suited to probe the chemical environment of an atom, hence doing
speciation at the nanoscale.

sample .

; i,
: ] detector
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Fig. 6.26: Schematic view of a TRLFS experiment. The probed element in the sample is excited by
laser-light of a suitable wavelength. As TRLFS is a fluorescence technique, the fluorescence signal
of the sample is detected perpendicular to the incident laser beam. The signal is then analyzed by
a spectrograph and recorded by a camera. A trigger system regulates both the laser and the
camera. The sample can be cooled by a cryostat in order to obtain very sharp fluorescence lines.

As mentioned in the chapter on absorption spectroscopy, the energetic levels of an
atom’s electrons are influenced by neighboring atoms or ions, an effect called ligand
field shift. Consequently, the energy of fluorescence photons is also shifted, since it
reflects the difference between excited state and final (e.g., ground) state provided
the levels are shifted by different amounts. In the case of actinides, complexation fre-
quently leads to a shift to lower energy (longer wavelength) called bathochromic
shift. It is very pronounced for trivalent Cm™ (shown in Fig. 6.27 on the left), hexava-
lent UV, tetravalent U" less so for Eu™ and Am™. Pa'V is an exception because com-
plexation causes a shift to shorter wavelengths.

Fluorescence

Log10 fluorescence

Wavelength Delay time
Fig. 6.27: Left: Spectral shift indicates complexation of the fluorescing ion. Right: a single species

shows monoexponential transformation, a mixture of species with different numbers of quenchers
show biexponential transformation.
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Additional information is obtained from the lifetime of the emission.*! If there
is only one species present in the system, the decrease in the fluorescence intensity
is described by the first order relation:

(t) =Noe''™, (6.16)

where N(t) is the number of atoms in the excited state at time t, N is the number of
atoms in the excited state at t =0, and T is the fluorescence lifetime. Fluorescence
lifetime describes the time it takes for the fluorescence intensity to drop to half of
its initial value.

The fluorescence rate (inverse lifetime) of the undisturbed ion (e.g., Cm>* in the
gas phase) is determined by level spacing dipole order of the transition (JuDD—OFELT
theory).** Close contact of the luminescing ion Cm>* to ligands can cause an energy
transfer from the photo-excited metal ion to the ligand via a competing nonradia-
tive de-excitation process. The most prominent example is the so-called fluores-
cence quenching by water or hydroxide ions. The electronic energy of the excited
states of Cm>* and Eu®* equals five times the energy of the O-H stretching vibration.
Energy transfer from the metal ion excites the fifth overtone*® of the water mole-
cule, vibration frequency being a very efficient energy transfer process. This is
shown in Fig. 6.28. The more water molecules there are in direct neighborhood of
the metal center (coordination shell), the more efficient the process gets. If there is
only one species present in solution, it shows a monoexponential fluorescence
decay. If there are two species, with different amounts of quenchers surrounding
them, the fluorescence decay shows a biexponential behavior, as shown in Fig. 6.27
on the right side.

To good approximation the rate of this energy transfer correlates linearly with
the number of O-H oscillators in the first coordination shell of the ion and hence
the apparent fluorescence rate (kg), which is the sum of inherent rate (k;) and
quenching rate (kq), increases

kF ZkQ+k1, (617)

with k; = n(H,0), n is the number of quenching ligand molecules, for instance water.
For Eu* this relation is called HORROCK’s equation for Cm>*: KIMURA equation. Vice
versa, one can deduce the number of water or OH ligands from the observed fluo-
rescence decay rate, which is measured by use of a pulsed light source and a

41 In this context emission means de-excitation by emission of photons.

42 The JupD—-OFELT theory describes the intensities of lanthanide and actinide transitions in solids
and solutions, providing a theoretical expression for the line strength.

43 Fifth overtone of the water molecule frequency is five times the energy of the lowest excitation
mode.
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Fig. 6.28: TRLFS: Level scheme of excitation, fluorescence and quenching for Cm>*. The energy
levels of the fifth overtone of the O-H- vibrations of water molecules lie in a comparable energy
range to the excited state, from which the Cm>* ion would normally relax under emission of
fluorescence light. This is why a part of the excitation energy will be transferred to the water
molecules surrounding the metal center. Thus the fluorescence lifetime decreases with increasing
number of water molecules surrounding the Cm>* ion.

detector which measures the light after a variable time span (so-called time-
resolved laser-induced fluorescence spectroscopy, TRLFS).

This is particularly useful when surface sorption or incorporation is investi-
gated in aqueous environment, as shown in Fig. 6.29. Due to sterical reasons each
of these processes requires at least partial loss of the coordinated water shell caus-
ing a decrease in quenching rate and an increase in observed fluorescence lifetime.

Huittinen et al. investigated the complexation of Cm(IIl) with aqueous phos-
phates. Inorganic phosphates are widely present in the environment due to the natu-
ral decomposition of phosphate-containing rocks or minerals and to anthropogenic
sources such as fertilizers and phosphate-based detergents. When Cm(III) aquo ions
are complexed by phosphate species, water molecules in the first coordination shell
are replaced by phosphate species, leading to a change in the fluorescence lifetimes.
Furthermore, the complexation has effects on the fluorescence emission wavelength
and intensity. Taking into account these parameters, Huittinen et al. established the
presence of Cm(H,P0,)** and Cm(H,PO,),* species in solution.

Additional information is obtained when the fluorescing states are nondegener-
ated.** A strongly asymmetric ligand field reflecting the geometry of the binding site
causes a splitting of these levels and in turn a splitting of the fluorescence emission
peaks. These splittings*® of 2 to 30 cm ™ are resolved by high-resolution spectrometers.

44 Nondegenerate means the levels have different energies.
45 Inverse centimeters are used as a measure of energy (inverse wavelength: E ~ 1/A).
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Fig. 6.29: The interaction of solution species with solid material can lead to the sorption on the
surface or even the incorporation of the solution species in the solid material structure. The
solution species (represented in gray), has a water shell that surrounds it (the water molecules are
represented in orange). If the species now sorbs to the surface, it loses a part of its water shell. If
the species gets incorporated, it loses the whole water shell. This loss of the water shell (of Cm3*
for instance) can be followed by TRLFS measurements. Thus from the spectra, one can deduce
which mechanisms play a role when the solution species is in contact with a solid phase.

Often experiments are performed at low temperature to have narrow peaks. When sev-
eral compounds with different geometry around the Cm>* ion are present simulta-
neously, each shows a unique peak shift, making it possible to selectively excite a
single site by narrow band laser light. In combination with the time-resolved measure-
ments, a speciation of single incorporation sites in, for instance a crystal lattice with
regard to geometry and number of water adducts, is possible down to trace concentra-
tion of as little as ppt (or 10'° atoms in absolute number).

The fact that TRLFS can be applied to solid and liquid samples is used to gain
information on coordination numbers. The radius of actinide ions (as is the case for
lanthanide ions) decreases with increasing atomic number (so-called actinide con-
traction). As a consequence, the number of water molecules in the first coordination
sphere of Ln3*aq decreases from 9 in the case of the early light actinides to 8 for the
later ones. The transition point is close to Cm, which has a half-filled f-shell. At room
temperature, the distribution of 9 coordinated to 8 coordinated Cm>* ions is 9 : 1. The
TRLFS signal (lifetime, shift and spectral splitting) is calibrated with hydrated solids
of well-defined coordination number, where Cm>*(H,0),, is part of, e.g., Ln- or Y-
based crystals, as shown for example in Fig. 6.30. Increasing the temperature in the
liquid phase stepwise reveals a decrease in the coordination number ratio 9-fold:
8-fold = 4 : 6 at 200 °C. This effect was also shown in Huittinen et al. (2021) on
aqueous Cm-phosphate species in the temperature range from 25 °C to 90 °C.
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Fig. 6.30: TRLFS: Example of three different species identified in a Cm doped YBr3 compound.
Figure reprinted and adapted with permission from Lindqvist-Reis et al. (2006). © 2012 American
Chemical Society.

6.12 Colloid detection

Nanoparticles in liquids, so-called colloids,*® are omnipresent in natural waters as
well as in chemical solutions and also play an important role in the chemistry of
radionuclides. Colloid size distribution spans a range from some nanometers to mi-
crometers and natural distributions often follow PARETO’s law,* i.e., the number
concentration Nqp. of colloids (differential number of colloids per unit volume and
unit diameter) scales with radius r as:

NconczAriﬁ; 3<B<5 (6.18)

46 “Colloids” by definition are nanoparticles in aqueous systems which do not settle in solution
due to their small size and/or density close to 1 g/cm>.
47 Size distribution of colloids in natural waters.
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as shown in Fig. 6.31. If these colloids are rather large (micrometer size) or present at
very high concentration, they are detected by means of light scattering (TYNDALL ef-
fect*®). Very sensitive instruments are able to detect the light scattering of single col-
loids larger than about 50 nm. Smaller colloids are measured by photon correlation
spectroscopy, which basically measures the interference of light before and after scat-
tering by the particle, an effect due to the shift of the scattered light. The latter
method ranges down to particles as small as 2 nm but requires ppm concentrations of
colloids.
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Fig. 6.31: Colloid size distribution as typical for natural waters following Pareto’s law; eq. (6.18).

The most relevant colloids, however, are those below 50 nm, and characterized by
their high mobility and a large surface-to-volume ratio. In actinide chemistry a detec-
tion method combining ppt sensitivity with a lower size limit of about 5 nm was de-
veloped, “Laser-Induced Breakdown Detection” (LIBD). This technique utilizes
plasma formation when a colloid moves into the high electric field of a focused beam
of a pulsed laser (some 10'® W/cm?). The bright light emission of the plasma and the
pronounced sound following its rapid thermal expansion are easily detected, allow-
ing single colloid counting. The experimental setup is depicted in Fig. 6.32.

By varying the laser energy, size distributions of colloids between 5nm and
1000 nm of mass concentrations down to 10~° g dm> can be measured, often with-
out sample pre-treatment, both in the laboratory and in experiments in the field.
Although the method is “noninvasive”, the detected colloid itself is destroyed in
the plasma of the microprobe because only a marginal fraction of the total colloid

48 The TYNDALL effect refers to light scattering in solutions containing colloids.
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Fig. 6.32: Schematic illustration of the LIBD process. A pulsed laser initiates plasma on single
colloids that is detected either optically or via emission of an acoustic shock wave.*’

number is used for characterization, i.e., the sample is virtually unaffected. This al-
lows repeated measurements of a single sample, for instance when studying colloid
stability as a function of time (colloids tend to aggregate when their surface charge
is neutralized).

Applications in actinide sciences are twofold: First, naturally occurring colloids
effectively act as a carrier for radionuclides: Due to their small size colloids remain
suspended in water for considerable time. Especially highly charged ions such as
Pu'V or Am™ sorb to the colloids’ surface and migrate wherever the colloids are
going, as shown in the upper part of Fig. 6.33. This so-called pseudo-colloid trans-
port needs to be considered for radionuclides, which would otherwise be insoluble.

The relevance of colloid-mediated transport of radionuclides became obvious
after reports on unexpected fast migration of Pu close to former nuclear weapons test
sites in Nevada, USA, and in the vicinity of a reprocessing plant close to Mayak, Rus-
sian Federation. In experiments during the last decade, radionuclide transport has
been investigated in fractured granite rock, e.g., in the Swedish Aspé Laboratory.

The second application of LIBD is measuring the solubilities of actinides. Espe-
cially tetravalent and to some extent hexavalent actinides have a high tendency for

49 An acoustic shock wave is a (super)sonic density fluctuation (similar to a MACH cone).
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pseudo-colloids

intrinsic colloids

Fig. 6.33: Many radionuclides form intrinsic colloids, i.e., colloids consisting only of radionuclides
typically bridged by OH or O groups, which are mobile in aqueous solution. In addition natural
colloids act as efficient carriers for radionuclides, so called pseudo-colloids.

hydrolysis. The formation of polynuclear complexes continues by the formation of
intrinsic colloids, as shown in the lower part of Fig. 6.33. In a classical sense the
solubility is determined via the concentration of atomic/ionic or molecular species
found in the liquid phase after the solid is brought into contact with the liquid. Vice
versa, when the concentration of solvated ions is increased in the solution, at some
point precipitation will occur. LIBD allows detecting very small (nonsettling) par-
ticles of precipitates — namely the colloids. Solubility data of Pu'V (see Fig. 6.34),
U", and Th" were obtained by this method.

6.13 Field flow fractionation (FFF)

A drawback of LIBD is its restriction to probes of rather high density, particularly
exceeding that of water. This is well fulfilled for inorganic colloids, such as intrinsic
actinide colloids, alumina, iron oxides, and clays, but is not the case for organic
compounds, e.g., humic substances. However, these organic compounds can com-
plex actinide ions very effectively and cause enhanced mobility. Single humic acid
molecules have mass distributions centered around 500 amu but depending on
chemical conditions they form aggregates up to tens of nanometers in size. Humic
acids readily complex metal ions in solution. This leads to charge compensation
and formation of very mobile species — even if the uncomplexed ion might have
been strongly sorbing or of low solubility.
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Fig. 6.34: Pu" solubility is measured by LIBD by probing the formation of colloids.

A size fractionation method covering this full size range is the field flow frac-
tionation (FFF). The sample (diluted by a carrier liquid where required) is pumped
through a channel of some 100 um thickness. For low REYNOLDS number®° a laminar
Newtonian flow”! is established which exhibits a parabolic flow profile as in a capil-
lary tube, i.e., the velocity distribution varies from zero at the wall to its maximum
value in the center of the channel, Fig. 6.35.

A force field perpendicular to the flow direction acts as a net force on the par-
ticles towards the opposite wall and causes an accumulation of particles in a cloud
of a few pm thickness. The perpendicular force can be established by various
means such as temperature gradients, fluid crossflow, electric field or gravita-
tional/centrifugal force. Due to FICK’s law this concentration enhancement causes a
back diffusion towards the center of the capillary (similar to osmosis), which is pro-
portional to the diffusion coefficient of the particle: The diffusion counteracts the
directed flow. After a short equilibration time an exponential concentration distri-
bution is established,

50 The REYNOLDS number is a measure of turbulence in a flow tube or channel.
51 Newtonian flow is inelastic and laminar.
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Fig. 6.35: Schematic representation of FFF. A force acting perpendicular to the flow of the carrier
liquid counteracts the isotropic diffusion. Large particles remain close to the wall, whereas the
distribution of small ones extends into the center. The higher flow velocity at the center causes
small particles to be eluted first.

do

Ji —Da, (6.19)
where J is the “diffusion flux” amount of substance per unit area per unit time, D is
the diffusion coefficient, @ (for ideal mixtures) is the concentration in dimensions
of amount of substance per unit volume, x is the position. The distribution of small
particles (high diffusion rate) reaches far into the high velocity flow of the channel
whereas larger ones remain close to the wall and experience only a reduced flow
field. Consequently, the small particles travel faster and are eluted first out of the
channel - a fractionation has taken place.

An example for the application of the FFF method coupled to an ICP-MS and
an UV-VIS detector is shown in Fig. 6.36. Here the competing reactions of the
metal ions of europium and thorium with mixtures of bentonite®? colloids and
humic acid of small size fraction were studied. The combination of FFF with UV-
VIS (for the detection of the humic acid) and ICP-MS for the detection of the clay
mineral, Th and Eu, revealed that the Eu®* ions are bound to the humic acid
whereas the Th** ions show sorption on the bentonite particles. The bentonite
particles were detected via the aluminum content in the clay particles.

Detailed discussions on achievable retention factor, sensitivity and resolution
as well as technical details of channel layout and fluid velocities are given in Colfen
and Antonietti (2000). The effluent is subsequently characterized by sensitive col-
loid detection methods such as fluorescence or absorption techniques, or coupled
to element analysis (ICP-MS, GFAAS,> .. .).

52 Bentonite is a mixture of different clay minerals.
53 Graphite furnace atomic absorption spectrometry.
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Fig. 6.36: Application of FFF: Complexation of metal ions by humic acid (small size fraction) and
bentonite (clay) colloids (larger size fraction, detected via the aluminum Al content) is observed by
coupling FFF with UV detection and ICP-MS. (The scope of this work was the quantification of
competing reactions of the metal ions with humic acids and colloids).

6.14 X-ray photoelectron spectroscopy (XPS)

The liquid-solid interface can have a strong influence on the behavior of solution
species. This interaction is analyzed with a surface sensitive technique, the X-ray
photoelectron spectroscopy (XPS, see Fig. 6.37). The chemical composition within
the first nanometers of a solid compound, i.e., the first surface layer, can be probed
by making use of the photoelectric effect, more precisely by measuring the energy
of the core-level electrons emitted due to the absorption of X-ray radiation. Equa-
tion (6.20) shows that if the energy of the incident X-ray beam is known, by measur-
ing the kinetic energy of the emitted electron (Ey;,), one can determine its binding
energy (Epina)-

Eyin = hv — Eping — ;. (6.20)

Here hv is the energy of the incident X-ray and @, is the work function of the
sample.>*

54 The work function @ is the minimum energy needed to remove an electron from a solid to a
point in the vacuum outside the solid surface. The work function is a property of the surface of the
material.
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X-ray Vacuum-level

Fermi-level

Fig. 6.37: Principle of X-ray photoelectron spectroscopy (XPS): Incident X-ray radiation of sufficient
energy can excite core-level electrons in matter. Here it is shown for an electron of the K-shell. If
the energy is sufficiently high, the excited electron will leave the matter. Its kinetic energy depends
on the binding energy in the core level (Eping), Which is element and oxidation state specific, the
energy of the incident radiation /v and the work function of the sample @,

As the emitted electrons are emitted from only the upper layers of solid mate-
rial, this technique is particularly surface sensitive. The energy needed to emit the
photoelectron is element specific and depends on the element’s electron shell struc-
ture.> Thus the elemental composition and the respective oxidation states of a sam-
ple can be probed by XPS.

The photoelectrons emitted from p-, d-, or f-electron levels show splitting due to
the spin-orbit coupling®® into doublets: P1/2> P3/2> d3/2, dspa, f5/2, and 7, bands form in
the XPS spectra. Changes in the oxidation states or electronic density in the atom
probed cause chemical shifts that can be used to quantify the different oxidation
states present. Moreover, the formation of a core hole®” and following relaxation of
the valence electrons can leave the formed ion in a specific excited state a few eV
above the ground state. This leads to a reduction of the kinetic energy of the photo-
electron by this excitation energy, causing satellite peaks, the so-called “shake-up”
peaks in the spectra shifted to higher energies up to an additional 15 eV.

An example for the application of XPS is depicted in Fig. 6.38. A plutonium solu-
tion was brought into contact with colloidal humic substances. The initial oxidation
state of the plutonium was trivalent. The XPS spectrum shows that with increasing

55 Cf. Chapter 9 in Vol.I for the correlation of X-ray energies and photoelectron energies in the
context of secondary transformation processes.

56 Cf. Section 1.6.2 in Vol. I for the spin-orbit coupling and the fine structure of p, d, and f-levels.
57 After the photoelectron leaves one of the inner electron shells, the atom is in an excited state.
There is a “hole” in the shell the electron was emitted from. To relax from this excited state, elec-
trons from the higher shells will move to the lower shell. Their additional energy can be dissipated
by two different mechanisms: the emission of X-rays (X-ray fluorescence) or the emission of elec-
trons (so-called AUGER electrons).
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time, this plutonium is oxidized to Pu', due to the contact with the colloidal mate-
rial. This can be followed by the chemical shift in Fig. 6.38. The right part of Fig. 6.38
also shows the spectrum of the solution after a long time span. The different expected
peak positions of Pu in the respective oxidation states caused by the chemical shift
are marked in the spectrum. Besides the 4f;/, main peak, a “shake-up” satellite peak
is observed. This can be assigned to the formation of polymeric Pu'V species upon
oxidation by the colloidal humic substances.
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Fig. 6.38: XPS spectra: a) XPS of a colloidal humic substance which was brought into contact with a
Pu" solution. The binding energy of the 4f,/, electrons is plotted against the intensity. The humic
substance oxidizes the Pu' to Pu". This leads to a change in the peak position and a formation of
a satellite peak caused by electron emission from an excited state of the plutonium. b) XPS of the
suspension after longer contact times of Pu with the colloidal humic substance. Plutonium is
totally converted to its tetravalent oxidation state. The peak positions of the other oxidation states
are marked (Schild et al. 2006).

6.15 Outlook

Taking a close look at current scientific papers on the speciation of radionuclides in
solution it becomes clear that very often only a combination of different suitable
techniques can help to understand a system comprehensively. To this end many of
the techniques presented in this chapter are combined by different research groups
working on the very often challenging task of understanding the solution behavior
of radionuclides.

Of course the development of the techniques introduced does not stand still.
There is always an interest in making the existing methods more sensitive or to ap-
plying new methods to the investigated solution systems. Sensitivity is definitely an
issue when one is interested in the speciation of radionuclides in environmental
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samples where the radionuclides are usually present in very low concentrations.
Some of the current developments are presented here.

For instance the LPAS method was recently developed to reach limits of detec-
tion for Pu'v of less than 1078 mol/l corresponding to about 2.4 microgram per liter
of Pu. Even though capillary electrophoresis coupled to ICP-MS experienced its
breakthrough for ultratrace speciation (for metal concentrations of less than 10-
~19mol/1), the limit of detection is expected to be lowered by two more orders of
magnitude in the near future. The force field fractionation technique (FFF) with var-
ious transversal flow fields is coupled to detectors tailored to each respective mea-
sured compound in order to enhance sensitivity.

The electrospray ionization mass spectrometry (ESI; especially nano-ESI) finds
increasing application for speciation of inorganic compounds. Coupling of ESI sour-
ces to even more advanced mass spectrometric techniques leads to higher sensitiv-
ity and higher accessible masses, which can improve the strengths of the method
even more. Moreover, by the application of ion trap techniques successive induced
fragmentation reactions can give information on the stability of the species.

Another approach is to implement spatial resolution to some of the introduced
techniques. This is true for the X-ray absorption and fluorescence techniques like
EXAFS and XANES that become increasingly more sensitive and also can obtain
high spatial resolution of some tens of nm. This is important for studies on the
water-solid interface where sorption and incorporation processes take place. Fur-
thermore, temporal resolution for the X-ray absorption spectroscopy methods is
also being developed, allowing to study process dynamics on the picosecond scale.
For chemical speciation on submicrometer levels the coupling of the time-resolved
laser-fluorescence spectroscopy (TRLFS) method with near field microscopes is
promising.

Another approach for the development of speciation techniques is the imple-
mentation of the possibility to make measurements in the field. This has been
reached for the quantification and determination of colloidal species present in so-
lution via the laser-induced breakdown detection (LIBD) technique: the method has
recently become commercially available in a small, robust package for experiments
in the field under harsh conditions, for instance for the detection of colloid migra-
tion in water conducting shears in granite studied in rock laboratories.

With the consistent further development of existing methods, more and more
complicated solution systems and lower concentration ranges can be studied. The
processes that influence the oxidation states of the radionuclides and their chemical
behavior, like complexation with organic and inorganic ligands, have an influence
on the mobility of radionuclides and their sorption behavior. Only if all these pro-
cesses are understood on a molecular level, can sound predictions for the behavior of
radionuclides in the geosphere and biosphere be made.

printed on 2/11/2023 6:44 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

6 Chemical speciation of radionuclides in solution =— 223

References

Adam C, Kaden P, Beele BB, Mullich U, Trumm S, Geist A, Panak P), Denecke MA. Evidence for
covalence in a N-donor complex of americium(lll). Dalton Trans 2013, 42, 14068-14074.
Antonio MR, Williams CW, Sullivan JA, Skanthakumar S, Hu Y, Soderholm L. Preparation, stability,
and structural characterization of plutonium(VIl) in alkaline aqueous solution. Inorg Chem

2012, 51, 5274-5281.

Banik NL, Biichner S, Fuss M, Geyer F, Lagos M, Marquardt CM, Rothe |, Sasaki T, Steppert M,
Walther C. Mass spectromety methods. KIT-SR 7600, Karlsruhe, Karlsruhe Institute of
Technology, 2010, 74-77.

Banik NL, Biichner S, Burakham R, Fuss M, Geyer F, Geckeis H, Lagos M, Marquardt CM, Walther C,
Kuczewski B, Aupiais J, Baglan N, Topin S, Maslennikov AG. Mass spectromety methods. KIT-
SR 7559, Karlsruhe, Karlsruhe Institute of Technology, 2009, 81-84.

Colfen H, Antonietti M. Field-flow fractionation techniques for polymer and colloid analysis. Adv
Polym Sci 2000, 150, 67-187.

Gaona X, Tits J, Dardenne K, Liu X, Rothe ], Denecke MA, Wieland E, Altmaier M. Spectroscopic
investigations of Np(V/VI) redox speciation in hyperalkaline TMA-(OH, Cl) solutions.
Radiochimica Acta 2012, 100, 759-770.

Gerber E, Romanchuk AY, Pidchenko I, Amidani L, Rossberg A, Hennig C, Vaughan GBM, Trigub A,
Egorova T, Bauters S, Plakhova T, Hunault MOJY, Weiss S, Butorin SM, Scheinost AC,
Kalmykov SN, Kvashnina KO. The missing pieces of the PuO2 nanoparticle puzzle. Nanoscale
2020, 12(35), 18039-18048.

Gaunt A, May |, Neu MP, Reilly SD, Scott BL. Structural and spectroscopic characterization of
plutonyl(VI) nitrate under acidic conditions. Inorg Chem 2011, 50, 4244-4246.

Hoyer E, Kndppel J, Liebmann M, Steppert M, Raiwa M, Herczynski O, Hanspach E, Zehner S,
Gottfert M, Tsushima S, Fahmy K, Oertel ). Calcium binding to a disordered domain of a type
lll-secreted protein from a coral pathogen promotes secondary structure formation and
catalytic activity. Sci Rep 2019, 9, 7115.

Huittinen N, Jessat I, Réal F, Vallet V, Starke S, Eibl M, Jordan N. Revisiting the complexation of Cm
(1) with aquoeous phosphates: What can we learn from the complex structures using
luminescence spectroscopy and ab initio simulations?. Inorg Chem 2021, 60, 10656-10673.

Kretzschmar J, Tsushima S, Lucks C, Jdckel E, Meyer R, Steudtner R, Miiller K, Rossberg A,
Schmeide K, Brendler V. Dimeric and trimeric uranyl(VI)-citrate complexes in aqueous
solution. Inorg Chem 2021, 60, 7998-8010.

Lindqvist-Reis P, Walther C, Klenze R, Eichhofer A, Fanghédnel T. Large ground-state and excited-
state crystal field splitting of 8-fold-coordinate Cm>* in [Y(H,0)g]Cl5-15-crown-5. ) Phys Chem B
2006, 110, 5279-5285.

Losch H, Raiwa M, Jordan N, Steppert M, Steudtner R, Stumpf T, Huittinen N. Temperature-
dependent luminescence spectroscopic and mass spectrometric investigations of U(VI)
complexation with aqueous silicates in the acidic pH-range. Environ Int 2020, 136, 105425.

Maiwald MM, Dardenne K, Rothe |, Skerencak-Frech A, Panak PP. Thermodynamics and structure of
neptunium(V) complexes with formate. Spectroscopic and theoretical study. Inorg Chem 2020,
59, 6067-6077.

printed on 2/11/2023 6:44 AMvia . All use subject to https://ww.ebsco. confterms-of-use



224 — C(Clemens Walther and Michael Steppert

Schild D, Marquardt CM, Seibert A, Fanghdnel T. Plutonium-humate complexation in natural
groundwater by XPS. In: Alvares R, Bryan ND, May |. eds. Recent advances in actinide science.
The Royal Society of Chemistry, 2006, 107-109. https://pubs.rsc.org/en/content/ebook/978-
0-85404-678-2

Taube F, Drobot B, Rossberg A, Foerstendorf H, Acker M, Patzschke M, Trumm M, Taut S, Stumpf
T. Thermodynamic and Structural Studies on the Ln(lll)/An(lll) Malate Complexation. Inorg
Chem 2019, 58, 368-381.

EBSCChost - printed on 2/11/2023 6:44 AMvia . All use subject to https://ww.ebsco.conlterns-of-use


https://pubs.rsc.org/en/content/ebook/978-0-85404-678-2
https://pubs.rsc.org/en/content/ebook/978-0-85404-678-2

EBSCChost -

Norbert Trautmann, Steffen Happel and Frank Roesch
7 Radiochemical separations

Aim: As in chemical separation in general, radiochemical separation separates the
radionuclide from another stable or unstable element or from groups of other ele-
ments so that maximum yield and purity are obtained in a time that is short com-
pared to the half-life of the radioisotope. One should be more precise concerning
the radionuclide: the separation is about a defined radioisotope of a given element
present as a defined chemical species.

There is a broad spectrum of individual radiochemical separation methods.
Most of them, such as precipitation, liquid-liquid extraction, ion exchange, volatili-
zation, or electrochemical methods are techniques common to conventional chem-
istry. Nevertheless, if applied to the separation of radionuclides, the radiochemical
version of these methods needs special modifications. Short half-lives of radionu-
clides ask for extremely fast separation procedures, low concentrations of radionu-
clides ask for sophisticated separation concepts.

In addition to modified but still common methods, there is a separation tech-
nique absolutely unique to radiochemistry. It is based on the “hot atom” chemistry of
recoil nuclei as generated in nuclear reactions (SZILARD—CHALMERS reactions) and
on the “post effect” of transforming unstable nuclei. These effects allow the sepa-
ration of a radioisotope from a stable isotope of the same chemical element.

In this chapter the emphasis is put on characteristic features, rather than re-
peating the basic principles of well-established separation procedures. It covers
both the preparative and the analytical separations. Characteristic examples are
presented, highlighting the unique options of radiochemical separations. These ex-
amples include some prominent applications for each procedure, used among
others for the identification of isotopes of new elements, for the separation of radio-
nuclides produced for medical applications and for techniques to design medically
relevant radionuclide generators.

7.1 Introduction

7.1.1 Historical aspects

Since the discovery of radioactivity by H. BECQUEREL in 1896, chemical separation proce-
dures have been applied for the identification and investigation of radioactive isotopes.
For decades, chemical methods provided one of the most important tools for unravel-
ling mixtures of radioactive species and assigning atomic numbers. Among others, the

use of chemical separations has led to major discoveries in nuclear chemistry: the

https://doi.org/10.1515/9783110742701-007
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identification of the first radioactive elements in nature, polonium and radium (P. CURIE
and M. CURIE, 1898); the discovery of artificial radioactivity by F. JoLioT and I. CURIE
(1934); the identification of the first synthetic element, technetium (PERRIER and SEGRE,
1937), the discovery of nuclear fission by HAHN and STRASSMANN (1939); and discovery
of the first transuranium element, neptunium (MCMILLAN and ABELSON, 1940).

A radiochemical separation defines the process to isolate the radionuclide (a
defined radioisotope of a given element present as a defined chemical species) from
those of groups of other elements so that maximum yield and purity are obtained in
a time that is short compared to the half-life of the radioisotope. With respect to the
unique features of radiochemistry (short half-life and low amount of the radionu-
clide, yet still emitting radiation which requires protection), radiochemical separa-
tions are special. In many cases, these addresses both a sophisticated separation
chemistry and an adequate separation technology.

7.1.2 Basic considerations

This chapter will address the most important radiochemical procedures.! There is a
huge variety in individual radiochemical separation procedures originating from
conventional chemical separations — both inorganic and organic. Early radiochem-
istry, i.e., the era of the discovery of radioactivity until the middle of the twentieth
century, was mainly “inorganic” and utilized the broad experiences obtained over
decades in analytical chemistry. Over the last 50 years, new and more automated
methods are being applied in radiochemistry. This is either initiated by the increas-
ing interest in studying short-lived radionuclides and isotopes of the heaviest ele-
ments produced at the atom-at-a-time scale and — conversely — in the routine
utilization of very high batches of radioactivity, which cannot be handled by tradi-
tional manual procedures due to radiation safety concerns.

There are two main principal approaches to radiochemical separations: the
batchwise, discontinuous and the continuous operation. Whereas in the discontinu-
ous procedure a nuclide is produced, chemically separated, and measured sequen-
tially, in the continuous mode a target is permanently irradiated, and the release of
the reaction products from the target, their chemical separation, and the counting are
performed online.” In parallel, there are two main principal intentions: the analytical
separation and the preparative separation. For the analytic separation, it is sufficient
to obtain a pure fraction of the desired species for, e.g., nuclear spectroscopy and

1 This chapter does not refer to physical separation methods, which are nevertheless relevant for
several purposes, such as mass separations of radioactive isotopes or species, or to other methods
such as ICPMS, etc. These are introduced in Chapter 6.

2 The latter version is relevant to the production and identification of superheavy elements; see
also Chapter 9 for a systematic description.
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nuclide identification, the identification of the chemical form of the species, and the
quantification of the relative amount of an individual species within a mixture of co-
existing ones, etc. A typical example is the research in superheavy element produc-
tion and identification. Radiochemical separations are also very widely finding use in
the analysis of environmental, biological, and waste samples, especially for the deter-
mination of natural and anthropogenic alpha and beta emitters. The preparative sep-

arations aim at isolating a radioactive element or species to make use of it for a

variety of individual purposes: in industry, in medicine, in research, etc. A typical

example is the design of radionuclide generators, where the radioactive daughter is
isolated from the radioactive parent nuclide and subsequently used for radiopharma-
ceutical applications in medical units.

As mentioned earlier, most radiochemical separations rely on traditional
separations in general chemistry. However, there are some specific aspects for
radiochemistry:

1. The chemical behavior of species at ultralow concentration, a typical situation
in radiochemistry, does not always follow the characteristics of the same ele-
ment at macroscopic concentrations. For example, formation of di-atomic spe-
cies (or multimeric ones) can be excluded in single atom chemistry and thus,
the chemical behavior of the radiospecies is different to that one may expect
from the “normal” species.

2. Relativistic effects can influence the chemistry of radioelements: The investiga-
tion of the chemical properties of the transactinide elements is an example and
also a great challenge because strong relativistic effects were predicted for
those elements, leading to deviations from the periodicity of the chemical prop-
erties as expected by linear extrapolations from the lighter homologues in the
Periodic Table of Elements.

3. Contrary to conventional chemical separations, very often very fast separations
are required for the isolation of radionuclides due to the short half-life of the
isotopes (in the range of seconds to minutes), requiring the development of
dedicated separation chemistry and its technical realization. Already in the year
1940 HAHN and STRASSMANN used fast chemical separations for the discovery of
radioisotopes with half-lives down to less than one minute. Since then, experi-
mental techniques employing computer-controlled automated separation sys-
tems have been developed for studies on short-lived isotopes. They are a typical
application for radiochemical separations of transactinide elements. An overview
on fast radiochemical separations and their application to nuclear research is
presented in review articles: Herrmann and Trautmann (1982), Rengan and
Meyer (1993), Kratz (2011), and Gaggeler (2011).

4. The demands on radiochemical separations depend on the particular case and
are also influenced by instrumental developments like high-resolution y- and
X-ray spectroscopy enabling simultaneous detection of many unstable nuclei.
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7.1.3 Procedures

In the following sections various radiochemical separation procedures are outlined
organized according to the principal chemical steps and not according to selected
elements:>

— precipitation and co-precipitation

— liquid-liquid extraction

— solid phase-based ion exchange

— thin layer chromatography/high pressure liquid chromatography

— electrochemical procedures (electrodeposition, electrophoresis, electromigration)
— dry methods (volatilization, sublimation, evaporation)

— hot atom chemistry/SZILARD—CHALMERS-type separations

7.2 Precipitation and co-precipitation

Precipitation of a compound in an aqueous solution with subsequent filtration of
the precipitate is one of the traditional techniques in radiochemical analysis. Pre-
cipitation occurs when the ionic product is greater than the solubility product of
the compounds under consideration. The purity of a precipitate is not only influ-
enced by the kinetics of formation and the size of the insoluble particles formed but
also by factors like adsorption, formation of mixed crystals, and trapping processes
known as co-precipitation. In general, contamination of a precipitate can happen
even when the product of the contaminant does not exceed its solubility product.
Whereas often the absorbed contaminants can be removed by proper washing of
the precipitate, this is not the case for (a) the formation of mixed crystals as a con-
sequence of chemically similar electrolytes, (b) the so-called occlusion resulting
from trapping of adsorbed impurities inside the precipitate during its growth, and
(c) mechanical entrapment. The various factors affecting the formation of a precipi-
tate are described in detail by Walton (1967).

One milestone in the application of precipitation procedures was the discovery
of fission in December 1938. HAHN and STRASSMANN (1939) used fractional crystalli-
zation of barium salts like bromide and chromate to investigate the behavior of the
artificial “radium” isotopes obtained by neutron-induced fission of uranium. It was
well known since the days of M. CURIE that radium concentrates in the head frac-
tions. In the indicator experiment on December 17, 1938, they performed the frac-
tionation of 86 min “radium III” in the presence of natural 5.8 a ***Ra with BaBr,.
From the transformation curves of the various fractions one can see the enrichment

3 Emphasis is put on investigations carried out at the Institut fiir Kernchemie (Institute of Nuclear
Chemistry) in Mainz, Germany, which are representative for all the categories mentioned.
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of natural radium in the order fraction I > II - III, as expected, whereas the 86 min
nuclide is distributed equally in the three fractions, i.e., it must be Ba-139 resulting
from a break of uranium during bombardment with neutrons into barium, namely
the fission process as interpreted by L. MEITNER und O.R. FRISCH (1939). These pre-
cipitation experiments rank among the most careful and unambiguous ever carried
out in radiochemistry.

Pressure D) —
0.7-0.9s

1ml 0.1N HNO,

----- Stopcock [1] 0.7s

Irradiated?**U or °Pu solution
AgCl (+I, Br, Ag)

From reactor —

Separation of
r 1, Bron AgCl
0.6s
6ml 15N HNO, L—»Vacuum @ 0.0-0.9s _
Pressure (2)—
1.4-1.9s Sorption of
----- Stopcock[2] 0.9s L Nb on glass
----- Stopcock [3] 1.3s 596 11s
----- Stopcock [4] 1.8s \ J
Ge (Li) 7 Startof
Pressure (3)— € 1 counting
detector
2.0-2.3s J 2.2s

Fiber glass filter
== Vacuum (2) 0.0-2.0s

™~ Top view
T~ Filtrate (fission products)

Fig. 7.1: Apparatus and time schedule for the rapid separation of niobium from fission products.
The time for each separation step is given on the right-hand side (Ahrens et al. 1976).

For rapid separations precipitation and filtration may occur too slowly. Therefore, an-
other technique has found application, the exchange reaction with a preformed pre-
cipitate: the solid is prepared in advance and the solution with the radioactive species
to be separated is filtered through a thin layer of the reactive precipitate. Exchange
reactions with a preformed precipitate were used for the separation of short-lived io-
dine nuclides from fission products by means of a programmer-controlled discontinu-
ous procedure. For a rapid separation procedure for niobium from fission products,
for example, the procedure consists of five steps: (1) A solution of Z°U or Z°Pu sealed
in a capsule is irradiated in the tube system of the TRIGA Mainz reactor. (2) The
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capsule is transferred pneumatically into the separation apparatus and smashed by
impact on its walls. (3) The solution is filtered through a layer of silver chloride to re-
move bromine and iodine isotopes. (4) Niobium is separated from 10 N HNO; by filtra-
tion through fiberglass filters. (5) The filters with the niobium fraction are projected to
the detectors. Apparatus and time schedule are presented in Fig. 7.1. The different
steps are controlled by an electronic programmer, which opens and closes stopcocks
operated pneumatically. Counting is started 2.2 s after the end of irradiation. Niobium
isotopes with half-lives down to 0.8 s such as '**Nb were studied in this way.

The contamination of a precipitate by co-precipitation of elements forming iso-
morphous crystals is normally an undesired process. However, this phenomenon
can also be used to carry trace levels of certain elements on a precipitate. For exam-
ple, insoluble rhenium compounds are used to co-precipitate technetium traces like
tetraphenylarsonium perchlorate. The co-precipitation with Fe'" hydroxide or Mn'
dioxide is often applied to scavenge unwanted elements from aqueous solutions
(Townshend and Jackwerth 1989).

Co-precipitation also frequently finds application in radioanalytical methods,
the determination of radionuclides in environmental samples being a prominent ex-
ample. A separation method may even include several types of co-precipitation
mechanisms. Adsorption of selected radioelements such as actinides calcium phos-
phate or ferrous hydroxide precipitates is used for the preconcentration of analytes
from water samples, and the removal of interfering elements such as K. The forma-
tion of mixed crystals can be used for the preparation of sources for alpha spec-
trometry (e.g., co-precipitation of actinides with lanthanide fluorides such as CeF5).

7.3 Liquid-liquid extraction

Solvent extraction or liquid-liquid extraction is based on the distribution of a chem-
ical species between usually an aqueous solution and a liquid organic phase. How-
ever, liquid-liquid extraction can also be performed in nonaqueous systems; e.g., in
a system consisting of a molten metal in contact with molten salts the metal can be
transferred from one phase to the other. In the following, only aqueous and organic
phases will be considered as liquid phases. The extraction method can be applied
over a wide concentration range, from rather highly concentrated solutions, such
as in nuclear fuel reprocessing, to one-atom-at-a-time separations of the heaviest
elements. Depending on the timescale, discontinuous, or continuous techniques
are applied.

In solvent extraction very often the distribution ratio is given as a measure for
the quality of the separation. This ratio DF is equal to the concentration of a solute
in the organic phase divided by its concentration in the aqueous phase:

printed on 2/11/2023 6:44 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

7 Radiochemical separations =—— 231

DE = Corg /Cag- (7.1

The separation factor expresses the ability of a system to separate two solutes (A
and B) and is defined as:

SFAB =DA/DB. (72)

There are different types of extraction mechanism. An example for a very simple pro-
cedure is the extraction of iodine from an aqueous phase into carbon tetrachloride or
the extraction of ruthenium tetroxide or osmium tetroxide into an organic solvent.
The interaction of a metal ion with an organic anion can form a neutral complex.
Often the anion is a bidentate and the mechanism is called chelate extraction. Cupfer-
ron is a very important chelating agent. The use of a solvating agent is another way
to extract a metal ion into the organic phase. The solvating reagent can be the or-
ganic phase itself or it can be dissolved in a diluent. Examples for this type of mecha-
nism are the extractions of uranium and plutonium by tri-n-butyl phosphate. Other
important reagents are trioctylphosphine oxide and bi-2-ethylhexyl phosphoric acid.
In ion pair extraction an inner sphere complex is formed which is extracted with an
organic cation. Here primary, secondary, tertiary amines or a quaternary ammonium
salt are used often referred to as liquid ion exchangers due to the similarity between
the ion-pair formation and an ion-exchange process. Ionic liquids are another class
of extractants that are of interest for the separation of, e.g., uranium, lanthanides, pal-
ladium, rhodium, and ruthenium. Bis(trifluoromethanesulfonyl)imide is well suited
for the separation of the uranium oxides UOs, UO,, and Us0g from each other. Crown
ethers with a ring structure that fits an atom with a certain ionic radius forming
hydrophobic and extractable species are well suited for the isolation of cesium
and strontium.

The batchwise solvent extraction can be done in separation funnels or test
tubes whereas for continuous extraction mainly mixer-settlers, columns, centri-
fuges, or centrifugal extractors are used.

Solvent extractions play an important role in reprocessing spent nuclear fuel
with the separation of uranium and plutonium from high active waste (HAW). The
plutonium uranium redox extraction (PUREX) process is the most common one for
this purpose. In this process the fuel elements are first cut in pieces with a length of
3-5cm and then dissolved in 6-11 N HNO; leaving the cladding hulls undestroyed.
The solution is then diluted to 3—-4 N HNOs, nitride is added as a reducing agent to
assure that plutonium is present as Pu'V and uranium as U". Uranium and pluto-
nium are selectively extracted into tri-n-butyl phosphate (TBP) in aliphatic kero-
sene, Fig. 7.2. Most of the fission products and the trivalent actinides remain in the
aqueous phase. In the next step, plutonium is back-extracted into the aqueous
phase by reduction to Pu' using, e.g., Fe" sulfamate. Uranium is not reduced
under these conditions and remains in the organic phase. Its back extraction occurs
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Fig. 7.2: Left: chemical structure of TBP: n-tributyl phosphate (OP(OC,Hy)s; right: chemical
structure of a-HIB (or 2-hydroxyisobutyric acid or 2-hydroxy-2-methylpropanoic acid), see
Section 7.4.

with 0.01 N nitric acid. The plutonium and uranium fractions are further purified by
several extraction cycles and finally converted to the oxides.*

In liquid-liquid extraction the time-determining step is in general the separa-
tion of the two phases. For fast separations, fixing the organic solvent on a fine-
grained carrier and filtering quickly the aqueous solution through a layer of such a
quasi-solid solvent can accelerate this. The rapid discontinuous separation of tech-
netium from fission products is an illustration of this technique. In a first step the
halogens are removed by exchange with silver chloride. Then, technetium in form
of the pertechnetate ion is extracted into a solution of tetraphenylarsonium chloride
in chloroform adsorbed on a fine-grained carrier. Next, the pertechnetate is re-
extracted from this solution with 2N HNO; plus NH,ReO, and co-precipitated with
the homologous tetraphenylarsonium perrhenate. After filtration and projection of
this precipitate to the detection system the start of counting is 7.5 s after the start of
the separation procedure. Technetium isotopes with half-lives down to 5s '°®Tc
could be studied. Similar to the illustration in Fig. 7.1, the different operations are
controlled by an electronic programmer delivering signals at predetermined times
to open valves or to move stopcocks pneumatically.

The introduction of high-speed centrifuges for rapid phase separation enabled
the performance of continuous rapid extraction procedures. With various versions,
nuclides with half-lives down to =1s could be separated from complex reaction
product mixtures and investigated. Figure 7.3 shows as an example the on-line iso-
lation of technetium from fission products.

A **°Cf target was irradiated at the Mainz TRIGA reactor with neutrons and the
recoil fission products were transported from the target position by a nitrogen/KCl
gas jet to the centrifuge separation system (SISAK 3). The KCI clusters with the at-
tached fission products were dissolved in sulfuric acid plus an oxidizing agent in a
static mixer. Afterwards nitrogen and the fission noble gases (Kr, Xe) were removed
from the liquid in a degassing centrifuge. Then, technetium was extracted into tet-
raphenylarsonium chloride dissolved in chloroform. After the extraction the organic

4 For details relevant to the treatment and recycling of used fuel, see Chapter 10, Section 10.6.5.
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Fig. 7.3: Flow diagram for the continuous separation of technetium from fission products by solvent
extraction using the high-speed centrifuge system SISAK (Altzitzoglou et al. 1990).

phase was pumped to a measuring cell placed in front of two Ge detectors. The
overall hold-up time from the production (neutron pulse) to the counting unit was
2.5s. This procedure allowed detailed studies on the transformation of 1.0's '°Tc
and investigation on the p~-transformation of 0.9 s '**Tc.

7.4 Solid phase-based ion exchange
7.4.1 lon exchanger columns

Ion exchange is a method that allows, among others, separations within groups of
very similar elements such as the lanthanides or the trivalent actinides. It is based
on small differences in the distribution of the elements between a solid phase con-
sisting of a polymer with reactive groups, the ion exchanger, and a solution in
which the elements to be separated are present in form of cations or anions.

For a good separation the distribution step must be repeated very often which
can be achieved by chromatography: the mixture is placed on top of a column filled
with the solid phase through which the liquid phase is passed. Ion exchangers are
either cation exchangers that exchange cations or anion exchangers that exchange
anions. The cation exchangers are classified into strong, moderate, and weak acid
types while the anion exchangers are typically classified into strong and weak base
exchangers. There are also other types of ion exchangers like amphoteric exchang-
ers that can exchange cations or anions simultaneously, chelating resins and bi-
functional resins.

An ion exchanger consists of functional groups attached to a polymer matrix.
Sulfonic groups bound to cross-linked polystyrene matrices are typical for strong
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acid type cation exchangers, while moderate cation exchangers contain the group -
PO(OH), and weak cation exchangers the group —COOH. Strong base anion ex-
changers have the group —(CH,NR3)Cl and weak base anion exchangers contain ei-
ther —(CH,NHR,)Cl or —(CH,NH,R)Cl with R representing an alkyl chain.

The exchange reaction with, e.g., a strong cation exchanger can be written as
follows:

R-SO; H* +Me*L™ = R-SO; Me* +H'L", (73)

where Me" is a metal ion and L™ an anionic ligand.
For the ion exchanger similar to solvent extraction a distribution ratio can be
defined:

D' = Cres /Cagn (7.4)

where c,s is the equilibrium concentration of the exchanged ion in the resin
(mol/kg) and c,q the concentration in the aqueous solution (mol/m>).

Ion exchangers are mostly operated as columns. However, membranes or surfa-
ces covered with ion exchanger material have also found application. Depending on
the separation problem, the size of the columns can vary from a few millimeters to
several meters and flow rates from a few milliliters per minute to several cubic meters
per hour. For ion exchangers used as cartridges cf. Section 7.4.2. In recent years, the
speed of complex separations could be improved by using high-performance solid
phases and an operation of the column at higher pressure. With this method a sepa-
ration of the whole series of lanthanide elements can be achieved within about
20 min.

7.4.2 lon exchange cartridges

The ion exchange separation methods described so far used chromatographic col-
umns to separate two or more species. However, for many of the separation problems
the basic intention is to isolate the main (radioactive) species for further analytical
purposes (e.g., spectroscopy) or applied purposes (e.g., synthesis of radiopharmaceut-
icals). In these cases, the most practical version is to transform a chromatographic col-
umn into a cartridge. Cartridges (commercially available in versatile versions) are
small plastic containers filled with the chromatographic material — the ion exchange
resin. Their performance is simple: following conditioning of the cartridge, the solu-
tion containing the desired radioactive species passes through the cartridge in one
step, while all the other species remain absorbed in the cartridge. The cartridge thus
filters off all unwanted material. An alternative version consists in trapping the radio-
active species selectively in the cartridge while the contaminants are not absorbed.
This protocol, nevertheless, requires subsequent steps: washing the cartridge with a
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solution to remove traces of unwanted species and finally desorbing the pure radioac-
tive species with an adequate solution.

7.4.3 Examples

Ion exchange techniques have been applied for separations of chemically similar
elements, such as trivalent lanthanides and trivalent actinides. Figure 7.4 illustrates
the high-resolution separation of trivalent actinides with a-hydroxy isobutyric acid
(a-HIB, cf. Fig. 7.2 for chemical structure). The actinides are separated according to
their complex formation with a-HIB; those with the highest complex formation con-

stant being eluted first.
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Fig. 7.4: Separation of trivalent actinides on a cation exchange column CK 10 Y (Mitsubishi Corp.)
of 150 mm x 4 mm obtained with a-hydroxyisobutyric acid of 0.14 M (0-96 ml) and 0.17 M
(97-150 ml) at pH of 4.8.

Further examples for the use of the ion exchange technique are separations of the
transactinide elements. One example is the isolation of the first transactinide ele-
ment, rutherfordium. From the extrapolations of the lighter homologues, zirco-
nium, and hafnium, it was expected that rutherfordium should pass through a
cation exchange column in a weakly acid solution of a-HIB acid whereas the
heavier trivalent actinides should be strongly absorbed. This was demonstrated by
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means of a-spectroscopic measurements for the rather long-lived isotope 78 s 2°'Rf.
Already at that time a large part of the chemical system was automated to obtain
samples within about a minute. Hundreds of irradiations had to be performed, each
followed by a chemical separation in order to measure few events because only
~10% of the atoms produced were observed after chemistry due to transformation,
chemical losses, and counting geometry (Silva et al. 1970).

For aqueous chemistry studies of the heaviest elements mostly automated dis-
continuous batchwise procedures have been applied. In order to get statistically
significant results, the same experiment must be repeated several hundred or thou-
sand times with a predetermined cycle time. Recently two arrangements have
mainly been used for such applications, namely the Automated Rapid Chemistry
Apparatus (ARCA) and the Automated Ion exchange separation apparatus coupled
with the Detection System for Alpha Spectroscopy (AIDA). Both systems are com-
puter-controlled and have been applied for repetitive high-performance ion ex-
change chromatography in combination with a gas jet for the transportation of the
reaction products. With the AIDA apparatus detailed investigations on the fluoride
complexation of rutherfordium by cation exchange chromatography and the ad-
sorption of dubnium on an anion exchanger in HF solution in comparison with its
homologues niobium and tantalum have been performed. For this 34 s °Db was
produced in the **8Cm(*°F,5 n) reaction at the JAEA tandem accelerator in Tokai
with a production rate of about 0.4 atoms per min. The reaction products were
transported by means of a He/KCl gas jet to AIDA and deposited there for 75s.
Then, the products were dissolved in 13.9 N HF and fed into the anion exchanger
column (1.0 mm i.d. x 3.5 mm) operated at a flow rate of 1.2 ml/min. The effluent
was collected on tantalum disks and evaporated to dryness with hot helium gas
and a halogen heat lamp. The sorbed products on the column were then stripped
with a mixture of HNO; plus diluted HF, collected on tantalum disks and evapo-
rated to dryness. The disks were transferred automatically to an a-spectrometry sta-
tion consisting of eight passivated ion-implanted planar silicon (PIPS) detectors.
The chromatographic separation was accomplished within =30 s and the a-particle
measurement was started after =50 s for the first fraction. All events were registered
event by event together with the time information.

Figure 7.5 shows the adsorption probability of Db and the homologous ele-
ments niobium and tantalum on an anion-exchange resin as a function of the initial
HF concentration. The adsorption of Db from 13.9 N HF is smaller than those of Nb
and Ta. Taking all the experiments into account including the behavior of the
pseudo-homologue protactinium, the experiments showed that the adsorption of
Db on the anion-exchange resin is different from that of Nb and Ta and that the
adsorption of anionic fluoro complexes decreases in the sequence of Ta= Nb>Db >
Pa. In order to compare the experimental adsorption sequence with that from pre-
dictions, the element species of these elements must be determined.
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Fig. 7.5: Adsorption of Db, Ta, and Nb (in percent) on the anion-exchange resin as a function of the
initial HF concentration, [HF];,;, as obtained from on-line column experiments (Tsukada et al. 2009).

7.5 Extraction chromatography

Extraction chromatographic resins can be described as a combination of solvent /
liquid-liquid extraction and solid phase extraction. In some publications they are
also referred to as solvent impregnated resins or supported solvent extraction. A
very good overview over the history of extraction chromatography is given in Braun
and Ghersini (1975). While extraction chromatographic resins are used in a similar
way than ion exchange or solid phase extraction resins (e.g., use in columns or car-
tridges) it is based on very different extraction mechanism. Figure 7.6 illustrates the
principal composition and the main 3 components.

Extraction chromatographic resins consist of an inert support that is impregnated
with a selective stationary phase, also referred to as extractant. It is typically comprised
of a nonwater miscible organic compound having distinctive extraction properties.
The separation is taking place on the surface of the impregnated inert support via
distribution of the respectively present elements between the aqueous phase and
the stationary phase, similar to liquid-liquid extraction. Accordingly, the diffusion
into the resin bead is generally of lower importance than, e.g., in case of ion ex-
change resins.
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stationary phase

inert support

Fig. 7.6: Schematic representation of an extraction chromatographic resin bead. Extraction
chromatographic resins are comprised of an inert support and a stationary phase, typically a
nonwater-miscible organic compound. Modified with permission from Triskem (2021).

7.5.1 Support materials

A variety of different support materials are described in literature, from kieselguhr
to silica and a variety of polymers. Nowadays spherical polymer particles of well-
defined sphericity, particle and pore size distribution are used preferably. Inert sup-
ports need to meet several criteria. They have to be chemically stable with respect
to the extractant to be impregnated and the volatile solvent used during the impreg-
nation process. They further need to be inert with respect to the aqueous phases
that will be employed during the separation and the analyte to be separated, e.g.,
to avoid nonspecific retention of cations of higher valence on a silica surface. Fur-
ther, the inert support should be mechanically stable to allow facile column pack-
ing and working at elevated flow rates without mechanical degradation of the resin.
Ideally, it should have high capacity for the extractant to allow for a stable physi-
sorption of the latter. The degree of hydrophobicity of the inert support will have an
impact on the wettabhility of the resin.’

5 Often slightly less hydrophobic resins are preferred (such as aliphatic (acrylic ester) polymer-based
polymers) as they allow for more facile wetting of the resin, thus simplifying column packing. It
could be shown on the other hand that PS-DVB (or other polymers containing aromatic groups)
based polymers, which are more hydrophobic and thus more difficult to wet, can be of interest as
they offer higher resistance against radiolytic degradation. In such cases wetting the resin with EtOH:
water mixtures containing up to 30% (V/V) EtOH can still allow for facile column packing.
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It is important to use a well-defined particle size distribution and that these sup-
ports contain pores with suitable, defined pores size and distribution, cf. Fig. 7.7. The
choice of an inert support may also be driven by external factors, especially when
working in very high radiation environments, such as the separation of radionuclides
from irradiated targets. The decision which inert support to employ should in any
case be based on the foreseen use of the resin.®

10 I I I T I T T T I | 1 T T T l T

¢/m x 10°
(4]
T

0 50 100 150
Free Column Volume

Fig. 7.7: The impact of the particle size on the peak shape and thus also peak resolution shown in
the case of the elution of Sr from the commercially available SR Resin. At similar flow rates using
particles of smaller size will result in narrower elution peaks. Sr elution curves obtained with 3.2 M
HNOs, 23-24 °C, on 50-100 pm SR Resin and 100-125 pm SR Resin (Horwitz et al. 1992a).

6 Using polymers that are containing scintillating compounds, also called Plastic Scintillation mi-
crospheres (PSm), as inert support allows the preparation of extraction chromatographic resins
that can also be used as detection medium, as described, i.e., by Barrera et al. (2016). In such a
case, as e.g. shown for Aliquat 336 impregnated PSm, the analyte is retained on the resins, prefera-
bly prepacked in a cartridge of suitable size, which can then be placed in a liquid scintillation
counter and measured directly without elution of the analyte or addition of a liquid scintillation
cocktail.
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7.5.2 Stationary phase

The second component of an extraction chromatographic resin is the stationary phase
impregnated onto the inert support. The compounds used as stationary phase again
need to meet a certain number of specifications: not soluble in water, not degrade the
inert support, stable with respect to the aqueous phase (e.g., stability against nitric
acid of elevated concentration), not volatile, but be soluble in a volatile solvent (i.e.,
methanol, ethanol, or acetone). Generally, extractants employed in extraction chroma-
tography are of amphoteric character, containing a hydrophilic part that is complexing
the ions and a hydrophobic part limiting the water solubility of the compounds. This
hydrophobic part is often comprised of long chained alkyl groups. Very hydrophobic
compounds tend to show slower extraction kinetics accordingly they will require better
control of the flow rate during the separation. On the other hand, they will show less
bleeding (loss of the stationary phase due to a transfer into the aqueous phase); it will
thus usually be possible to re-use such extraction chromatographic resins more often.

The fact that the extractant is only impregnated (physisorbed) onto the inert
support and the potential bleeding resulting from this, might need to be addressed
in a suitable manner for some applications. Possible approaches include mineraliz-
ing the aqueous phase (e.g., wet-ashing with nitric acid) or using a reverse phase
resin to extract the organic material from the aqueous phase. It could further be
shown by Horwitz et al. (1992b) that pre-rinsing the resin with large volumes of
water or acid can remove loosely bound parts of the extractant and thus lower the
amount of extractant removed during the actual separation. Further the extractant
can be stabilized via cross-linking as described, i.e., by Trochimczuk et al. (2004)
although the latter will impact the kinetics of the resins.

Most of the extractants employed in extraction chromatography are liquid,
however it is also possible to use solid compounds if they are soluble in nonvolatile
and nonwater miscible solvents, the so-called diluent. In such cases the diluent
needs to be chosen carefully as it can impact the selectivity of the organic phase
significantly.” Diluents can further be used to avoid so called third-phase formation,

7 Diluents may even be chosen specifically to modify or adjust the selectivity of an extractant sys-
tem. Examples include the improved retention of selected elements in presence of ionic liquids or
modifying the pH at which a certain element is retained. Extraction chromatographic resins based
on crown ethers show differences in their selectivity depending on the diluent used as shown for
example by the commercially available SR, PB, TK100, and TK101 Resins. All four resins are based
on the same crown-ether (4,4’(5")-di-t-butylcyclohexano 18-crown-6) however by using diluents
such as octanol (SR Resin), decanol (PB Resin), HDEHP (TK100) or a short chained ionic liquid
(TK101) the selectivity of the resin can be modified to match a particular purpose. Using an alcohol
with a longer chain such as decanol (PB Resin) instead of octanol (SR Resin) for example will de-
crease the retention mainly of Pb to facilitate its elution as described by Horwitz et al. (1994). Using
a short chained ionic liquid or HDEHP on the other hand allows extracting elements such as Sr and
Pb also under neutral or slightly acidic conditions as shown, i.e., by Surman et al. (2014).
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a well-known example being the TBP/CMPO system, or to exploit synergetic effects
between different extractants. As the resins are comprised of impregnated beads it
is not possible to employ pure organic solvents in a separation, the only exception
being the intentional use of an organic solvent, i.e., an alcohol to elute the extrac-
tant together with the analyte as demonstrated by Eikenberg et al. (2004). Adding
EtOH to an aqueous phase (up to 10%) can improve chromatographic separations
as discussed, e.g., in the technical information of the commercially available
TK211/2/3 Resins (TrisKem 2020). As the phase transfer is taking place on the sur-
face of the inert support, separation kinetics are generally quite fast, often faster
than, e.g., for classical ion exchange resins (the diffusion of the elements to be
separated to the functional groups is of lower importance). This frequently allows
for performing separations at higher flow rates compared to ion exchange resin-
based methods.

Using smaller amounts of extractants can lead to a better peak resolution due to
even less diffusion within the stationary phase which can be desirable for example in
case of the separation of trace amounts of lanthanides. One of the main advantages
of this type of resins is that many different extractants with a wide range of selectivity
maybe employed. Extractants typically used in the fabrication of these resins include
acidic extractants (e.g., HDEHP), amines, and ammonium salts (e.g., Aliquat 336),
solvating and chelating extractants, especially compounds containing P =0 groups
(e.g. CMPO, TBP), crown-ethers and other macrocycles. Figure 7.8 gives an overview
over some of these typically used extractants. Selected examples of the application of
resins based on some of these extractants will be discussed later.

Generally, the extractants employed in extraction chromatography, like in lig-
uid-liquid extraction, can be divided in three groups:

Acidic extractants following, e.g., the equilibria:

M>*+3HY = MY;+3 H* (7.5)

M** +3 (HY), = M(HY,); +3 H" (7.6)

The driving force is the proton concentration, and it follows a cation exchange
mechanism. Accordingly, the pH of the solution will be decisive for the resin’s se-
lectivity, although steric effects of the formed complex can have a strong impact,
too. Generally, these extracting systems will show rather limited differences in
terms of selectivity between different acids, given that the counter anion is not com-
plexing the respective cation.

Neutral extractants following, e.g., the equilibrium:

M>* + nE + 3X" =ME"- X5 7.7

where X is typically C1” or NO3~
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In this case the driving force is the anion concentration. Typically, the transfer of
the cation into the organic phase will be favored in presence of a large amount of
suitable anions. A useful, although simplified, explanation is that the cation and the
anions form a ‘neutral species’ in the aqueous phase that is transferred into the or-
ganic phase where it is forming a neutral complex involving the cation, the extractant
and the anions. The selectivity can differ very strongly from one anion to another, a
fact that is very often used to facilitate separations. Generally, the anion concentra-
tion is adjusted through the addition of the corresponding acid, however other
means may be employed, e.g., adding Li* or NH," salts of the respective anion.

Basic extractants, e.g., following the equilibria:

For amines: RsN + HX = R3NH* X~ (7.8)
R;NH* X~ + MX; = RsNH* MX,~ (7.9)
For ammonium salts: R4N* X~ + MX; = R4,N* MX,~ (7.10)

where X is typically C1” or NO3~

These extractions follow an anion exchange type of mechanism, accordingly in
this case the driving force is also the concentration of anions in the system. Like for
neutral extractants, the nature of the anion, mainly its ability to form anionic com-
plexes with a cation, will have a strong impact on the selectivity of the system.

As described above, there are generally two axes of selectivity that can be ex-
ploited to optimize a chemical separation, one is the choice of the resin, and the other
is, especially in the case of resins based on neutral or basic extractants, the choice of
the anion (typically nitrate or chloride). Especially in analytical separations, but also
in some methods for the purification of radionuclides for use in radiopharmaceutical
chemistry and nuclear medicine, several different resins maybe used in sequence to
facilitate a separation or to allow separating several elements from the same sample.

To optimize a separation method, it is thus important to first characterize the
resins with respect to their selectivity. This is generally done by performing a series
of batch experiments where a defined amount of the resin (w) to be characterized is
contacted with a well-defined volume (v) of a solution of a given acid of defined
concentration containing a known concentration of analyte(s) (4,). After contacting
the resin and the solution for a suitable amount of time (typically 30-60 min) the
test sample is centrifuged or filtered, and an aliquot of the solution is withdrawn
and analyzed (As). Based on the results of this analysis the so-called weight distri-
bution ratio (D,,) can be calculated:

Ao - As
w(g)

As

v(mL) (7.12)

/

Dy,[mL/g|=

The weight distribution ratio (D,,) is a measure for the retention of an element on the
resin: the higher the D,, value the higher the retention of the resin for the respective
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element under the given conditions. An even more useful measure for the retention
of an element is the so-called capacity factor k’. The k’ value is difficult to determine
experimentally but it can be calculated as it is proportional to the D,, value. Unfortu-
nately, the proportionality factor depends on several parameters including the vol-
ume of extractant impregnated onto the inert support. This information is not always
readily available; however a value of 0.5 g/mL often is a suitable approximation. Ac-
cordingly, for most extraction chromatographic resins it may be assumed that

K = D,-05 (7.12)

Plotting these D,, or k’ values against tested acid concentrations allows visualizing
a resins selectivity for a range of different conditions and elements. Figure 7.9
shows an example of such k’ value plots.
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Fig. 7.9: k’ values for actinides and other selected elements on TRU Resin in HNO3 and HCl of
varying concentration. These k’ graphs visually summarize the selectivity of the presented resin
(Horwitz 1993).

The same resin (in this example, the TRU Resin) may have very different selectiv-
ities in different acids (generally HCl and HNOs), a fact that is frequently used in
complex separations. It should be noted that historically k’ values and acid concen-
trations are very frequently plotted double logarithmically in these kind of graphs.
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This visual representation of the respective selectivity can facilitate the identifica-
tion of experimental conditions suitable for the extraction and elution of analytes
and interferents. A rather simple example is the separation of Am™ from matrix ele-
ments and other actinides), cf. Fig. 7.9.% An interesting aspect of the capacity factor
k’ is that it is proportional to the volume necessary to elute an analyte, or to be
more precise to the volume necessary to get to the maximum of the elution peak
(Vp). Accordingly, knowing the k’ value allows to estimate the volume necessary to
elute an analyte, and estimating what volume can be loaded onto the column be-
fore the analyte breaks through, respectively. The proportionality factor between
this volume V), and the capacity factor is the so-called “free column volume” (fcv),
the interstitial space or void volume in a chromatographic column, with k’ = V,/fcv.
The fcv of extraction chromatographic columns is frequently about 65% of the col-
umn volume. Based on this is possible to estimate that at a k’ of 5 and an fcv of
1.3 mL (typical value for a 2 mL column of an extraction chromatographic resin),
the V, is approximately 6.5 mL, meaning that the peak maximum is reached, under
ideal conditions, after ~6.5 mL. To assure quantitative elution, an elution volume of
at least 15 mL should be chosen. On the other hand, at a kK’ of 1000 and a fcv of
1.3 mL the V, is approximately 1.3 L under ideal conditions, it is thus safe to assume
that even under nonideal conditions loading, e.g., 100 mL onto the column should
not lead to a breakthrough of the analyte. A rather widely applied rule of thumb in
this context is that k’ values 2100 are suitable for retention of an element (the
higher the better) and k’ values of <10 suitable for elution (the lower the better).

Interferents, cations as well as anions, can have an impact on the retention of
elements on the resin, this influence too can be represented in k’ value plots, cf.
Fig. 7.10. These kind of graphs help identifying whether a resin is suitable for a cer-
tain separation, or if a particular cation or anion would need to be removed from the
sample before performing the separation. In some cases identifying a problem also
allows finding a solution, e.g., in case a large amount of phosphate is known to be
present in a sample (e.g., after a calcium phosphate co-precipitation) and interfering,
e.g., the extraction of tetravalent actinides, it is often sufficient to add AI™ to the so-
lution. The added Al' is then preferably complexed by the phosphate, thus lowering
the amount of free phosphate in the sample. Other means of removing interferences
are the complexation of interfering cations with complexants like oxalate or fluoride,
or changing the oxidation state of an interferent, e.g., Fe'!/Fe'™,

8 In 3 M HNO;, for example, Am', as well as other actinide elements such U, Th, Np, and Pu, show
high Kk’ values accordingly, they are all well retained, while typical matrix elements such as Fe and
Ca are not or only very weakly retained. Am™ may then be selectively eluted from the resin using,
e.g., 4-5 M HCl, as it shows, other than the remaining actinides, very low k’ values under these
conditions. The remaining actinides can then be separated using other means like different acids/
acid concentrations, the use of complexing agents such as oxalate or the use of redox agents, e.g.,
reduction of Pu'¥ to Pu™.
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Fig. 7.10: left: k’ values for Np'¥ on TRU Resin in 2 M HNO; and in presence of varying
concentrations of different acids; right: k’ values for Am"' on TRU Resin in 2 M HNO5 and in
presence of varying concentrations of different acids, cations respectively (Horwitz 1993). These k’
graphs allow identifying the impact a compound will have on the retention of the analyte on the
resin. For tetravalent actinides like Np' oxalic acid and phosphoric acid interfere strongly with the
retention and should be removed — through mineralization (oxalic acid) or addition of Al"
(phosphoric acid). On the same resin these acids interfere very little with Am" extraction. Al" has,
due to a salting out effect, a retention enhancing effect while Fe'" interferes strongly with the Am"'
extraction. Reduction to Fe" eliminates this interference.

7.5.3 Applications

As described before, extraction chromatographic resins are finding use in a wide
range of applications, some examples of such applications are discussed in the fol-
lowing paragraphs.

Applications in radioanalytical chemistry: One of the first applications of extrac-
tion chromatographic resins was the analysis of radioactive elements in a variety of
samples. This is mainly due to the fact that many of the extractants used originated
in nuclear research performed at the Argonne National Laboratory (ANL). The CMPO/
TBP system employed in the TRU Resin for example originated in the TRUEX process,
the crown ether used in the SR Resin in the SREX process. An early example of the
use of extraction chromatography for the separation of radioactive elements dates to
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Horwitz (1969) when the group used a HDEHP-based resin for the separation of a
number of actinides. Many applications for the separation and quantification of ra-
dioactive elements in environmental, bioassay, waste, and decommissioning samples
have been developed using extraction chromatographic resins. These methods mainly
cover anthropogenic radionuclides like actinides, activation and fission products such
as °Sr, ©Ni, and *’Tc. However naturally occurring radionuclides like U isotopes, Th
isotopes, Ra isotopes, 2°Pb, and ?'°Po are very frequently separated and analyzed, too.

Extraction chromatographic resins are generally employed to separate the ra-
dionuclide to be quantified from spectral interferences (e.g., other alpha or beta
emitters) and from matrix elements - this is of particular importance in case of
alpha spectrometric determinations to allow obtaining alpha sources with very low
thickness and thus high peak resolution. To allow obtaining as much information
as possible from one sample several resins with different selectivity are employed
sequentially.

In such applications the resins are frequently used as cartridges as this allows
stacking them in a predefined order. A typical separation is described, i.e., by Max-
well (2011), cf. Fig. 7.11A and B. After suitable sample preparation and oxidation

Acid digestion 9 . © Beakerrinse: 3mL3 M HNO, )
1) Redissolve in 6 ml 6 M HNO, and 6 ml 2 M Al(NO5), 10 mL 3M HNO3 onto stacked cartridges
2) Add 0.5 ml 1.5 M sulfamic acid + 1.25 ml 1.5 M ascorbic acid s ¢ rtrid
3) Add 1.25 ml 3.5 M sodium nitrate i eparate cartridges
7
€
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7 S
i Pu", Th", Np" & o
< =
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a |
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Fig. 7.11A: Scheme of a stacked cartridge-based separation of U, Th, Pu, Am/Cm, and Sr from air

filters (from Maxwell 2011). Load and rinse on stacked cartridges. The photos show: left — vacuum
box setup for vacuum assisted separation methods, right — stacked cartridges (TEVA, TRU, SR).
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state adjustment to assure presence of Pu as Pu'Y and Np as Np'" the test solution is
loaded through three stacked cartridges (TEVA, TRU, and SR Resin) from 3M HNO;
in presence of Al'"" to remove potential phosphate interference. Under these condi-
tions Th'V and Pu'V/Np'’ are retained on TEVA Resin, while other elements such as
UV, Am™/Cm™, and Sr" pass through onto the TRU Resin cartridge. This resin re-
tains U! and Am™/Cm'™ while Sr” passes through onto the following SR Resin car-
tridge where it is finally retained, cf. Fig. 7.11A. The three cartridges can then be
separated and treated separately to allow obtaining clean U, Th, Pu/Np, Am/Cm,
and Sr fractions, cf. Fig. 7.11B.

A particular example of an extraction chromatographic resin is used for the sepa-
ration of ®*Ni, e.g., from decommissioning samples. The commercially available NI
Resin is based on the dimethylglyoxime (DMG) complexing agent impregnated onto
the inert support as a solid. DMG is known to form, under suitable conditions, bright
pink nickel-bis(dimethylglyoximate) complex precipitates Fig. 7. 12. In case of the NI
Resin this precipitate is formed on a column, it is thus based on a precipitation
mechanism. ®Ni can be separated employing the NI Resin (following precipita-
tion and matrix removal via anion exchange chromatography) from nuclear
waste samples with high chemical yield and purity, allowing its quantification
by liquid scintillation counting after destruction of the eluted Ni-DMG complex.

Fig. 7.12: Dimethylglyoxime (DMG) and Ni-DMG complex nickel-bis(dimethylglyoximate) Eichrom
(2021).

The ability of extraction chromatographic resins to strongly retain cations can also be
used to perform separations that are otherwise difficult to achieve, like the separation
of Cl and I from each other, and from matrix elements, under alkaline, neutral or
acidic conditions. While co-precipitation with silver is frequently used for the separa-
tion of Cl and I, such co-precipitation methods are difficult to automize. An alterna-
tive consists in loading Ag* onto a resin that can retain it over a very wide pH range
while keeping it accessible for interaction with analytes. In such cases, as the Ag™ is
retained on a resin, it is possible to perform the separation chromatographically
using columns or cartridges.

An example for such a resin is the phosphine sulfide-based CL Resin, which re-
tains silver very strongly under highly alkaline and acidic conditions. It further has
the advantage of having no, or only very little, selectivity for other radionuclides
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that might interfere with the respective quantification. Once the resin is loaded
with Ag* it will show a selectivity very similar to Ag precipitations, accordingly Cl~
and I are strongly retained on the resin. By choosing suitable elution agents it is
then possible to sequentially elute CI” and I as shown in Figure 7.13. As expected
from AgCl and Agl complex stability data, NH,SCN elutes CI~ while keeping I" re-
tained on the resin as Agl. It may then be eluted using a stronger complexing agent
for Ag™ such as sulfide for example, cf. Fig. 7.13.

o Cl elution:
5mL 0.1 M NH,SCN

Rinse:
Optional: 10 mL 0.1 M H,SO,,
10 mLwater & [.-2 10 mL 1% NaOH
| O
Loading solution: ° N | I"elution:
Water or 1 M H,SO, “[ 5mL 0.35 M Na,S

Optional: reducing agent

I
s | o
®@ S
o9
=& |o
+M - |
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\ ] F
Chemical yield via ion chromatography {9_ g Chemical yield via ion chromatography
Add LSC cocktail => LSC measurement ~ Add LSC cocktail => LSC measurement
@ @ O waste

Fig. 7.13: Scheme of a >°Cl/*?°| separation method described by Zulauf et al. (2010) based on Ag*
loaded CL Resin. The Ag* loaded CL Resin retains chloride and iodide over a wide pH range. Using a
complexing agent that has higher affinity for Ag* than Cl™ but lower than I, here SCN™, allows
selectively eluting chloride from the column. lodide is then eluted with an even stronger complex
ligand (here $%).

Applications in radiopharmacy and nuclear medicine: The purification of radionu-
clides, particularly radiometals, for use in diagnostics (PET or SPECT) or therapy
(alpha, beta or Auger emitters) typically requires the separation of ultra-trace amounts
of the desired radionuclide from macroscopic amounts of irradiated target materials
and trace amounts of co-produced radionuclidic impurities. In most cases irradiated
targets are subsequently dissolved in acid of elevated concentration. The final product
on the other hand should ideally be a highly pure solution of the radionuclide in a
small volume of a dilute acid or a buffer solution. As the element(s) comprising the
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target are present in a vast excess compared to the radionuclide to be separated it is
generally advisable to choose an extraction chromatographic resin for the separation
that has no, or as little as possible, selectivity for the target material, while very
strongly retaining the radionuclide to be separated. In case radionuclidic impurities are
known to be present their removal should be taken into account when optimizing the
separation scheme (choice of resin, acid concentrations, . . .). The aim is keeping the
amount of resin employed during the separation as small as possible to allow perform-
ing the separation in a short time — particularly important when separating short-lived
radionuclides — and eluting the targeted radionuclide in a small volume.

In some cases adding another resin upfront to the resin used for the actual sep-
aration can simplify the purification of a radionuclide. In the case of separating
®ICu or ®*Cu from solid Ni targets a TBP Resin cartridge removes Fe and Ga impuri-
ties potentially present in the dissolved irradiated target, while letting Ni, Co, Cu,
and Zn pass. Removing these two elements facilitates the subsequent separation of
the remaining elements on the amine-based TK201 Resin significantly. This pre-

Dissolved target : @ © Rinse: Rinse:
~6 mL 6 M HCl TN/ 4mL6MHCL 4mL5MNaCl/0.05MHCl
(2]
Rinse: _o___ 3] Cu elution:
5.5mL 4.5 M HCL 2mL 0.05 M HCl

i

1mL (50 —100pum)

2 mL (50 -100pum)
\
TK201 Resin

:TK201Resin.:] TBP Resin . £ '

Waste <«—— J 9 Final Cu product

oe. Ni target recovery

Fig. 7.14: Scheme of a cassette-based method for the separation of ¢Cu or “Cu from irradiated
solid Ni targets from Svedjehed et al. (2020). Left: The dissolved target is passed through TBP and
TK201 Resin cartridges. The TBP Resin retains Fe and Ga impurities, it is subsequently discarded.
Cu radioisotopes, as well as potentially present Co and Zn impurities, are rinsed onto the amine-
based TK201 Resin. The Ni target material passes through both cartridges and is recovered for
recycling. Right: ¢*Cu/®“Cu purification on TK201 Resin and elution in dilute HCL.
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purification, combined with a NaCl/HCl-based rinsing step, allows eluting the final
Cu fraction in a small volume of 0.05 M HCl of defined concentration with high pu-
rity and yield, cf. Fig. 7.14.

Another example is the separation of ®®Ga from irradiated liquid or solid ®®Zn
targets using a hydroxamate resin (e.g., ZR Resin). After the purification of the %8Ga
on the ZR Resin it is eluted using 1.5-2 M HCl, conditions too acidic for direct use in
injection or labelling. Using a TOPO Resin-based cartridge (e.g., TK200 Resin) it is
possible to extract ®®Ga from this solution, and subsequently elute it water or in di-
lute HCI, cf. Fig. 7.15.

Rinse: Rinse:
15mL 0.1 M HNO, 3.5mL2 M NaCl/ 0.13 M HCl
Load:
Liquid Zn target 0 g Ga elution: Ga eluate 9 e Ga elution:
adjusted to 3 5-6 mL1.75 M HCl from ZR Resin Rl 1-2 mL water
<0.1M HNO, PARL
B €
c | & £ |2
0 S 2 1S3
g |7 g |7
5 |2 S
= g | E
o~ L o~
\____/ o o
o 2] J e Ga eluate: Q JVI 9 .
Waste 5 direct elution =~ —— Waste .~ ., Final Ga product

onto TK200

Fig. 7.15: Scheme of a cassette-based method for the separation of 3Ga from liquid ®®Zn targets,
Rodnick et al. (2020). Left: Initial ®Ga separation from the target material and other radionuclidic
impurities on a hydroxamate resin (ZR Resin). The obtained purified 68Ga solution is too acidic for
direct use (1.75 M HC). Right: using a TOPO-based extraction chromatographic resin (TK200 Resin)
converts the ®Ga to dilute HCL. Performing an additional rinse with 3.5 ml of 2 M NaCl in 0.13 M
HCl allows for obtaining ®®Ga in a well-defined HCl concentration.

A similar approach, using one resin to convert a solution from one acid concentration to
another, is also used in the separation of nca ’Lu or nca *'Tb from their respective
macroscopic target materials 7°Yb and '°°Gd. Extraction chromatographic resins based
on organo-phosphoric (e.g., HDEHP), organo-phosphonic or organo-phosphinic acids
are used for the separation of lanthanides from another in a wide range of applications
as they often show elevated selectivity even for neighboring lanthanide pairs. For exam-
ple the HEH[EHP] (see Fig. 7.8) based LN2 Resin, is used in combination with the TO-
DGA-based DGA, N Resin, for the separation of nca ’Lu from 300 mg Yb (Horwitz
2005) or even larger targets.
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Another important application of extraction chromatography is the quality con-
trol of a produced radionuclide, particularly the determination of its radionuclidic
purity with respect to the presence of non-gamma-emitting radionuclides. A typical
example is the determination of long-lived °°Sr in °°Y obtained, e.g., from a *°Sr/*°Y
generator. This control is especially important as °Sr is a B~ emitter with a long half-
life of 28.8 years. It further is, due to its chemical similarity with Ca, easily incorpo-
rated into bones, making it particularly radiotoxic. To separate and detect any poten-
tially present trace amounts of °Sr the most frequently used resin in this context is
the crown ether-based SR Resin. Figure 7.16 shows the selectivity of the SR Resin for a
number of elements, including Sr and Y. After adjustment of the sample to 3 M HNO;
and loading onto the resin, °°Sr is retained while *°Y passes through. °°Sr may then
be eluted with water or dilute HNO; and quantified, e.g., via LSC counting.

Loading: e Rinse: Srelution:
2mLIMHNO, —— = 2mLIMHNO, 2mL 0.05 M HNO,
+ CHgOy M + C¢HgOy
I Rinse: o 9 Pb elution:
2mL7 MHNO; Rl 2mL 6 M HCl
sr', Pb"

83 mg (50 — 100pum)
y

SR Resin
83 mg (50 - 100pm)

LREE (+Th", U¥Y)

| TRU Resin l_| SR Resin .

83 mg (50 - 100pum)

Waste o © Pb fraction

— ™

2]

@ @ Waste Sr fraction

r
—

Fig. 7.17A: Schematic separation of Nd, Sm, Sr, Pb, Ba from actinides, other lanthanides and matrix
elements from Pin et al. (2014). Left: Loading of the dissolved sample onto stacked SR Resin and
TRU Resin. Sr and Pb are retained on SR Resin. Light rare earth elements (LREE), Th"Y and U"' are
retained on TRU Resin. Matrix elements pass through both resins. Cartridges are split after this
step. Right: Ba, Sr, and Pb separation on the SR Resin cartridge.

EBSCChost - printed on 2/11/2023 6:44 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

7 Radiochemical separations =—— 255

3x0.5mL0.05 M HCL
2mL 0.1mL (1) 2.7mL 2mL
1MHNO, @ @  0.05MHNO, 025MHCL @ @  o0.25MHC
05m @ || @ oimL l woamt @ || @ gsmL
1M HNO, LL 0.05 M HCl 0.05 M HCl | 0.75 M HCl
.E ?:: -
“n -
- 2 z
£ 2 % S
E § % E T
) i 2 2
o o o 83
o oo £ = (=3
= E £ S » R
4 [ o
= £ %
= 2 ]
S5
L E,
; T 2 00 )| ©
@-0 Waste ‘ ] La, Ce, Pr = - |~—= Nd
1 O sm
€D Waste

Fig. 7.17B: Schematic separation of Nd, Sm, Sr, Pb, Ba from actinides, other lanthanides and matrix
elements from Pin et al. (2014). Left: Further matrix removal from the TRU Resin, LREE remain
retained. Middle: TRU resin is stacked above LN Resin. LREE are rinsed from the TRU Resin onto the
LN Resin using 0.05 M HCL. Right: Chromatographic separation of the LREE on LN Resin. La, Ce, and
Pr are discarded, Nd and Sm are recovered for mass spectrometric measurement.

Applications in geochemistry: The mass spectrometric determination of isotope ra-
tios of stable elements is finding very wide use in a number of fields such as dating
of samples (such as rocks or zircons), nuclear forensics, analysis of biomedical sam-
ples, metallomics or food provenancing (the confirmation of the origin of food and
beverages such as wine, cheese, and olive oil). To obtain precise isotope ratios, iso-
baric interferences (elements or polyatomic compounds of the same mass) need to be
removed prior to the mass spectrometric measurement. As the amount of the analyte
or sample mass available is usually very small it is also very important to remove the
sample matrix thoroughly.

A typical example is the dating of rock samples. It is of high interest to obtain
information on a variety of different elements, e.g., to allow applying two different
radiometric dating techniques such as U/Pb dating and Sm/Nd dating, cf. Chapter 5.
After dissolution the sample is separated using a suitable separation chemistry. The
method shown in Figs. 7.17A and 7.17B, e.g., allows obtaining clean fraction of Ba,
Sr, Pb, Nd, Sm, and if required U and Th. In this example the dissolved sample is
passed through stacked columns starting with the SR Resin which preferably re-
tains divalent elements such as Ba, Sr, and Ph. After passing through this column
the solution passes through the CMPO/TBP-based resin described earlier (TRU
Resin) which retains U, Th, and rare earth elements (REE) while matrix elements
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pass through. U and Th may be recovered at this point for further purification, how-
ever in the given example only the light rare earth elements are recovered. The lat-
ter are further separated on the organo-phosphoric acid (HDEHP)-based LN Resin,
resulting in clean Nd and Sm fractions.

Other applications: Extraction chromatography is not limited to use as resin, it is also
possible to impregnate supports of other geometries such as TLC paper, membrane fil-
ters or hollow fiber membranes, to give just a few examples. Extraction chro-
matographic resins may further be used in hydrometallurgical applications such
as the recycling of critical metals or the recovery of valuable metals from waste
streams, and the decontamination of radioactively contaminated effluents.

7.6 Thin layer chromatography/high-performance
liquid chromatography

7.6.1 Radiochemical separation

Both thin layer chromatography (TLC) and high-performance liquid chromatogra-
phy (HPLC) are separation methods common in conventional chemistry and well
adapted to radiochemistry. The separation of the species in liquid phase (either
aqueous or nonaqueous or mixed) is due to its sometimes quite complex interaction
with a solid phase it passes through. For TLC the solid phase is paper or a chro-
matographic material (such as silica gel, for example) organized on a thin backing of,
e.g., a thin aluminum foil, and the transfer of the liquid phase is due to diffusion. In
HPLC a column is used containing the chromatographic material, and the transport
of the liquid phase carrying the species is organized by pressure. In TLC, once the
liquid phase has almost reached the end of the chromatographic strip, the distribu-
tion of the radioactive species is detected by measuring the radioactivity distribution
along the strip, yielding retention fraction r;, which is the distance migrated relative
to the length of the solvent front, i.e., with r; ranging between 0 and 1. In HPLC, the
radioactive species are registered when leaving the end of the column through a cap-
illary tube by passing a radioactivity detector. Performances are expressed as reten-
tion times r,, which is the time (in minutes) the species needed between entering the
column and leaving it.

TLC and HPLC have found wide application in radiochemical analytics. Impor-
tant specific cases refer to the determination of the chemical or radionuclidic purity
of a given radioactive species prior to further application. Another specific feature,
mainly for HPLC, is the preparative separation of the radioactive species of interest
from its chemical and radiochemical impurities.
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7.6.2 Radiochemical purification

Particularly for the preparation of radiopharmaceuticals which are neurotransmitter
analogs applied to imaging the living human brain, the amount of radiopharmaceu-
tical must be extremely low to prevent toxic effects. In this case, the final radiophar-
maceutical must be isolated from the macroscopic amount of its nonradioactive
labeling precursor, which is often a pharmacologically active component negatively
influencing the imaging and eventually causing toxic effects. The radiosynthesis
thus must consider specific activity issues, and must in all cases separate the radio-
pharmaceutical from it precursor by means of HPLC.

7.6.3 Radiochemical quality control

The field of quality control for radiopharmaceuticals demands effective radiochemi-
cal separations. These separations should be relatively fast, since many radiophar-
maceuticals — despite the short-lived radionuclides — need to undergo quality
control prior to applications in patient diagnosis and therapy according to the re-
quirements of drug syntheses.

Figure 7.18 shows the quality control for radiochemical purity of the most rele-
vant radiodiagnostic for PET, 2-deoxy-2-[**F]fluoroglucose (FDG) as synthesized by
reacting the mannose triflate labeling precursor with '®F-fluoride.” The requirement
is to quantify the percentage of the product FDG relative to the fraction of [**F]fluo-
ride unreacted, which accumulates in vivo in bone structures. According to national
and international pharmacopeia, this parameter should be >95%.

In other cases, TLC is accepted for quality control of radiopharmaceuticals,
at least in cases when the lower accuracy of TLC compared to HPLC conforms to
legal requirements. Nevertheless, both HPLC and TLC must yield identical re-
sults. Figure 7.19 shows HPLC and TLC methods to separate the *®Ga-labeled pep-
tide [*®Ga]DOTA-TOC' used for molecular imaging of neuroendocrine tumors by
means of PET in the context of quality control of that radiopharmaceutical.'!

9 See Chapter 12 on its synthesis and application.

10 [*%Ga]Ga-DOTA-TOC ((DOTA = 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid; TOC = D-
Phe-cyclo[Cys-Tyr-D-Trp-Lys-Thr-Cys]-Thr(ol)) with TOC representing an octapeptide with analogy
to somatostatin, cf. Chapter 12.

11 See Chapter 12 this volume on its synthesis and application.
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Fig. 7.18: HPLC to separate species relevant for [**F]FDG quality control: Upper chromatogram:

Radioactivity detection identifying retention times of [**F]FDG and “free” [*®F]fluoride and [**F]FDM
(fluorodeoxymannose). Percent fractions for a specific batch of [**F]FDG are summarized in the
table. Lower chromatogram: IR detection of nonradioactive amounts of glucose, NaF, FDM, and
FDG. (Dionex CarboPac PA10 250*4 (guard column CarboPac PA10 50*4), eluent: 0.1 N NaOH, flow
rate: 1 ml/min, first peak at ry=1.38 min is HPLC injection signal.).

7.7 Electrodeposition/electrophoresis/
electromigration

In addition to the various kinds of physicochemical interaction between a (radioac-
tive) species with the surface of a solid material such as paper, oxides, salts, metals,
glass etc., the charge of the species can influence this behavior. Its behavior is then
composed of the interaction with the so-called supporting material (a thin layer
strip or any kind of column packing material as in HPLC or GC, or a surface of a
container) and with the migration of the species in an electric field. Focusing on the
effect of the electric charge of the species, electrophoretic separation of species
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Fig. 7.19: Quality control of a synthesis of [*®Ga]Ga-DOTATOC for medical application. HPLC shows
the radiopharmaceutical and the nonlabeled ¢3Ga. HPLC: Nucleosil 100-5 C,5 AB with 25%
acetonitrile/75% 0.1% TFA in water at 0.75 ml flow. Retention and content of ®®Ga and ®Ga-
DOTATOC is 1.5 min, 2.7% and 3.2 min, 97.3%, respectively. The TLC result is inserted showing on
lanes L1 and L2 the syntheses batch prior and after purification: TLC (inserted right): Merck Silica
SG60 plates developed with Na-citrate buffer pH = 4, L2: before purification over Strata-X; 93.5%,
L1: after purification; 99.0%.

migrating in an external electric field is well known in conventional analytical
chemistry, and also finds application in radiochemistry. Here, it offers a straightfor-
ward possibility to detect and to quantify the electrophoresis-chromatograms via
radiation measurements of the radioactive species on-line or off-line. Another ad-
vantage is the use of radionuclides at very low concentrations, which facilitates
the chromatographic separation capacities.

7.7.1 Electrodeposition

Similar to the approach of precipitating species A and thereby separating it from
the nonprecipitated species B remaining in solution (cf. Section 7.2), radiochemical
separations use the transfer of a species A to the surface of a solid material driven
by electro-deposition (ED). In the case of a radioactive cation of type Me>" to be iso-
lated, for example, a cathode (usually made of platinum wire or plate) is placed
into the solution and an electric current is applied. The radio-cation is deposited on
the cathode surface in the form of an Me(OH); layer.

ED is mainly applied to separate a carrier-free nuclear reaction product from
macroscopic stable target material. A proof-of-principle separation was demonstrated
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for 8°Y, a positron emitter used in medical imaging, from 2°SrO targets following a
86Sr(p,n)86Y nuclear reaction. Figure 7.20 illustrates the concept. The irradiated target
(in amounts of 100-200 mg of #¢Sr0) is dissolved in 3 ml of 0.6 N HNO; in a quartz
vessel, acting as the anode. A platinum cathode is positioned in the middle of the
vessel. At a constant electric field of 450 mA (corresponding to ca. 20 mA/cm?), the
86y3* cation approaches the cathode and adsorbs (electro-deposits) on its surface, ba-
sically forming %¢Y(OH);. After the platinum cathode is removed (with the electric
current not switched off), it is washed and finally ®°Y is desorbed in diluted hydro-
chloric acid. Another option is to transfer the cathode into a second vessel with fresh
electrolyte and to alternate the type of electrode: The initial cathode is turned into
the anode, and °Y is again electrodeposited onto the new Pt cathode, thereby acting
as a second purification cycle.

VAR I
glas tube
(to shield gas release
from the electrolyte)
86y3+
A
86y3+
anode | | I | e cathode
(Pt wire) (Pt plate)
86Y3+
............ »
~
86y3+

Fig. 7.20: Radiochemical separation of 2Y>* from "'SrC0O; by means of electrodeposition. The 2¢Y
adsorbs on a Pt cathode, the strontium salt remains in solution (Reischl et al. 2002).

The process only takes a few minutes, and the recovery of %Y is >90%. The level of
86Sr transferred into the final ®°Y fraction is < ppm levels. A similar approach was
suggested for the separation of °°Y from the *°Sr/°°Y generator, where the no-
carrier-added radionuclide daughter °°Y is separated from the no-carrier-added ra-
dionuclide parent *°Sr.

This approach to separate either generator-derived trivalent radiometals from
di- or four-valent radionuclide generator parents or stable target materials used for
cyclotron or nuclear reactor based radionuclide production processes may be ex-
tended to a number of currently relevant examples such as ®Ga and ““Sc. Other
examples are the isolation of '®¥Re from aqueous solutions of the ¥¥W/!®8Re gener-
ator and **™Tc from aqueous solution of the *’Mo/**™Tc generator, cf. Roesch and
Knapp (2011) for a review.
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Instead of electrochemically adsorbing a trivalent radioactive nuclear reaction
product onto a surface of an inert cathode, another process is known to use redox
reactions with a corresponding absorber material. This is particularly relevant for two
chemically almost identical trivalent metals, namely, the nuclear reaction target ma-
terial and the radioactive nuclear reaction product, which would behave very sim-
ilarly in conventional separation strategies such as ion exchange, liquid-liquid
extraction, most kinds of chromatography etc., but also ED. This situation is typical
for two neighbored trivalent lanthanides. In a few cases, one of the lanthanides may
form oxidation states different from III. This is the case for the separation of ’’Lu as
produced in the 7®Yb(n,y)"’Yb > B~ (t/2=1.9h) > "Lu (t/2 = 6.71d) reaction. From
a mixture of carrier-free "’Lu and macroscopic "°Yb ions in aqueous solution, the
macroscopic 7°Yb>* (following dissolution of the, e.g., 100 mg of target material
176Yh,05) is transferred into Hg(Na) amalgam driven by reduction of 7°Yb™ to 76yb",
which forms an amalgam with the mercury cathode. 771 1 remains in solution, which
is easily separated from the solid Hg(Na)'”®Yb amalgam, cf. Fig. 7.21.

electrode

(PY)

irradiated evess |
176Yh-oxide target Yo
(dissolved)

177 y3+

176Yh | Hg(Na)

Hg(Na)
(stirred)

passage of
176Yp | Hg(Na)

Fig. 7.21: Radiochemical separation of ”7Lu>* from neutron-irradiated 7°Yb,05 by means of
electrodeposition. The nonradioactive, macroscopic ¢Yb forms solid 7¢Yb | Hg(Na) amalgam,
whereas the carrier-free nuclear reaction product remains in solution. This procedure is repeated
several times with fresh Hg(Na) in order to remove the macroamount of 176Yh (Lebedev et al. 2000).
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7.7.2 Electrophoresis

According to the species to be separated and the kind of interaction between spe-
cies and supporting material, there are many technological types of electrophoresis
(EP), such as paper EP, capillary EP, gel EP, but also affinity EP, etc. The most con-
ventional version is paper EP. The mixture of radioactive species is added in a few
ul to the middle of a paper strip, soaked with an adequate (most often aqueous)
electrolyte. The two ends of the paper strip are immersed in the electrolyte medium.
At the two ends of the strip, two electrodes induce a constant electric field, and the
species start to move (to migrate) towards the corresponding electrode. After a cer-
tain time, the electric field is switched off; the paper strip is removed and dried. The
position of the radioactive species is detected by either scanning the whole paper or
by cutting the strip into segments and measuring each segment separately.

It is obvious that the separation depends on whether the species has a negative or
a positive charge or is electrically neutral. It is difficult to separate two cationic or two
anionic species. However, by forming metal-ligand complexes MLy of, e.g., two cati-
ons, different electrical charges of the complexes can be induced enabling a separation
with this method. Figure 7.22 demonstrates this for the separation of radiostrontium
and radioyttrium."” Here, the complexing ligand L is citrate.

Fig. 7.22: Radiochemical separation of °°Y>* and °°Sr** by means of paper electrophoresis. The
electrolyte contains citrate anions. Its concentration is high enough to form a [*°Y(cit),]>~ complex, moving
towards the anode, whereas °°Sr** does not form a citrate complex and moves towards the cathode.

7.7.3 Electromigration

In contrast to electrophoresis, electromigration is a method which tries to exclude
the physicochemical interaction between a (radioactive) species and the material of

12 This is of practical interest, because °°Y is commercially distributed for medical applications,
and is obtained as the daughter in a °Sr/?°Y generator. The separated °°Y should not contain
traces of the parent °°Sr. However, both nuclides are p~-emitters and the content of *°Sr within an
excess of °°Y cannot be analyzed spectrometrically directly from that mixture. Thus, both nuclides
must be separated first.
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a surface of a solid medium such as paper, oxides, salts, metals, glass, etc. Electro-
migration (EM) thus focuses on the “pure” impact of the charge of the species on
their (electro)migration velocity. Capillary EP would belong to this category. EM ba-
sically utilizes on-line detection of the electromigration of the radioactive species.
The simple concept would be a glass tube, filled with a pure aqueous electrolyte, to
locally inject a small volume (such as 1 to 10 pl) of the radioactive species and to
monitor the electromigration by scanning the tube with a radioactivity detector de-
vice. The electromigration velocity u (in m/s V) constitutes a parameter, represent-
ing the migration ion, the type and the ionic strength of the electrolyte, and the
temperature. This parameter is as unique and characteristic for the species as the
diffusion coefficient is.

While EM is most often used for chemical speciation of a single radiospecies,
for determining its electomigration velocity at infinite dilute aqueous solution, to
investigate hydrolyses and Me-L-complex formation equilibria of radiometals —
thus representing an analytical method - it can also be used to separate two spe-
cies, even of the same electrical charge. For reviews on and examples of electromi-
gration studies, see Roesch and Khalkin (1990) and Mauerhofer et al. (2002).

7.8 Volatilization/sublimation/evaporation

The radiochemical separations discussed in this section are generally referred to as
“yolatilization”,”® which basically means that the radiospecies to be isolated is in a
gaseous state. Sublimation, evaporation, and distillation are synonymously used
for the volatilization processes referred to in this section. In almost all cases, the
procedures start from solid rather than liquid phases and the separation is “dry”,
which substantially differentiates them from the other procedures described so
far.* Thus, “distillation techniques” were readily adopted for radiochemical sepa-
rations. Already in 1962 a compilation of separations applied to radioisotopes of al-
most the entire range of chemical elements appeared (DeVoe 1962).

The most obvious version is the release (i.e., separation) of a radionuclide be-
longing to a gaseous element. The most prominent example in radiochemistry is
the isolation of isotopes of radon as formed in the naturally occurring transforma-
tion chains that radon isotopes naturally emanate from, for example, uranium ores.

13 Also generally referred to as “distillation”. However, distillation in conventional chemistry de-
scribes separations starting from liquid samples. In radiochemistry, in contrast, most of the sam-
ples to be treated are solid ones (irradiated metals or alloys, oxides, salts).

14 For many separations, chemical purity is essential. This also refers to contaminants of traces of
stable species present in the initial sample, but also those introduced by the chemical solvents.
Here, dry separations avoid the latter contaminations.
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If (at room temperature) the partial gas pressure of the species is zero or low, their sep-
aration can be induced by simply heating a sample to separate and isolate the most
volatile species. The process starts from solid samples and yields gaseous species with-
out a notable appearance of a liquid intermediate. Supposing the differences in thermal
volatility are significant, the process is thus similar to sublimation known in conven-
tional chemistry. It is the most effective way to isolate radiohalogens in their element
state: I or "I from irradiated tellurium oxides, cf. Fig. 7.23, and *"'At from irradiated
bismuth metal. Alternatively, the pressure may be lowered down to vacuum, where
even radiometals volatilize — in particular if temperatures are increased.

In a more advanced version, the increasing temperature applied to the solid
mixture is accompanied by letting a gas stream continuously pass the surface of the
solid to allow the volatile component to be “gas-transported” away from the mix-
ture and deposited later at a different place and on the surface of a cold material.
The nonvolatile species remains at the origin.

A rather sophisticated version is to separate two (or more) volatile species. In
this case the radiochemical method resembles conventional gas chromatography
but modified to a preparative rather than analytical version. Here, the different
physicochemical kinds of interaction between the volatile species and the absorber
material define the separation quality. However, the ultimate approach is to avoid
column material packings and to exclusively rely on the interactions of the volatile
species with the surface of the chromatographic column. Ideally, the two (or more)
volatilized radiospecies deposit on the inner surface of quartz or metal columns at
different positions according to a temperature gradient of that column. The desorp-
tion is driven by the adsorption enthalpy of the species on the surface material se-
lected. The process is defined as “thermochromatography”.

Finally, an adequate volatility of a radioactive species naturally existing in a
nonvolatile chemical species in the sample can be induced. It in can be reacted
chemically to form a new molecule, which is volatile — and which sublimates (or is
gas-transported) away from the original sample, returning to a nonvolatile status.

7.8.1 Volatilization/sublimation/evaporation

One of the most conclusive “dry” radiochemical separations is the isolation of iso-
topes of iodine and of astatine following their production by particle-induced nuclear
reactions. Medically relevant '®I (for SPECT), I (for PET), or I (for scintigraphy
and therapy) can be produced by (p,xn) or (d,xn) nuclear reactions on macroscopic
tellurium oxide TeO, targets.’” The irradiated TeO, is transferred into a horizontal
quartz apparatus as, for example, shown in Fig. 7.23. Either inert gases or just air

15 Cf. Chapters 12 and 13 for the production of the medically relevant nuclides.
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Fig. 7.23: Apparatus for separating radioiodine from irradiated TeO, targets (after Qaim et al.
2003).

flows over the irradiated target. Once the temperature at the position of the irradiated
target is increased by heating the quartz apparatus close to the melting point of 732 ©
C of the tellurium oxide, all the radioiodide inside the crystalline tellurium oxide dif-
fuses to the surface. From this surface, iodine is volatilized and transported within
the stream of the gas into an aqueous solution of NaOH to trap the isolated radioio-
dine as iodide. The tellurium oxide, typically made of isotopically enriched and ex-
pensive Te isotopes, remains intact and is used for repeated irradiations.

Alternatively, specific absorbers may be inserted into the gas stream to absorb
the volatile radioalogen isotope. This is typically the case for separating "'At from
irradiated bismuth targets following a Bi(a,2n) nuclear reaction. Typical absorbers
are short (1-2 cm) pieces of silver or platinum wire, positioned within the glass tube
exactly at a position where the temperature is low enough for the deposition of the
halogen radioisotopes.

Another version is also of interest in which the irradiated target is heated in the
reactant gas (O,, Cl,, and others) with formation of a nonvolatile residue while the
nuclear reaction product is transferred further by the gas flow. These separations
were usually carried out in a horizontal apparatus similar to that displayed in
Fig. 7.23, but recently the vertical arrangement has come to be viewed as more ratio-
nal. This vertical arrangement greatly decreases the carry-away of gaseous products
against the direction of incoming reactant gas flow and allows the process to be
easily automated. The target is loaded at the bottom of the open apparatus, the ap-
paratus is closed using inserted smaller quartz tubes, the reactant gas is passed
through the quartz tube system, and then the assembly is placed in the vertical
oven with the required temperature distribution. After the termination of the separation
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process the assembly (or its inner segment only) is taken out of the oven and cooled.
The adsorbed product is washed off from the inner quartz tube surface with a min-
imum volume of an appropriate solution. This apparatus cf. Figure 7.24, first de-
veloped to separate the positron emitter **™Tc from the irradiated molybdenum
oxide in 25 minutes, was subsequently used more universally for separations of
the systems 1°Sn/"°™[n, 186\y/186Re, 188\ /188Re, 72Ge/7?As; cf. Roesch and Knapp
(2011) for a review.

temperature distribution (°C)

400 600 800 1000
25
20 _
ADSORBED H%mTcO, g
\"\‘ 15 <
~ S
w
SUBLIMATED 94Mo0, 0 5
-~ £
g £
. N5
target position 1 ]

Fig. 7.24: Vertical-type thermochromatographic apparatus for routine separation of *™Tc from
irradiated ®*Mo targets. The irradiated target is transferred into a vertical quartz container (3) and
a flow of air is passed over it. An oven (4) induces a temperature gradient (right) with the hottest
temperature at the bottom of the quartz apparatus (ca. 1100 °C). At elevated temperature, both the
target element (Mo) and the nuclear reaction product (Tc) oxidize and form the corresponding
oxides. The less volatile MoO5 sublimates within the middle quartz tube (2). The H**™TcO, adsorbs
at an inner quartz tube (2), which is removed after the separation process. H**™TcQ, is easily
dissolved from the quartz surface (Roesch et al. 1994).

Furthermore, when separation of nuclear reaction products does not entail changes
in their chemical composition, multiple use of the target material holds the greatest
promise for large-scale production of, e.g., ’Ga, !In, and 2°'T1. The separation pro-
cedure consists in merely heating massive targets at controllable pressure of the
reactant gas. The target material loss does not exceed 0.1% in one cycle of radio-
chemical separation, but it is easily restored after 20-30 target irradiation-radionuclide
separation cycles. In addition, multiple use of the target material gradually leads to a
high specific activity of the produced radioactive samples due to periodic separation of
impurities. Furthermore, it should be noted that similar protocols might be used for
constructing generator systems. The concept is to thermally adsorb the generator
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parent nuclide, and to thermally volatilize the generator daughter — and to be able to
repeat this separation protocol many times. By now the parent-daughter radionuclide
pairs 88W/'®8Re and "*Se/"?As have been studied.

7.8.2 Thermochromatography

Similar to gas chromatography (GC),'® thermochromatography (TC) is a stationary
nonisothermal gas-solid chromatography based on thermal variation of the interaction
between the volatile radioactive species (atoms or molecules) and the adsorbent. In
this method a negative temperature gradient is produced in the direction of the carrier
gas flow or, alternatively, in vacuum.” It is, consequently, this temperature gradient
that retards the transport of species in the column. If the slowing down is different for
different species, they are separated chromatographically.

It allows collecting components from a complex mixture at a certain position,
which is at a certain temperature of the inner surface of the TC column. This can be
achieved either off-line, i.e., injecting a mixture once (as in common GC), or on-line,
i.e., continuously passing a mixture of on-line produced radionuclides through the
TC column (in contrast to common GC). In radiochemistry, the most popular version
is TC with a stationary temperature gradient, in which the concentration of a sub-
stance and its local distribution depend on the distance x (or temperature, which de-
pends on the distance x according to the temperature gradient), i.e., c=(x or T).
While this is similar to conventional GC, in TC the volatile compounds typically
remain in the column.’® For a comprehensive description of the physicochemical

16 Historically, “thermochromatography” refers to the gas-chromatographic method for separation
of mainly volatile organic compounds in which the temperature field with a negative gradient
moves along the column, so that the outlet temperature gradually increases ousting the separated
substances from the column. In this case the gas-chromatogram is the time t (or temperature T) de-
pendence of the outlet concentration, i.e., c = (t) or f(T).

17 Note that the ultralow concentrations of the radioactive species undergo various interactions
with the many chemical species that are part of aqueous solvent systems or in condensed matter —
also with those that are typically disregarded as “impurities” at ppm levels in conventional chemis-
try. Here, gases or ultimately, vacuum, represent much “cleaner” system.

18 It is particularly noteworthy that Marie and Pierre CURIE used the method in question as far
back as the end of the 19th century when they discovered Ra and Po (Curie and Curie 1898). Polo-
nium sulfide was distilled in a carbon dioxide flow into a tube with a negative temperature gradi-
ent, where it was precipitated in a narrow zone. Unfortunately, this experience and method was
long forgotten. What may also be considered the first publication on the use of TC in radiochemistry
is the paper by Merinis and Bouissieres (1961) on separation of no-carrier-added (n.c.a.) spallogenic
products: radioactive Hg, Pt, Ir, Os, and Re isotopes have been separated from macroscopic gold
targets bombarded with medium-energy protons. Another important work that stimulated the fur-
ther development of TC was an attempt to separate and identify the artificial element 104 (now
named rutherfordium), an analogue of Hf, which clearly showed the advantages of the method for
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and theoretical background see the review by Novgorodov et al. (2011) and the
references therein.

7.8.2.1 Thermochromatographic setup

Figure 7.25 displays a typical thermochromatographic apparatus. The main part is a
gradient oven providing the required temperature field along the column. The ther-
mochromatographic columns (TCC) are usually made of glass, quartz, porcelain, or
metallic tubes, chemically resistant to reactant gases. They may be open (hollow) or
filled with various substances (metals, oxides, halides, etc.). The gradient oven may
be made of a large number of short sections or by winding a heat-releasing wire
(nichrome, superkanthal, platinum, etc.) on an insulating tube (the TCC, see below)
etc. in a varying mode. The simplest design is an oven heating at one end of a long
heat-conducting tube surrounded with a vacuum enclosure. This design ensures al-
most linear temperature distribution along the apparatus. The “cold” end of the
tube is usually cooled with water or even liquid nitrogen.

The apparatus also comprises devices to organize and monitor the gas system. It
consists of a system for the chemically inert carrier gas, to which traces of reactants
(which form volatile species of the radionuclides under investigation) may optionally
be added, or which may be completely substituted by the reactant gas. This system in-
volves supply of the gas, purification, and flow rate control, but optionally also the ad-
dition of aerosol particles as inert carriers. Alternatively, the gas system is completely
avoided and an appropriate vacuum system is applied instead. The apparatus needs a
system for injection/inlet of the radionuclide mixture to be separated (periodic or con-
tinuous). Probes containing the radionuclides of interest are inserted into the TCC at
places of maximum temperature (starting temperature Tg) in a batch mode before the
experiments (off-line) or continuously (on-line) using gas jets. In this latter version, mi-
crodisperse aerosol particles (KCl, MoOs, etc.) are added to the gas stream in order to
support the transfer of the radioactive species with the radionuclides of interest ad-
sorbed on it. Figure 7.25 illustrates this situation. Finally, there is also a system for trap-
ping outgoing reactant gases and possible radioactive gases or aerosols.

The distribution of the radionuclides adsorbed on the inner wall of the TCC
must be registered according to their radioactive emission characteristics. This is or-
ganized with an array of radioactive detectors on-line, or by scanning the TCC with
one detector, again either on-line or off-line. A method for determining the profile

studying short-lived radionuclides (Zvara et al. 1971). The simple equipment required and the high
efficiency of the method stimulated its rapid theoretical and practical development in the 1960s,
marked with some outstanding results, for example, the characterization of previously unknown
isotopes of many elements from the Periodic Table and even more significantly, the discovery of
new transactinide elements.
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Fig. 7.25: Horizontal-type thermochromatographic apparatus and typical profile of temperature
along the column (Hickmann et al. 1993).

of the distribution of separated substances in the column is of major importance in
thermochromatographic experiments. Most of them are carried out with radionu-
clides emitting radiation that penetrates the columns walls (relatively “hard” B- and
y-rays), which allows the radioactivity within the column sections to be measured
off-line either by cutting the column into small parts or by screening the column
using collimated detectors. If sufficient activities of radionuclides transforming with
emission of high-energy y-rays are used, in principle it is possible to monitor the
substance distribution in the column on-line during the thermochromatographic ex-
periment by using one or several well-collimated movable detectors. Mixtures of ra-
dionuclides usually require the use of HPGe detectors because of the high-energy
resolution.”

19 The situation becomes much more complicated when the radionuclides used undergo o decay
or spontaneous fission, i.e., if nonpenetrating radiation needs to be measured. If these radionu-
clides are long-lived, the column is cut into small sections, the substances adsorbed on its inner
surface are washed off with appropriate solutions, and the resulting solutions are analyzed. In the
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7.8.2.2 Transport of volatile species along the column

Theories on the thermochromatographic process (Merinis and Bouissieres 1969;
Eichler and Zvara 1975; Rudolf and Bachmann 1978; Novgorodov and Kolatchkow-
ski 1979), beginning with works by Merinis and Bouissieres (1969),?° are based on
the fact that for a given species (atom, molecule), the transfer time within the TCC
breaks into two components, i.e., the residence time in the gaseous phase and the
residence time on the surface of the column. The latter is governed by the average
lifetime of the species in the adsorbed state T,(s) related to the temperature by the
FRENKEL equation:

Q
= —_— 5> 7.
Ta =To€XP (RT) (7.5)
where T, is the period of oscillation of the species in the adsorbed state perpendicu-
larly to the surface (s); Q is the adsorption heat (J mol™); R is the molar gas constant
(=8.314Tmol ' K™); and T is the absolute temperature (K).

7.8.2.3 The thermochromatogram

The experiment results in a thermochromatogram. An example is given in Fig. 7.26,
which displays the distribution of bromides of uranium fission products continu-
ously supplied to the column for 15 minutes. The thermochromatogram for each
chemical compound (or element) allows the determination of the basic parameter
T., the adsorption temperature of the substance (center of gravity of its distribution
in the column).

7.8.2.4 Thermochromatography applied to the investigation of new transactinide
elements

Discovery and investigation of new elements is an extreme challenge, because their
half-life is a few seconds or fractions of seconds and the rate of their production at
modern accelerators is very low (one atom per a few hours or even days). On the as-
sumption of analogy between transactinide elements and group 4-18 elements, the

case of short-lived radionuclides, e.g., transactinide elements, semiconductor, or track detectors
(mica, quartz) placed inside the column are used. They allow single decays to be determined at
each point of the column. In principle, other methods may also be used to determine the distribu-
tion of substances (for microamounts) in the column, e.g., photospectrometry, X-ray fluorescence,
etc.

20 For details and the references mentioned, see the review by Novgorodov et al. (2011).
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Fig. 7.26: Element distribution in a thermochromatographic column with 9 vol. % hydrogen
bromide as reactive additive to the carrier gas nitrogen, together with the temperature profile
along the column. Quartz-powder column, 15 min exposure time (Hickmann et al. 1993).

halides, oxohalides, and oxides of the first transactinide elements were expected to
have increased volatility, which might allow good selectivity of their separation and
concentration by gas chemistry methods (IC and TC). The first identifications of Rf
(element 104) were carried out by isothermal chromatography (IC) of its most volatile
compound, the chloride. It was shown that the behavior of Rf chloride was analogous
to the behavior of Hf tetrachloride. Trends among volatilities in the groups of the Pe-
riodic Table have systematically been studied, cf. Tab. 7.1, and contributed to the
chemical identification of the heaviest homolog of several groups. For a detailed dis-
cussion cf. Chapter 9.

Tab. 7.1: Relative volatilities of some analog
compounds of groups of the periodic table of
elements indicating the heaviest homolog of each

group.

HfCl, <RfCl, =ZrCl,
HfBr, <RfBr, =ZrBr,
DbCls <NbCls

TaOCls <DbOCl3 <NbOCl;
WO0,Cl, =Sb0,Cl, <Mo0,Cl,
BhOsCl <Re0sCl <TcO5Cl
HsO, <0s0,
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7.9 Hot atom chemistry/SziLARD—CHALMERS-type
separations

7.9.1 What is a “hot” atom?

Let us start with the “cold” atom? Temperatures of atoms are cross-linked to their
energies and to their average speed of movement. The energy for a certain state of a
particle is Ey, = (m/2)V°. This is quantitatively expressed by the MAXWELL-BOLTZMANN
correlation bridging speed, mass and temperature with probability density functions
(v), which quantifies the probability of the particles speed per unit of speed, where
the translational energy corresponds to a temperature:

m 3 mvz
fv)= (W) 4nv2exp(— 5 kBT>' (7.6)

The most probable speed v is
kT \fﬁ
==\ 7.7)

where R is the gas constant, kg the BOLTZMANN constant, and my, is the molecular
mass of the atom or molecule.

At room temperature, atoms or molecules move or “vibrate” within their bounds
according to “thermal” energy. For the nitrogen gas N,, “most probable” velocities
v are 422 m/s at “room” temperature, i.e., 26.85 °C =300K, and 688 m/s at 800 K
(526.85 °C). Doubling the absolute temperature (Kelvin scale) increases this veloc-
ity by a factor of v2~1.4142.%"

Historically, a “hot atom” connoted an atom “freshly” formed by a nuclear pro-
cess — which could be a spontaneous transformation of an unstable, radioactive nu-
clide, but also the product of a nuclear reaction induced on a stable target nucleus.?
The term “hot atom chemistry” now is synonym for “chemical effects of nuclear

21 Note that these speed distributions, by definition, apply to ideal gases, where interactions be-
tween the atoms or molecules are zero. Real gases, of course, differ, and so do their speed distribu-
tions. In condensed matter, where many of the “hot” atom chemical reactions proceed, the
situation is much more complex.

22 For isolated neutrons, once they were slowed down by numerous interactions with atoms and
molecules existing at room temperature until they had left all their initial kinetic energy and ac-
quired the terminal energy equivalent to that of their neighboring atoms and molecules, this “ther-
mal” equilibrium energy amounted to 0.0025 eV. (Note that this energy level is much lower than
most of the recoil energies of “hot” atoms by many orders of magnitude.)
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transformations”. According to the IUPAC,? it is defined as “The rupture of the chem-
ical bond between an atom and the molecule of which the atom is part, as a result of
a nuclear reaction of that atom”.

In an abstract sense, “hot” means “higher temperature”, and higher temperature
means “higher energy”. For a particle, “higher energy” means “higher velocity”.
Since chemical effects are concerned, those “hot” atoms should have a translational
or electronic energy above conventional chemical bond energies.** As a consequence
of primary nuclear transformations of unstable nuclei or of nuclear reactions, the re-
coil atom with its corresponding impulse and kinetic energy can be attributed with
an incredible quasi-temperature of the “hot” atom - yielding an estimation of the
chemical “reactivity” of such an atom. Both aspects (translational or electronic en-
ergy) are the reason for a “rupture” of the chemical bonds the atom is/was involved
in. However, referring to either “translational” or “electronic” energy indicates that
the chemical reasons for how “hot atoms” rupture chemical bonds may differ. The
first aspect is related to the pure “speed” and/or energy of the atom. Chemically
speaking, this refers to the primary effect of the recoil energy of the nucleus of an
atom formed. The second aspect addresses the rapid and dramatic changes of the
electron shell occupancies and structures within the shell of the atom, being inherent
consequences of primary and secondary radioactive transformation processes (i.e.,
mainly induced by electron vacancies generated by positron emission or electron
capture). The sciences of hot atom chemistry were studied systematically in the
1960s-1990s, and comprehensive books collect a variety of experimental data and
theoretical concepts, such as Matsuura (1984) and Adloff et al. (1992).

7.9.2 Recoil energies in nuclear transformations

Recoil energies are defined in the corresponding chapters of Vol.I for a-, -, IC-, and
y-emissions. Basically, nuclear recoil follows the conservation of impulses, and im-
pulses p =mv and Kkinetic energies Eyi, = % mv? refer to the two species formed in the
primary or secondary nuclear transition. The larger the recoiling nucleus is, the lower
is its kinetic energy. The kinetic energy of recoiling nuclei of identical mass is greater
if the mass and the energy of the second component are larger, i.e., either a- or 8-
particle or IC electron or photon, cf. e.g., Tab. 9.3 in Vol.I. Accordingly, recoil

23 IUPAC (International Union of Pure and Applied Chemistry) Compendium of Chem. Terminol-
ogy, 2nd edition, 1997.

24 There is some overlap between hot atom chemistry and radiation chemistry: Radiation chemistry
also studies chemical effects following the delivery of excitation energy to a single atom larger than
chemical bond and ionization energies. However, in the latter case this energy is caused by external
sources, i.e., not from inside the molecule or atom itself induced by nuclear reactions or nuclear
transformations.
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energies are large for a-emissions (reaching the 0.1 MeV level), lower for B-
emissions, and lowest for photon-emission (keV scale).

7.9.2.1 Primary a-emissions

It was already realized in 1904 that the a-transformation process gives the new nu-
cleus a significant recoil energy — an effect measured in terms of its (chemical) sepa-
ration from the parent radionuclide. The product nucleus appeared to be “volatile”
relative to the parent nuclide fixed on the surface of a solid. For example, 2Pb (t/2 =
26.8 min), the product of *®Po (t2 = 3.05 min) undergoing a-transformation, was ra-
diochemically isolated “without” chemistry in 1904.” Using the same concept and
further along the *°Ra natural transformation chain,? #°T] (t%2 = 1.3 min) was iso-
lated from this ?“Pb (and because of this: discovered!) by HAHN and MEITNER in 1909.

7.9.2.2 Primary B-emissions

The B-electrons are of relatively high maximum kinetic energy, reaching MeV scales.
Due to their low mass, however, and because most of the B-particles emitted are of
much lower kinetic energy than the E,,,x value (continuous  spectrum), the average
recoil energy of the formed nucleus is small. Nevertheless, the nuclei formed in f3-
transformation processes are always chemically different from the initial element (by
AZ= +1for B~ and AZ= -1 for B* and EC). Thus, in all cases the new element is a
different one — and except for example in transitions between trivalent lanthanides —
has chemical properties significantly different from those of the progenitor. For exam-
ple, a radioactive halogen atom may transform into a noble gas (§7) or a group VI
element (8" and EC); a divalent radioactive metal may transform into a trivalent (§7)
or monovalent metal (3" and EC). In all cases, either covalent or coordination bounds
are broken and changed into different ones. This is referred to as “post-effects” of
nuclear transformations and has a significant impact on speciation chemistry and, in
particular, separation chemistry.

25 “Since radium A breaks up with an expulsion of an a particle, some of the residual atoms con-
stituting radium B, may acquire sufficient velocity to escape into the gas and are then transferred
by diffusion to the walls of the vessel.” (RUTHERFORD1904.) Radium A = *®Po, Radium B = ?Ph.

26 Cf. Chapter 4 in Vol. I; 2Pb > a > ?'°Hg > B~ (t/2> 0.3 ps) > 2'°TL.
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7.9.2.3 Secondary y-emissions

In the case of de-excitation of excited nuclear states (such as in transition processes
of metastable nuclear isomers) the recoil energy is small (ca. 5keV). This energy is
generally too low to induce molecular rupture directly. This relates to most of the
isomeric transitions.

7.9.3 Orbital electron capture and cascades of releasing
electrons and filling electron vacancies

AUGER cascades are synonymous with extreme ionization of the residual atom. Elec-
trons initially involved in chemical bonds are lost. Moreover, the high positive
charge of the residual atom is immediately spread to neighbor atoms of the same
initial molecule, inducing a “CouLOMB explosion”. Atomic and molecular fragments
are formed, each with individual secondary recoil energy (depending on their
mass). Finally, the high number of AUGER electrons emitted, though of relatively
low kinetic energy, creates intense local ionization in condensed matter (cf. the LET
values of the various particles). Local ionization is radiolysis of, e.g., water, again
causing rupture of chemical bonds. The electrons themselves are, at least in princi-
ple, able to oxidize surrounding atoms. A similar process occurs when refilling a
vacancy in an inner electron shell caused by internal conversion or by positron
emission.”

7.9.4 Recoil energies in nuclear reactions

When in 1934 SzILARD and CHALMERS bombarded C,HsI with neutrons causing a "%

(n,y)"*®I nuclear reaction,?® they observed experimentally that surprisingly ca. 60%
of the '?*I activity detected was “inorganic” '*I iodine, while the remaining ca.
40% was still present as C,H5'*!1.% In terms of radiochemical separation, the effect

27 One may expect that these processes occur relatively seldom. However, most of the recoil nuclei
formed in primary or secondary transformation processes do not necessarily exist at ground-state
levels. Instead, excited nuclear states are populated and de-excite via photon emission, IC or pair
formation, and thus simultaneously induce hot atom effects. Nucleus recoil and electron shell ef-
fects overlay, and sometimes it is the latter effect that dominates.

28 . .. actually, the “real” intention of SZILARD and CHALMERS was to create new chemical elements
according to zE(n,y) > B~ > z+4E . . ..

29 In nuclear reactions, recoil energies depend on the type and energy of the projectile, the type of
the ejectile and the mass of the product nucleus. For example, recoil energies are in the order of
0.1keV for (n,y) reactions and 0.1 MeV for (n,p) reactions. For example, a “hot” *®F nucleus is
formed in, e.g., “F(y,n)®F reactions. The '®F released from the compound nucleus forms new
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is obvious: The fraction of “inorganic” ?®I (precipitated as Ag'?®]) is easily sepa-
rated from the “organic” C,Hs"?®I and from the irradiated, nonradioactive target ma-
terial C,Hs'1. This is a clear evidence of a hot atom chemistry way to isolate
radioactive and nonradioactive isotopes of the same element.’° Consequently, an
additional term was introduced for the option of using hot atoms for chemical sepa-
rations: the SZILARD—CHALMERS reactions (Szilard and Chalmers 1934).

An early assumption was that the momentum imparted on the iodine atom by
the impinging neutron would rupture the C-I bond. However, this rupture can also
be observed also by low-energetic, thermal neutrons of ca. 0.02eV - energy much
too low to simply knock out the iodine atom. So, in the present context, it is not the
direct effect of nucleus A displacement induced by the incoming projectile a of the
nuclear reaction process of type (a, b), cf. Chapter 13 in Vol. I that matters: It is the
recoil of the radioactive product nucleus B caused by the ejectile b of the nuclear
reaction - in the present case the photon of the (n,y) process.

7.9.5 Hot atom effects applied to radiochemical separations
I: Radioisotope separation and radioisotope enrichment

One of the unique features of radiochemistry is its ability to separate two isotopes of
one and the same chemical element in the course of radioactive transformation pro-
cesses.’! This is exclusively due to hot atom effects, and is mostly related and applied
to the production of relevant radionuclides in the course of neutron-capture nuclear
reactions, mostly with thermal neutrons, i.e., A(ng,,y)B reactions with A being a sta-
ble isotope A of a chemical element E (;Ey) and B being ;Ey . ;. In this case, the radio-
active product B is isotopic with the target element A, and it cannot be separated
chemically. Consequently, the product nucleus B co-exists with the target atom. Its
specific activity is its absolute radioactivity related to the cumulative mass of B and
A, cf. Chapter 4 in Vol. I. Depending on the mass of A used, the neutron flux and the
neutron capture cross section, specific activities of B are relatively low, in particular
at low flux reactors. Hot atom chemistry, however, allows isolating a certain fraction
of the product radioisotope B from the target element.

There are different options for the fate of a radioisotope produced in a nuclear
reaction illustrated for (n,y) processes: A stable target nucleus chemically bound

fluorinated species with surrounding molecules, which was studied systematically with fluorinated
hydrocarbons, where ®F/H and '®F/*°F replacement reactions occur.

30 SziLARD himself wondered that to “ . . . separate the radioactive iodine from the bulk of bom-
barded iodine . . . sounds ‘blasphemic’ to the chemist . . . ” (Lanouette 1992).

31 Different isotopes of one and the same chemical element can also be separated by other tech-
nologies, however, these are more tedious and expensive: including gaseous diffusion (cf. the en-
richment of U from *®U as hexafluoride compounds), electromagnetic (cf. mass separation), etc.
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within a molecular or crystalline matrix (the “cage” as illustrated schematically in
Fig. 7.27 as a three-dimensional box with dotted lines indicating chemical bonds) is
irradiated. Fate 1 is thermalization of the hot atom nucleus and a terminal chemical
stabilization as a new species. Fate 2 is a process in which the hot atom “returns” to
a vacancy created within the cage and finally remains there. Fate 3 is a concept in
which the hot atom hits a stable atom to eject it from the cage to finally take over
its position within the cage. Both fates 2 and 3 are called “retention” or “annealing
reactions”. In both cases, the radioisotope B finally finds itself in the “cage”, i.e., as
the chemical species of the irradiated target material. Experimentally, it depends
on the physicochemical properties of this material (including metal-ligand com-
plexes, oxides, salts etc.).>

The other option is B thermalizing as it is. Now it terminates in a new chemical
form that is outside the “cage”. While these processes are continuously ongoing
with the irradiation, the distribution of the different chemical species of B is fixed
at the end of bombardment. Yet, the mechanistic explanation of the individual pro-
cesses is quite complex and difficult.> Anyhow, the formation of a new chemical
species of the radioisotope produced is the essence of the separation of a radioiso-
tope from a stable isotope of one and the same chemical element.

The lower the amount of stable A (2 and 3 in Fig. 7.27) is in the isolated fraction
of B (1 in Fig. 7.27), the higher its isotopic “enrichment”* is and the larger the in-
crease in the final specific activity of that fraction of B that is isolated.

The key factor to achieving maximum enrichment lies in the stabilization of the
hot atom B in a defined chemical environment and to blocking the backward transfer
of B into the cage. A conclusive example is the enrichment of a radiolanthanide iso-
tope produced by thermal neutron capture as produced from an isotopic, macroscopic

32 In condensed matter, i.e., solids such as metal-ligand crystals, or liquids, both organic and
aqueous, the fate of the recoil or hot atom is difficult to quantify. Reforming of the initial chemical
bonds often follows the primary ejection of the hot atom. Crystal structures tend to “hold” the recoil
atom to a significant degree due to reforming initial bonds and the fraction of newly formed species
is rather small. In ligands, these “cage effects” are weaker and the recoiling nucleus diffuses into
the liquid phase. However, mechanistic studies are best performed in the gas phase, where the iso-
lated recoil nucleus cannot undergo rapid electron-exchange processes with surrounding species.
33 Clearly, there is a relevant recoil of I determined by the ejected photon, which plays a major
role. However, in addition, de-excitation of nuclear states in I accompanied by internal conver-
sion and AUGER electron emissions contribute to coulomb and charge effects and ionizations. Never-
theless, the basic aspects are initial bond rupture, energy transfer, charge transfer, ionization,
radical formation, and ultimate chemical speciation. This altogether influences the 2®I product dis-
tribution pattern.

34 In laboratory experiments, enrichment factors of 1000 and more have been reported. In large-
scale isotope production, however, this is somewhat lower for many reasons. The main factor is the
simultaneous decomposition of the chemical bonds of the target material itself due to the high ioni-
zation density caused by the irradiation, yielding a spectrum of species fragments. Consequently,
enrichment factors are higher, the lower the neutron flux is and the shorter the irradiation period.
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ISOLATION
of the radionuclide produced
in a new chemical form

RETENTION

of the radionuclide produced
in its initially irradiated
chemical form

Fig. 7.27: Concept of radiochemical separation of stable and radioactive isotopes of the same
element in Szilard—-Chalmers type processes: The fate of a radioisotope produced in a nuclear
reaction (stable A to radioactive B) is either to terminate as a new, chemically different chemical
species (B4) or to return into the initial species (B,) where it co-exists with an excess of the initial
target compound containing the stable target nucleus isotope (A) that did not undergo any nuclear
reaction. Radiochemical separation isolates the fraction of B, from both the inactive target material
and the fraction B, of the radioisotope that returned back into the cage.

lanthanide target. Both A and B are isotopes of one and the same chemical element,
and both A and B are trivalent lanthanides of exactly identical chemistry.

Let us take a proof-of-principle nuclear reaction: '**Ho(n,y)'**Ho. The “trick” is
to use a target material of type metal-ligand complex A-L, with L representing a
macrocyclic chelate such as DOTA. Complexes of type Ln"-DOTA are extremely sta-
ble, both in terms of thermodynamic and kinetic stability, cf. Fig. 7.28.

Fig. 7.28: The macrocyclic ligand DOTA as chemical structure (left) and pictogram (middle). Right: A
trivalent lanthanide Ln-DOTA complex.
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These complexes are formed only at elevated temperature (close to 100 °C). So if
the “hot” radiolanthanide created in the course of the nuclear reaction is released
from the irradiated complex (and this is typically at room temperature), it will not
again form a DOTA complex: The “hot” **Ho thermalizes as a '®Ho’" cation. Conse-
quently, it is easily and quantitatively separated from the intact '®Ho-DOTA target
species, cf. Fig. 7.29. This combines unique thermodynamic and kinetic parameters of
Ln"-DOTA complexes with the hot atom chemistry of radionuclides following nuclear
reactions. Within this experimental design, enrichment factors of 1000 have been ob-
served at the TRIGA research reactor Mainz.

LTI 166H o

100 1200a | 28.6h
B 0.07... | B 1.9...
v184.. | y81.
(n,y) nuclear reaction release of 1¢6Ho

Fig. 7.29: Radiochemical separation of the “hot” **®Ho>* cation from neutron-irradiated ***Ho-DOTA
targets.

7.9.6 Hot atom effects applied to radiochemical separations II:
Radioelement separation

The physicochemical processes occurring after the primary radioactive transforma-
tion, such as electron capture (EC) and/or AUGER electron emission or X-ray emission,
cause changes in the chemical state of the generated daughter nucleus. In the case of
electron capture or internal conversion, these “post-effects” are known to provide the
possibility of separation of different chemical forms of the parent and daughter
radionuclides.®® This particular kind of hot atom chemistry-based radiochemical

35 Segreé et al. (1939). Stenstr6m and Jung (1965), Mirzadeh et al. (1993), Beyer et al. (1969).
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separation utilizes the effects of post-processes subsequent to a radioactive trans-
formation process of an unstable nuclide *K1 - *K2. Thus, it is not (mainly) based
on recoil energies of the radionuclide *K2 formed within the transformation, but
on the processes within the electron shell of *K2.

Attempts to separate neighboring lanthanides have been reported for several
cases as well. A prototype of continuous separation (a radionuclide generator sys-
tem) of type 4Ln/4_,Ln was reported for the *°Nd (4 =3.37 d)/**°Pr (t//2 = 3.4 min)
pair. The daughter **°Pr is formed via electron capture transformation of “°Nd.
This "°Nd (4Ln) is chemically almost identical to "“°Pr (4_,Ln) and is released from
its chemical microenvironment. Thus, the fraction of “free” ¥°Pr**, i.e., non °Pr-
DOTA, can be effectively separated from the “°Nd-DOTA complex, cf. Fig. 7.30 for
the concept. This combines unique thermodynamic and kinetic parameters of Ln"-
DOTA complexes with the hot atom chemistry of radionuclides following nuclear
transformations.

1.EC

2. AUGER electron emission
(106 - 101 5)

140Nd

3.37d

140Pr

B* 2.4 (51%)
3.4 min

Fig. 7.30: Concept of radiochemical separation of two radioactive isotopes of chemically almost
identical elements in Szilard—Chalmers type processes: The *°Pr3* cation generated via the
primary B*-process from neutron-deficient *“°Nd co-ordinatively bound in a DOTA complex, and the
fate of the hot *°Pr atom (Zhernosekov et al. 2007).

How to realize the *°Nd/*°Pr separations? The different options start with the syn-
thesis of a "“°Nd-DOTA complex or a “*°Nd-DOTA-conjugated compound. In a first ver-
sion of a radiochemical separation, “*°Pr is isolated from “°Nd-DOTA by means of
cation exchange chromatography. The mixture of **°Nd-DOTA + **°Pr is eluted through
a strong cation exchanger resin, which selectively adsorbs the “°Pr>* cation. The
1“0Nd-DOTA complex, in contrast, passes through the cartridge.

This approach is, however, not an applicable radionuclide generator design, as
the generator parent nuclide is mobilized rather than immobilized. So, how to realize
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a “real” ""°Nd/"°Pr radionuclide generator system? This is achieved, for example, by
chemically stably adsorbing the parent radionuclide “°Nd in form of a “°Nd-DOTA
complex or a *°Nd-DOTA-conjugated compound with particular adsorption charac-
teristics for a particular surface on a solid phase (such as on selected resins/car-
tridges), and to remove (elute) the generated transformation product “°Pr from this
solid phase. While the *°Nd remains chemically fixed, the effective isolation of **°Pr
depends on the composition of the aqueous medium. The challenge is to provide a
chemical environment that rapidly stabilizes the hot **°Pr created in a cationic or
complex form easily to separate.®®

7.10 Outlook

Radiochemical separations have found widespread applications in different areas of
nuclear chemistry. This is true for investigations on the chemistry of the radioelements
with the emphasis on the heaviest elements, for radiopharmaceutical chemistry, for
studies on the behavior of radionuclides in the environment and in connection with
nuclear power.

A fundamental application is the radiochemical separation of carrier-free radio-
nuclides produced in nuclear reactions from the corresponding macroscopic target
material. One of the main challenges of radiochemical separations was and still is
to isolate the radioisotope of interest in extreme radionuclidic purity to allow for
precise nuclear spectroscopy. This refers to basic parameters such as half-life and
quality and quantity of the radiations emitted. In the larger picture, the nuclear
data obtained, however, open access to fundamental parameters of the nuclear re-
action itself or on the fundamental properties of matter or on astrophysics and the
understanding of the genesis of the universe. Consequently: No or imperfect radio-
chemical separation = no progress in basic scientific research.

Half-life regions down to a few tenths of a second can be covered with fast
chemical separation procedures. A further exploration of yet unknown regions of
the chart of nuclides may require chemical separations on a time scale so far inac-
cessible. However, in the future the existing limits mainly determined by the veloc-
ity of the diffusion process for chemical species through boundary layers and by
the velocity of phase separations can possibly be overcome by a combination of

36 The elution yield of 140py jn DTPA, citrate and NTA solutions is a function of the ligand’s con-
centration. About 20% of “°Pr'! generated could be eluted with 1ml of pure water. In contrast,
>93% of the *°Pr activity could be obtained in 1ml of 10>M DTPA eluate. The elution yield de-
creased with decreasing ligand concentration and was around 20% at a concentration <10™*M
DTPA. The elution capacity of citrate and NTA was evidently poorer. About 90% of “°Pr could be
eluted only at 0.1 M concentration of citrate and NTA solutions. This is due to lower complex stabil-
ity of the trivalent Pr'" lanthanide with citrate and NTA (nitrilo triacetic acid) ligands.
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specific nuclear effects with chemical selective steps. Here, new techniques have to
be explored.

The second principal direction is the radiochemical separation of carrier-free
radionuclides produced in nuclear reactions from the corresponding macroscopic
target material for practical application. This is the case today for many commer-
cially distributed radionuclides used in radiochemistry, but most important in ra-
diopharmacy and nuclear medicine: 'C from N, targets (gas chemistry), ®F from
water targets (solid phase adsorption), 3°Zr from Y targets (ion exchange), **I from
TeO, targets etc. for PET, ®’Ga from Zn targets (ion exchange), "'In from Ag targets
(ion exchange), '#I from TeO, targets (volatilization), > from TeO, targets (volatili-
zation), 2°'T1 from TI targets (ion exchange), etc. for SPECT, or ’’Lu from Yb targets
(ion exchange) and *"'At from Bi targets (volatilization) etc. for therapy. The same is
true for radionuclides obtained in nuclear reactions functioning as parent nuclides
for radionuclide generators: *Mo and °°Sr as isolated from n-induced fission on
250 targets, ®®Ge as isolated from, e.g., ®°Ga(p,2n) reactions, etc.

Radionuclide generators are constructed to proceed with the latter primary nu-
clear reaction products once they have been isolated from macroscopic targets.
Here, the radiochemical separation means separating two carrier-free radionu-
clides. The additional challenge is to guarantee for fast, reproducible separations of
these systems of long shelf-life: “Mo/*°™Tc (solid phase adsorption), *®Ge/*®Ga
(solid phase adsorption or solid phase extraction), *°Sr/*°Y (liquid-liquid extrac-
tion). Consequently: No or imperfect radiochemical separation = no means for the
practical application of radionuclides in, e.g., industry and medicine.
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Norman M. Edelstein and Lester R. Morss
8 Radioelements: Actinides

Aim: The actinide elements constitute a second f element series and are found in the
periodic table under the lanthanide elements. However the chemical properties of the
naturally occurring actinide elements, thorium, protactinium, and uranium are quite
different from their lanthanide counterparts and in some respects, behave like their
homologs in the 4d and 5d transition metal series. With the discovery of the transura-
nium elements and investigations of their properties, it became clear that these heavier
actinides became more “lanthanide-like” in their chemical properties as the atomic
number increased. Spectroscopic studies also showed that the 5f shell was being filled
in this series as a function of atomic number. The aim of this chapter is to give a brief
introduction to the chemical and physical properties of the elements in this series.

8.1 Introduction

The actinide series, starting with actinium, atomic number 89, and ending with law-
rencium, atomic number 103, is an analogy of the 4f lanthanide transition series which
starts with lanthanum, element 57, and ends with lutetium, element 71.! The elements
Th, Pa, and U were considered part of the 6d series in the periodic table before 1940.
However, with the discovery and characterization of the electronic and chemical prop-
erties of the transuranium elements, it became clear that the elements with atomic
numbers 89-103 were members of another inner f transition series. The actinide con-
cept was first formulated by Glenn T. Seaborg in 1944. Figure 8.1 gives the historic and
the modern versions of the arrangements of the f-elements within the periodic table.

8.2 General properties of the actinides
8.2.1 Electronic configurations
The electronic configurations of the actinide atoms and some ions are shown in

Tab. 8.1. For the early actinides, the configurations with 6d electrons form the lowest
energy (ground) configuration. As the atomic number increases, configurations with

1 The lanthanides are subsumed as “Ln”, the actinides as “An”.

Note: Lester R. Morss — April 6, 1940 | June 14, 2014. This chapter is dedicated to his memory.

https://doi.org/10.1515/9783110742701-008
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Fig. 8.1: Pre-1940 version and modern versions of the periodic table. Note that the only actinide

elements known at the time (shown in red) are listed as 6d transition elements (under the 5d

transition elements). The unknown higher atomic number elements (at the time) are also listed as
6d elements. In modern periodic tables, the actinide elements (atomic numbers 89-103) are listed

separately in a second row under the lanthanides, cf. Fig. 9.1in the following chapter on the
transactinide elements.
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5f electrons become more stabilized, as shown in Fig. 8.2. As the oxidation state of
an element increases, again the configurations with 5f electrons increasingly become
more stable. This trend is shown in Fig. 8.3 for one-electron ions of the actinide se-
ries. Triply ionized gaseous Th>* has one 5f electron as the ground state with the 6d
electronic configuration about ~ 1.2 eV (or ~ 9100 cm ™) higher in energy. In the few
chemical compounds of Th** characterized to date, the 6d configuration is stabilized
by the crystal field from surrounding ligands relative to the 5f configuration and is
found to be the ground configuration in these compounds.

Tab. 8.1: Electronic configurations for the actinide series.

Element Ground gaseous  Ground M* Ground M** Ground M3* Ground M>* Ground M**

atom (gaseous) (gaseous) (gaseous) (aq) (gaseous)
Ac 6d7s? 75> 7s
Th 6d2%7s2 6d7s? 5f6d 5f 6d*
Pa 5f26d7s? 5f27s2 5f26d 5f2 (5f)
U 5f26d7s? 5f37s2 5f37s2 5f3 5 5f2
Np 5f46d7s? 5f46d7s 5f46d7s 5f4 5f4 (5£)
Pu 56752 5675 5675 5f6 5§ (5f%)
Am 5f77s? 5f'7s 5f’7s 5f7 5f6 (5f%)
Cm 5f 6d7s? 5f77s2 5f77s2 5f7 5f7 (5%
Bk 5f°7s2 5f77s 5f77s 5f8 5f8 (5f")
Cf 5f10752 5f107s 5f197s 5f° 5f° (58
Es 511752 5f117s 5f117s 5f10 5f10 (5f%)
Fm 512752 5f11 5f11 (5f*9)
Md 513752 5f12 5f12 (5fY)
No 514752 (5f%) 5f13 5§13 (5f*?)
Lr (5f*46d7s? or 54 5fl4 (5f3)
5f147527p)

*In known solid organometallic Th>* complexes.

Note: All configurations are built upon the Rn core

[1522522p®3523p®4523d™4p®5524d °5p®6524f45d %6 p®] which is not included in the table. For
example, the ground gaseous ion Ac* configuration is [Rn]6d7s? and the Ac?* ion is [Rn]7s>.
Predicted configurations are given in parentheses.

8.2.2 Oxidation states

The lanthanide elements all have stable trivalent oxidation states; Ce, Pr, and Th
also form relatively stable tetravalent states. Eu and Yb form relatively stable dipos-
itive compounds and Sm forms less stable dipositive compounds. The early acti-
nides, from Th to Am, have quite different chemical properties than the later
actinides and all the lanthanides. Table 8.2 lists the stable oxidation states of the
actinide ions. As the atomic number increases in the actinide series, the heavier ac-
tinide ions become more “rare-earth like” or “lanthanide like”.
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Fig. 8.2: Relative energies of the 5f'7s2 and 5f"~'6d7s? electron configurations for gaseous
actinide atoms. This graph shows the stabilization of the 5f'7s? with respect to the 5f¥ ~'6d7s? as
the atomic number Z (Z= 88 + N) increases.
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Fig. 8.3: Energies of the lowest level of various configurations of the one-electron ions near the

beginning of the actinide series, relative to the 5f level. The 5f configuration is stabilized as the
atomic number increases. The data for Pa** are interpolated.
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Tab. 8.2: Oxidation states of the actinide elements.

Atomicno.(2) 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Element Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr

Oxidation states

Il an an an nu 1l 1}
Il m - m m m m m m m 1 1l 1

v v v IV IV IV v IV IV IV
\Y v VvV VvV Vv \

Vi Vi Vvi VI Vi

Vil VL (VI

Bold type: most stable; (. ..): unstable.

In some ways, the chemical properties of the actinides Th, Pa, and U resemble
the 5d transition metals, Hf, Ta, and W, cf. Fig. 8.1. Th** is the most stable oxidation
state of Th, similar to Hf, and Th>** compounds can only be prepared with great diffi-
culty. Pa’* is the most stable oxidation state of Pa, similar to Ta, although stable ox-
ides and halides of Pa** can be prepared. Both W and U form the volatile compounds
MF¢, as do Np and Pu, although the stability of the MF¢ compounds decreases from U
to Pu. The actinides U through Am form compounds with the actinyl configuration,
that is with strong axial bonds (O = An = O) where An can be pentavalent AnOﬁ* or
hexavalent AnO2*. Actinyl ions contain the nearest neighbor atoms from complexing
ligands in an equatorial plane perpendicular to this axis, Fig. 8.4. For uranyl in com-
pounds and aqueous solution, the stable oxidation state is hexavalent; for neptunyl
compounds and aqueous solution, the stable oxidation is pentavalent. Pu’* and Am
3* trivalent ions in aqueous solution are stable to oxidation by air but can be oxidized
by stronger agents to higher oxidation states including the actinyl ions. The next
element, Cm, is found only in the trivalent state under normal conditions in aqueous
solutions. Cm** compounds are known but there is no evidence for any higher

UOZ(HZO)SZ*
Y 0
H
N
H 4= y = ~H
"
H
H\o/ \
= O~ H Fig. 8.4: Structural motif for the uranylion in acidic
H z aqueous solution. Most actinyl ions follow this structural
Y H motif (Courtesy of Los Alamos National Laboratory).
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oxidation states. The chemical behavior of the transamericium ions of the actinides is
much closer to that of the lanthanide series than the early actinides.

8.2.3 Occurrence and production

Note that in comparing the lanthanide and actinide transition series, the electronic
configuration of any given element may be significantly different in the gaseous
atomic state, in the metallic state, or for trivalent ions in solution. For example, in
the trivalent lanthanide series, the 4f shell is filled sequentially beginning with Ce**
(4f' in gaseous atomic state as well as in solution and compounds). In the actinide
series, Th®" in the gaseous atomic state is 5f'; although very few Th>** compounds
have been synthesized, they have been shown to have a 6d electron in the ground
state. Pa®>* compounds are presently unknown; however, U>* has been shown to
have a 5f configuration similar to that of its lanthanide analog Nd>*, and heavier
An’* ions add 5f electrons sequentially, again similar to the lanthanide series. The
principal differences between the two f transition series arise from the lower bind-
ing energies and less effective shielding of the 5f electrons in the actinides as com-
pared to the 4f electrons in the lanthanides.

Actinium through uranium, occur naturally on earth; only thorium and ura-
nium are present in large enough quantity to extract by conventional mining pro-
cesses. Thorium and uranium are found associated with various minerals in the
earth’s crust and are present in large enough quantity to extract by conventional
mining processes. Ores rich in thorium include monazite (a rare-earth thorium
phosphate), thorianite (ThO, + UO,), and thorite (ThSiO,). Pitchblende (impure
UO,), and carnotite (a potassium uranium vanadate) are some of the most common
uranium ores.

Natural thorium, almost entirely 2°Th with traces of *Th, is more abundant
than natural uranium, whose terrestrial isotopic composition is 99.27% 22U, 0.72%
57, and 0.0005% *“U. Thorium is estimated to occur in the earth’s crust at ~6 ppm
compared to the estimated abundance of uranium at ~1.8 ppm. Protactinium, as >'Pa,
is formed terrestrially from the alpha transformation of ?*°U. The isotope **’Ac is
formed from the alpha transformation of 'Pa. These nuclei are part of the uranium-
actinium (4n + 3) series shown in Fig. 8.5. The second naturally occurring isotope of
actinium is *®Ac, also known as meso-thorium, comes from the alpha transformation
of 22Th to ®Ra which then beta transforms to 222Ac. These reactions are part of the
4 n or thorium series, which is also shown in Fig. 8.5.2

2 Cf. also Chapter 5 in Vol. I on the natural transformation chains.
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Fig. 8.5: Right: The 4n + 3 radioactive transformation series starting from 238U. Left: The 4n
radioactive transformation series (starting from 232Th).

Pure Pa products have been produced by processing the waste residues from
Ra ores (pre-1940) or from uranium refinery waste material. Sludges from U produc-
tion were processed in the United Kingdom in the late 1950s and resulted in 127 g of
pure »'Pa. This material has been utilized in the subsequent years to establish the
chemical properties of Pa and its compounds.

The transuranium elements Np and Pu are produced in large quantities through
neutron capture and beta transformation in nuclear reactors. The principal reac-
tions for their production are:

B

28(j(n, 2n)27U _ BINp (8.1)
tl/;=675d

28U (n,y)2U(n,y )20 B BINp (8.2)
tl/;=675d

58U(n,y)?U , ZNp . Z9Pu(n,y) (8.3)
tl/,=236d
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Irradiation of large amounts of Pu in a high neutron flux reactor produces the trans-
plutonium elements Am and Cm in relatively large quantities. The actinide ele-
ments Bk, Cf, and Es have been produced only in relatively small quantities (mg to
ug) because of small nuclear cross sections and short half-lives. Fm isotopes (trans-
formation products of Es) have been produced only in submicrogram quantities
and have relatively short half-lives (see Tab. 8.3). Transfermium isotopes can be
produced only by nuclear reactions at accelerators with very specialized particle
beams and targets and only “one-atom-at-a-time” studies can be performed on

these elements.

Tab. 8.3: Long-lived actinide nuclei found in nature or synthesized by neutron irradiation and/or
subsequent nuclear transformation and suitable for chemical studies.

Atomic no. (2) Element Isotope Half-life Production
89 Actinium 225p¢ 10.0d Separation from 22°Th
227p¢ 21.772a Neutron irradiation of 22°Ra
2287 ¢ 6.15h Separation from 22®Ra
90 Thorium 2321h 1.405-10°a  Mining
91 Protactinium 231pg 3.28 - 10%a Separation from uranium wastes
92 Uranium 233y 1.592-10%a 232Th neutron irradiation
235y 7.038-10%a Separation from natural U
238 4.468-10%a Mining
93 Neptunium B7Np 2.144-10%a Production reactor
94 Plutonium 238py 87.7a Production reactor
23%py 2.411-10%a Production reactor
242py 3.75-10%a Production reactor
244py 8.08-10”a Production reactor
95 Americium 241Am 432.7 a Production reactor
243pm 7.38-10%a Production reactor
96 Curium 244Cm 18.10a Production reactor
248Cm 3.48-10°a Separation from 2°2Cf
97 Berkelium 249Bk 320d High neutron flux reactor
98 Californium 249cf 351a High neutron flux reactor
252cf 2.645a High neutron flux reactor
99 Einsteinium 253Eg 20.47d High neutron flux reactor
254Es 275.7d High neutron flux reactor
255Eg 39.8d High neutron flux reactor
100 Fermium 257Fm 100.5d High neutron flux reactor
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8.2.4 Physicochemical properties
8.2.4.1 The metallic state

The actinide metals are unique in the periodic table. Many actinide compounds be-
have in a predictable way (except for the fact that they are radioactive). For example,
the trivalent actinide ions in compounds and solution are very similar to the trivalent
lanthanide ions in solution and the solid state. Tetravalent Th behaves similarly to tet-
ravalent Zr and Hf and the chemical properties of pentavalent Pa are similar to penta-
valent Ta. However, the larger sizes of the actinide ions relative to the d transition
elements must be taken into account. This is not true for the actinide metals or inter-
metallic compounds. They have properties that are not found in conventional metals
and new theories have to be formulated in order to explain many of their properties.

Actinium metal and the transplutonium actinide metals, americium through
einsteinium, have electronic structures with an empty or partially filled 5f subshell
and physical properties similar to those of the corresponding lanthanides with an
empty or partially filled 4f subshell. These elements have “localized” 5f electrons as
characterized by their magnetic properties. The 5f electrons of the intermediate ele-
ments, thorium through neptunium, due to the greater radial distribution of their 5f
electrons as compared to their 4f homologs, can interact with other valence elec-
trons to form a delocalized electronic band structure; that is, there is metal-metal
bonding (itinerant behavior) through the 5f orbitals, similar to the d transition met-
als. Figure 8.6 shows the effects of forming bands (metal-metal bonds) on the
atomic volume of the metals. Plutonium metal is unique in the periodic table, hav-
ing seven allomorphs between room temperature and its melting point. Table 8.4
lists some properties of actinide metals. The metals, protactinium through curium,
have been studied at high pressures because high pressure compresses the inter-
atomic distances, changes the band structures (phase transitions) of the metals and
forces localized metals to exhibit delocalized band behavior.

8.2.4.2 Optical and magnetic properties

The 5f electrons of the actinide series can be regarded as an inner electron shell similar
to the 4f shell of the lanthanide series. This means, especially for the lower oxidation
states, the optical spectra are somewhat insensitive to changes in the surroundings.
Since the main features of the spectra are due to intra-electronic repulsion (coulomb
repulsion) and spin-orbit coupling, crystalline compounds and aqueous solutions
of the same ion with different surroundings have in general similar spectra. Actinyl
spectra are dominated by a strong axial crystal field arising from the short An-O
bond found in the AnOj" (x = 1, 2) with smaller interactions coming from the intra-
electronic repulsion, spin-orbit coupling, and longer An-equatorial ligand bonds. In
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Fig. 8.6: The atomic volumes for the lanthanide (Ln) metals, actinide (An) metals, and 5d metal
transition series plotted as a function of atomic number for each series at room temperature and 1
atmosphere pressure. The 5d metals form electronic bands (metal-metal bonding) that result in the
volume being reduced as the atomic number increases. By contrast, the lanthanide metals exhibit
localized trivalent ion behavior (no band structure) and the atomic volume remains almost constant
across the series. The early actinide metals also form bands as shown by the decrease in volume
across the series (similar to the 5d metals) up to plutonium. At americium, the actinide series
reverts to localized trivalent behavior with a large increase in volume, and the atomic volume
remains almost constant for the heavier actinide metals. Eu, Yb, and Es form divalent metals with
localized electrons, which accounts for their large increase in volume compared to the trivalent
localized lanthanide and actinide metals.

Tab. 8.4: Some properties of actinide metals.

Element Melting point (K)  Structure at 298 K  Density (gcm™)  Metallic radius (nm)
Actinium 1323+50 fcc 10.01 0.1878
Thorium 2023+10 «fcc 11.724 0.1798
Protactinium 1845+20 o bc tetrag. 15.37 0.1642
Uranium 1408 +2 o orthorh. 19.04 0.1542
Neptunium 912+3 o orthorh. 20.48 0.1503
Plutonium 913+2 o monocl. 19.85 0.1523
Americium 14495 o dhcp 13.67 0.1730
Curium 1619+50 adhcp 13.5 0.1743
Berkelium 1323+50 o dhcp 14.79 0.1704
Californium 1173+30 adhcp 15.1 0.1691
Einsteinium 1133 fcc 8.84 0.203
fcc: face-centered cubic; bc tetrag.: body-centered tetragonal; orthorh.: orthorhombic;

dhcp: double hexagonal close packed.
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this case, the main features of the spectra arise from the strong axial field. Figure 8.7
shows the near infrared and visible absorption spectrum of Np¥ (NpO, ) complex,
which is due to transitions within the 5f* configuration.

The magnetic properties of actinide compounds with a 5 configuration are deter-
mined by the population of the low-lying energy levels. For an f ion where N is even,
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Fig. 8.7: Absorption spectrum of 2.6 mM NpO,ClO, (NpO;, 5f2 configuration) in aqueous solution at
25 °C and pH = 6 showing transitions within the 5f? configuration. The peak at 980 nm is an f—f
transition that is anomalously intense.
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Fig. 8.8: The magnetic susceptibility, chi, of a single crystal of UCl, showing the anisotropic
response to a magnetic field as a function of temperature. The crystal has one fourfold (S,) axis;
measurements were performed with the magnetic field parallel and perpendicular to this axis.
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it is possible to have a singlet state lowest, and depending on the temperatures of the
measurements and the splitting of the crystal field states, temperature-independent
magnetism may be observed. If N is odd then all levels are at least two-fold degenerate
and temperature-dependent susceptibility should be observed. In cases when the 5f¥
wavefunctions are known from analysis of optical data, the magnetic properties can
be calculated and compared with experimental data such as magnetic susceptibility
and EPR (electron paramagnetic resonance). Measurements of magnetic susceptibility
of single crystals of f¥ compounds can be highly anisotropic, i.e. the response to a
magnetic field can vary with respect to the orientation of the crystal to the direction of
the field. Figure 8.8 shows the magnetic susceptibility of a single crystal of UCl, (U**,
a 5f° configuration) with respect to the orientation of the magnetic field with respect to
the single crystal axes.

8.3 The elements: Discovery, availability,
properties, and usage

8.3.1 Actinium
8.3.1.1 Discovery

Actinium was first claimed to be isolated by Deberine, in the laboratory of the Cu-
ries in Paris, in 1899. Although Deberine named this new element, it appears now
that its chemical properties (titanium or thorium-like properties) were not consis-
tent with the presently known nuclear and chemical properties of actinium. In
1902, Giesel reported and separated a new “emanating-producing” material found
in the radium samples he had obtained from pitchblende residues. Giesel explored
many of its chemical properties and found that it followed the lanthanide elements
in its chemistry. Nevertheless, the name given by Deberine has been accepted.

8.3.1.2 Availability

Actinium can be separated from uranium ores, but it is difficult to obtain it in high
purity due to the large percentage of rare earths found in natural uranium ores.
However, by irradiating **°Ra with thermal neutrons, macroscopic amounts of pure
2’ Ac have been produced. Cation exchange chromatography is utilized for separat-
ing Ac from its transformation products. Macroscopic amounts of ?’Ac have been
produced at the Belgian Nuclear Research Centre (SCK-CEN, Mol) by irradiating
RaCOs. The production capacity was about 20 g per year. This production facility is
closed.
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8.3.1.3 Chemical properties

Ac®" is more basic than the lanthanide ions due to its larger ionic radius. Ac®* ex-
hibits the same general aqueous chemistry as the trivalent lanthanide ions. Ion ex-
change methods are used to obtain pure samples.

Multi-curie amounts of ?’Ac have been placed in capsules and used as radio-
isotope thermoelectric generators. ?Ac, with a 10-day half-life, transforms by the
emission of alpha particles. Its short-lived daughters also emit only alpha and beta
particles with no high-energy gamma rays. Thus, this isotope and its daughters can
deliver high-energy radiation to a tumor without greatly affecting the surrounding
tissue. Compounds labeled with ??°Ac are being evaluated for their use in nuclear
medicine. ?Ac simultaneously can be used as a generator of isotopically pure *Bi,
which has a 45.6 min half-life and again emits a-particles plus a 440 keV gamma
ray. Thus, **®Bi, eluted from the generator, can be used for therapy and imaging.’

8.3.2 Thorium
8.3.2.1 Discovery

The Swedish chemist Berzelius, in 1815, analyzed a rare mineral, which he errone-
ously thought contained a new element that he named thorium after the Norse god
of thunder and weather. He later discovered his mistake and in 1828 when he actu-
ally found a new element in another mineral (which he called thorite) used the
same name. Thorite is ThSiO, and usually contains not only Th but also a signifi-
cant amount of U.

8.3.2.2 Chemical properties

Thorium chemistry is almost exclusively the study of the tetrapositive ion except for
the metal and its alloys and compounds that exhibit metal-metal bonding. Binary
compounds of tetravalent Th have been prepared with all the halides and ternary
compounds with alkali and alkaline earth metals are known. In some cases, where
the stoichiometry of Th to halide (or hydride) is less than 1: 4, it is likely that metal-
to-metal bonds are involved in the materials. ThO, is the stable oxide and ternary
compounds of this oxide have been prepared. Hydrides, chalcogenides (S, Se, and
Te compounds), nitrides, carbonates, phosphates, vanadates, and molybdates of Th
are known and have been characterized.

3 Cf. Chapter 13 on nuclear medicine therapy.
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Th** is the largest tetravalent actinide ion (ionic radius 0.105nm for eight-fold
coordination) and has the smallest charge to radius ratio. Consequently, it is less
hydrolyzable than most ions and can be studied up to a pH range of ~4. Th** in
aqueous solution undergoes polynuclear reactions, colloid formation, and readily
forms carbonate complexes. Furthermore, the hydrous oxide/hydroxide is quite in-
soluble. Thus, solution measurements are quite difficult. There have been compre-
hensive studies of the coordination chemistry of the Th** ion in nitric acid and with
various complexing agents that are useful for separations.

Since Th** is a very large metal ion, it can attain a very high coordination num-
ber with small ligands. Th(BH,), is a polymeric material and has a coordination num-
ber of 14 with two (BH,), groups attached through a triple hydrogen bridge from the
B atom (and one terminal H atom) and four (BH,4), groups attached through a double
hydrogen bridge from the B atom (with the other two H atoms bridging to another Th
atom). However, in the molecular compound [Th(H;BNMe,BHs),], the Th ion attains a
coordination number of 15 by having seven bridges from each of two hydrogen atoms
from each boron bond to the Th ion and the last bridge from the eighth boron bond
with only one hydrogen bridge. The structure is shown in Fig. 8.9.

A large number of thorium organometallic compounds have been prepared and
characterized. They have been investigated as stoichiometric or catalytic com-
pounds to promote organic transformations and compared with early or late d tran-
sition metals and with uranium compounds for similar purposes. In some cases,
thorium compounds exhibit totally different reactivities. A few very reactive Th**
organometallic compounds have been prepared which all exhibit magnetic proper-
ties characteristic of a 6d’ configuration.

8.3.2.3 Uses

Past uses of thorium include ceramic production, carbon arc lamps, alloys, and
mantles for lanterns. Thorium metal burns with a brilliant white flame and thorium
dioxide has an extremely high melting point, 3050 °C. However, in recent years, the
use of thorium for nonnuclear purposes has decreased markedly due to environ-
mental concerns about its radioactivity.

The relative ratios of various isotopes of U and Th in natural samples have
proven useful in the dating of geologic and coral formations. However, the most
promising use of 22Th is as a nuclear fuel. 2*’Th is nonfertile but can be converted
to fertile (that is, fissionable) 22U by the following nuclear reactions:

B~ B~
'n+22Th — 33Th i Pa E— g?utl/z:l‘sg_msa (8.4)

22T is about three times as abundant as U and is nonfissionable. U is fissionable
but would have to be separated from the irradiated nuclear fuel to be utilized as a
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weapon. The buildup of transuranium actinides (including plutonium) is much re-
duced compared to that from the uranium fuel cycle. The fission products are similar
to those from the uranium fuel cycle. Since **’Th cannot undergo fission, initially
other isotopes such as 22U, Z°U, or Z°Pu must be added to get to criticality. As shown
above, the production of U occurs from the beta transformation of 2>Pa so an ap-
preciable amount of this isotope is produced in the nuclear fuel, cf. Chapter 13, Vol. L.
Significant amounts of Z'Pa (ti2 = 3.23 - 10*a) are also produced and which creates a
long-term radioactive hazard.”*

Fig. 8.9: Molecular structure of Th(HsBNMe,BHs), from neutron diffraction data. The thorium atom
is coordinated to 15 hydrogen atoms (the hydrogen atoms are represented by circles) illustrating
the large size of the Th atom.

8.3.3 Protactinium
8.3.3.1 Discovery
Mendeleev, in his periodic table of 1871, noted that an element was missing be-

tween Th (placed under Hf) and U (placed under W); see Fig. 8.1. From the place-
ment of these two known elements, he predicted that the missing element would

4 The THOREX process for treating the spent fuel from a Th-based nuclear reactor is in the develop-
ment stage.
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have properties similar to Ta. In 1913, Fajans and G6hring found a new element,
which was a high-energy beta-particle emitter with chemical properties similar to
those of Ta and a half-life of 1.15 min. They named this element brevium because of
its short half-life. In 1918, Soddy and Cranston and, independently, Hahn and Meit-
ner, found a long-lived alpha-particle activity with Ta-like properties and a half-life
between 1200 and 180,000 years. Hahn and Meitner proposed the name protactin-
ium for element 91 because the name brevium clearly was inappropriate for a long-
lived element. The name itself comes from the Greek word protos (meaning first,
before) as 2’ Ac is created by the a-transformation of >'Pa.

8.3.3.2 Chemical properties

The long-lived protactinium isotope, Blp,, is found terrestrially; it can be obtained
by exhaustive treatment of the sludge left after processing of uranium ores. There-
fore, it is a scarce material. Pure ?'Pa (after immediate separation from daughter
activities) can be utilized with the usual procedures for handling alpha-active mate-
rials. However, growth of new daughter activities occurs rapidly (=six months),
which again limits the amount of Pa and its ease of handling. Protactinium metal
has been prepared and melts at =1560 °C. It is superconducting at 1.4 K. Protactin-
ium forms pentavalent and tetravalent compounds. Binary compounds of pentava-
lent and tetravalent Pa have been prepared with all the halides. Ternary halide
compounds with alkali and alkaline earth metals are known. Pa,05; and PaO, are
the stable oxides in each of the known oxidation states. Some ternary Pa oxide com-
pounds have been prepared. Some protactinium pnictides® have been prepared as
well as a few other miscellaneous compounds.

The aqueous solution chemistry of protactinium is highly complex. The oxidation
states Pa” and Pa'¥ are known in aqueous solutions. Both oxidation states hydrolyze
extensively so most work has been done at the tracer level. With macroamounts of
Pa, the aqueous chemistry is dominated by the hydrolyzed Pa" ion, which precipi-
tates as hydrated Pa,0s. Macroscopic quantities of protactinium may be dissolved in
hydrofluoric and sulfuric acids. With other mineral acids, Pa solutions are unstable,
forming precipitates or colloidal suspensions over time. Recent studies have shown
that Pa" in concentrated sulfuric acid solution forms a single short Pa—0 bond (simi-
lar to the vanadyl ion) and does not form a trans-dioxo bond as found for U through
Am for the pentavalent and hexavalent states. This short Pa—0O bond is not found for
Pa" in HF solutions because Pa—F complexes are stronger than Pa-O complexes.

5 Pnictides is the common name of compounds with the chemical elements in group 15 of the peri-
odic table (also known as the nitrogen family): nitrogen (N), phosphorus (P), arsenic (As), antimony
(Sb), and bismuth (Bi).
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The relatively rapid growth of daughter products necessitates their separation
rather frequently.

Only a few organometallic compounds have been prepared because of the
difficulties of working with Pa. Earlier work produced Pa(CsHs),, Pa(CgHg),, and
Pa[(CHs),CgH,],. A recent study has shown that PaCls is soluble in hydrocarbons
such as chlorobenzene, toluene, or benzene. The reaction of dissolved PaCl; in
toluene with excess (CH;CsH,)Na readily produced Pa(CH;CsH,),. Thus, if the
problems of handling Pa can be overcome, a straightforward route to new Pa or-
ganometallic compounds is available.

8.3.3.3 Uses

There are no industrial or commercial uses of protactinium. 2'Pa in conjunction
with other naturally occurring Th and U isotopes has been utilized for radiometric
dating® and paleoceanography.

8.3.4 Uranium
8.3.4.1 Discovery

Although uranium has been found in mosaic glass produced near Naples, Italy al-
most 2000 years ago, its discovery is credited to German chemist Klaproth, who dis-
solved the mineral pitchblende (impure UO,,,) in nitric acid and then obtained a
yellow precipitate (probably potassium uranate) upon neutralizing the acid solution
with KOH(aq). Klaproth concluded that the mineral contained a new element, nam-
ing it uranium after the recently discovered planet Uranus in 1789.

8.3.4.2 Chemical properties

As indicated in Tab. 8.2, uranium can exist in oxidation states +3 through +6. In
aqueous solution, the yellow uranyl ion UO3" is the most common and most stable.
It was the species observed by Klaproth and has the linear actinyl geometry as de-
scribed in the Introduction (Fig. 8.3). It cannot be oxidized and is stable in air with
respect to reduction. Uranyl ions can be reduced to the green U** ion at low pH by

6 Cf. Chapter 3.
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electrolysis or with Hy(g) in the presence of a platinum black catalyst. The U**(aq)
ion is stable in oxygen-free acidic solution; it hydrolyzes readily, e.g.

U* (aq) + H,0(1) — U(OH)** (aq) + H* (aq) (8.5)

Further reduction to the red U**(aq) ion is possible with zinc amalgam or careful
electrolysis in the absence of oxygen. The U**(aq) ion is a strong reductant, unsta-
ble even to oxidation by water. Its oxidation is sufficiently slow that solutions are
metastable for minutes or hours.

The pentavalent uranyl ion UO; is also linear, but it is rarely seen in aqueous
solution because it is hard to prepare. It is unstable with respect to oxidation, re-
duction, and disproportionation:

4H" (aq) +2U0; (aq) — U** (aq) + UO3* (aq) +2H,0 (8.6)

Under ideal conditions, very dilute solutions of UO, can be maintained for several
hours. Recently a variety of new complexes of UO, have been prepared in nonaque-
ous, oxygen-free solutions.

The relative stability of the uranium aqueous ions is UO3* > U*" > U0, ~U**.
Although the U** and U?* ions exist in acidic solution, U** complexes readily react
with many simple anions such as carbonate and many complexants. All uranium
ions exhibit hydrolysis, that is, the reaction of a cation with water to produce OH™
complexes. An example of hydrolytic behavior even at pH 1 is

U** (aq) + H,0 — U(OH)*" (aq) + H* (aq). (8.7

The uranyl ion UO%+ hydrolyzes in solution significantly when pH is above 3. The
degree of hydrolysis of uranium ions increases in the sequence UO, <UO§+ <
U3+ < U4+ .

8.3.4.3 lonic compounds

Uranium halides have been prepared in all known oxidation states +3 through +6.
The preparation of uranium halides must exclude the presence of water (typically
water vapor) because of hydrolysis, e.g. reactions such as

UCl,(s) + H,0(g) =UOCl,(s) + 2HCI(g) (8.8)

Thus uranium halides are not found in nature. All binary trihalides (UF5, UCls,
UBr3, Uls) and tetrahalides are known. Among pentahalides, Ul; is unknown. The
only binary uranium hexahalides are UF4 and UClg. By far, the most important ura-
nium halide is UFg. All metal hexafluorides are volatile solids. UF¢ corrodes many
solid surfaces and hydrolyzes rapidly when exposed to water or water vapor. Because
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of its volatility and despite its corrosive properties, UF¢(g) is the best compound to
use to separate the fissile “**U isotope from the more abundant **®U by gaseous diffu-
sion or centrifugation.7 Another volatile compound is the borohydride U(BH,).

Uranium oxides are known with uranium oxidation states from +4 through +6.
Uranium dioxide (UQ,) is the most important uranium compound because it is the
main component of most nuclear fuels. In nature, it exists as uraninite (hyperstoi-
chiometric UO,.,), a common mineral because the U** ion is quite insoluble. UO,
possesses the highly symmetric fluorite (CaF,) structure, isostructural with actinide
dioxides ThO, through CfO,. In the laboratory, as in nature, it is typically hyperstoi-
chiometric UO,,,; at temperatures between about 300 and 1100 °C, the fluorite
structure persists in the range UO, ,-UO,,. At high temperatures under reducing
conditions, hypostoichiometric UO,_, can also exist. Unlike the lanthanides and
transuranic elements, there is no sesquioxide U,05; because UO, is so stable that
U,03 would disproportionate following the reaction

2U,05(s) — U(s) + 3UO,(s) (8.9)

The other main uranium oxides are U305 and UOs. The mineral name “pitchblende”
refers to impure, somewhat amorphous, oxidized uranium oxide with a composi-
tion between UO, and UsOg. Fully oxidized UOs is quite difficult to prepare; it has
seven crystalline modifications. There are a vast number of “complex” uranium ox-
ides, referred to as uranates and also as ternary or polynary uranium oxides. These
are stoichiometric oxides prepared in the laboratory with U' such as BaUO; or with
UYL, for example Na,UO,, or found as uranium minerals in nature.

An enormous number of complex halides and oxides of uranium are known,
mostly with UY'. Some complex halides have had importance in nuclear technology
as reactor fuels or as molten salts for electrochemical recycling of spent (used) nu-
clear fuel, so that the **U can be reused after removing fission products. Most ura-
nium minerals are complex U®* oxides with 0~U-0 networks, typically sheets with
edge- and corner-sharing polyhedra. Uranium minerals also include silicates and
phosphates.

Another important group of uranium compounds is the hydrides. When finely di-
vided uranium metal is heated in hydrogen to 250 °C or higher, B-UH; forms. At high
temperature, B-UH5_, has a wide hypostoichiometric range. Another phase, a-UH;,
can be prepared below —80 °C but is unstable. UH; decomposes at high temperature in
a vacuum, leaving finely divided and pyrophoric uranium metal. An interesting related
compound is the borohydride U(BH,),, a volatile compound that was once considered
as an alternative to UF¢ for gaseous-diffusion separation of uranium isotopes. Its chem-
ical reactivity, in particular pyrophoricity, made it unsuitable for this application.

7 Cf. Chapter 11 on nuclear energy.
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Compounds of uranium with most elements of the periodic table are known.
Although almost all compounds are to some degree ionic, many binary uranium
compounds are metallic or semiconductors. Uranium borides, group 13 compounds
(carbides, silicides, germanides), pnictides (U-N, U-P, U-As, U-Sh, and U-Bi sys-
tems), chalcogenides (U-S, U-Se, and U-Te systems) are important classes of acti-
nide binary compounds. Most of these are refractory and some are important in
nuclear technology.

In most solid compounds, U*" is the most stable oxidation state. For example,
the tetravalent halides are all known. However, stability must always be related to
reaction conditions: all uranium halides are unstable with respect to hydrolysis.
For example, UCl,(s) reacts with water vapor with reactions such as

UCLy(s) + H,0(g) — UOCly(s) + 2HCI(g). (8.10)

There are exceptions to the rule that U" compounds are the most stable. The diox-
ide UO, oxidizes to U30g upon heating in air above 600 °C. UO5 reduces to Us0g
upon heating in air to about 800 °C. Therefore, U305 is the most stable binary ura-
nium oxide in the presence of air. Uranium forms many ternary oxides, the most
stable of which contains U in the +6 oxidation state.

8.3.4.4 Coordination chemistry

In aqueous solution, each uranium ion displays its own coordination behavior. In
uncomplexed aqueous solution, X-ray absorption spectra and other methods show
U" to be coordinated by 8 to 10 water molecules. These methods show UO, and
U03* typically to have 5H,0 in the equatorial plane (Fig. 8.3). For U", quantum
chemical calculations and analogies with Pu™ and Ln™ studies indicate 8 to 10 co-
ordinated water molecules.

Uranium solid coordination compounds are mostly known for UY". The linear ura-
nyl ion dominates most such complexes as it does in solution. The O =U =0 “axis”
has oxygens at both “poles” with four to six ligand atoms bonded to the uranium on
or near the equatorial plane that is perpendicular to the axis. The UOz(OH)f" complex
found in solution and in some compounds has a square bipyramidal structure with
four oxygens in the equatorial plane. More common is the pentagonal bipyramid
formed by monodentate ligands (binding at one oxygen) and bidentate ligands (chelat-
ing, binding at two oxygens); an example is the UOZ(SO4)2’ ion in Na;o[U05(S04).]
(S0O,), - 2H,0 in which three sulfates are monodentate and one is bidentate. Hexagonal
bipyramids are found in carbonate complexes such as K,UO,(CO5); with three biden-
tate carbonates in the equatorial plane. The UO,(CO;); ™ also exists in solution, typi-
cally above pH 8.

Because UV is unstable with respect to oxidation as well as reduction, few uv
complexes are known in aqueous solution. In recent years, a large number of new
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UY compounds have been synthesized and characterized in nonaqueous solutions
under an inert atmosphere.

Uranium'’ forms normal salts with inorganic ligands that have eight to ten oxy-
gens coordinated with U". Because U" is acidic, it forms oxo-salts, silicates, phos-
phates, molybdates, etc., many of which occur in minerals. For example, USiO, has
8-coordinated uranium with oxygens at apexes of a triangular dodecahedron (two
interpenetrating tetrahedral with U-O distances of 0.232 and 0.252 nm). The mineral
coffinite is USiO, (possibly with some OH™ substituting for the SiO, ion).

The few known U™ complexes resemble other An"™ and Ln" complexes, with
high coordination numbers (eight or nine).

There are a vast number of uranium (mostly UO%+ uranyl) complexes with “or-
ganic” ligands (ligands that have one or more carbon-carbon bonds). The simplest
such ligand, oxalate (czoE; ), shows experimental evidence for three bidentate oxa-
lates (six oxygen atoms) coordinated in the equatorial plane.

The coordination chemistry of uranium (U03* uranyl) with ligands of biological
relevance has been extensively studied. Amino acids, for example, coordinate as
oxygen donors at biological pH, where the amino acid is typically a zwitterion "H3N
(R)COOH". At higher pH values, the amino end is deprotonated and the amino acid
can be a nitrogen donor as well as an oxygen donor. Thus, in proteins, bonding
takes place at carboxylate and amino sites. In DNA/RNA, bonding occurs via phos-
phate sites, and in polysaccharides at deprotonated OH sites.

Within the past decade, unique uranium clusters with peroxide and hydroxide
links have been found to self-assemble as nanospheres or spheroids from aqueous
solution, Fig. 8.10. Most of these uranium clusters have symmetry resembling that
of fullerene Cgo. Uranium clusters have also been prepared as tubes or crowns,
some forming very quickly and subsequently rearranging into more stable solids.
(Related clusters have been prepared with ions of the transuranium elements nep-
tunium and plutonium.)

8.3.4.5 Organouranium chemistry

Organoranium chemistry is the study of molecules or ions that have uranium-organic
ligands bonded via uranium-carbon bonds. In traditional organouranium complexes,
the organic ligand is the five-membered ring cyclopentadienyl anion (CsHs)™, which
typically forms ¢ U-C bonds in U™ compounds, e.g. (n°-CsHs)sU, and in U com-
pounds, e.g. (n°>-CsHs);UCL. (The notation n° refers to five bonds between each ring
carbon and the uranium.) Many substituted cyclopentadienyl complexes form orga-
nouranium complexes with unusual properties. When each hydrogen of cyclopenta-
dienyl is replaced by a methyl group, the bulky n’-Cs(CH;)s ligand forms reactive
complexes such as [n’>-Cs(CHs)s],UCL, that have homogeneous and heterogeneous cat-
alytic properties similar to those of some transition-metal organometallic complexes.
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Fig. 8.10: Clusters of uranyl peroxide hexagonal bipyramids containing topological squares. Shown
are the polyhedral representations of the clusters and topological graphs representing U sites:
(a), (d) U24; (b), (&) U32; (), () U4O.

Uranocene, n3-(CgHg)U is the archetype of a class of organometallic compounds
and was first synthesized in 1968. In this symmetric “sandwich” compound, the
U-C bonds are m bonds rather than ¢ bonds; uranocene is a 5f-orbital homolog of
the “sandwich” ferrocene n’-(CsHs),Fe. In the absence of oxygen and water, urano-
cene is remarkably stable: it can be sublimed and numerous substituted analogs
have been synthesized. With this discovery, it became clear that the actinides (pri-
marily U and Th due to the higher radioactivity of the other actinides) can react dif-
ferently with organic ligands than d transition elements and initiated a new era of
research in organoactinide chemistry.

8.3.4.6 Uses

Before 1940, uranium had very few uses. In small amounts, it made attractive glass
and ceramic objects, often with green fluorescence (from the uranyl ion (UO%*)).
The thermal expansion coefficient of uranium glass is similar to that of tungsten
metal, so uranium glass has been used in “graded seals” that allow tungsten elec-
trodes to pass through glass. By far, its most important use has resulted from the
radioactivity of its natural isotopes. In 1896, Becquerel discovered that uranium
salts fogged photographic plates even when the plates were protected from light.
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We know now that he was observing the penetrating gamma rays from the predomi-
nant natural uranium isotopes >°U (0.72%) and *>3U (99.27%) and from the isotopes
in their transformation chains, almost all of which are radioactive. Subsequent dis-
covery of more useful radioactive isotopes that are daughters of natural uranium
isotopes, particularly radium-226 in 1898 by M. and P. Curie, resulted in uranium
mining in order to extract the tiny amount of radium-226 in secular equilibrium.

After the discovery of nuclear fission in 1938 by Hahn and Strassmann, many
scientists became aware that the neutrons released during the fission process could
lead to chain nuclear reactions. Therefore, the dominant use of uranium since 1940
has been for nuclear fission, controlled in nuclear reactors® or uncontrolled in nu-
clear weapons.

8.3.5 Neptunium
8.3.5.1 Discovery

Neptunium was the first transuranium element to be discovered. During the 1930s,
many elements, including uranium, were bombarded with neutrons in Fermi’s re-
search group in Rome and elsewhere. Although scientists hypothesized that trans-
uranium elements were produced, almost all the radioactive particles produced
were shown to be fission products by Hahn, Meitner, and Strassmann in 1939. At
Berkeley, California, Abelson and McMillan bombarded uranium samples (actually
thin films of U50g) with intense neutron sources produced in a cyclotron. In 1939,
they found two beta-emitting radioactive isotopes remaining in these films, whereas
the fission products were ejected. The half-lives of the two beta-emitters were
23 min and 2.3 days. By chemical separation,” Abelson and McMillan identified the
nuclear reaction sequence as

238U + 11,1 N 239U B~ 239Np B 23994 (811)
tl/,=23.5min tl/,=236d

although they could not detect any radiation emitted by the *°94. They hypothe-
sized that ©>94 was an alpha-emitting or spontaneous-fission isotope with very
long half-life. McMillan suggested that element 93 be named neptunium, because
Neptune is the planet beyond Uranus.

8 Nuclear power plants are discussed in Chapter 11.
9 Cf. Chapter 7.
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8.3.5.2 Chemical properties

As indicated in Tab. 8.2 neptunium can exist in oxidation states +3 through +7. In
aqueous solution, Np" exists as the linear neptunyl ion NpO, (0 =Np =0)*, the
most common and most stable neptunium ion. It was the species used by Abelson
to separate Np from U in 1940. It has the same linear configuration as UO, . Hexava-
lent NpO%+ is also linear, and is produced in aqueous solution by oxidation of Np
in lower oxidation states with strong oxidants such as ce', BrO;57, and CL. In aque-
ous solution, Np in lower oxidation states exists as monatomic ions Np>* and Np**.
NpO, can be reduced to Np** with weak reductants such as Fe** or I". Further re-
duction to Np>* requires stronger reductants such as amalgamated Zn.

The deep green heptavalent ion was first produced in 1967 by ozone oxidation
of Np¥! in strongly basic solution. In basic solution, Np'" has been shown by
EXAFS and density-functional theory calculations to exist either as Np(O4)(OH);~
or as Np(O,)(H,0) ions, with four short nearly coplanar (equatorial) oxygens at
1.87 A and two axial hydroxides with Np-O distances of 2.24 A. This species also is

found in solid compounds of Np'™.

8.3.5.3 lonic compounds

Neptunium fluorides have been prepared in all known oxidation states +3 through
+6. Like UF¢ and other metal hexafluorides, NpFy is a volatile solid that is highly cor-
rosive. Among other halides, only NpCl;, NpCl,, NpBrs, NpBr,, and Npl; are known.

Neptunium oxides are known with oxidation states from +4 through +7. The
only common binary oxide is NpO,, easily prepared by decomposition of neptunium
oxalate and many other compounds. Np,O5 can be prepared by careful decomposi-
tion of NpOs - H,0 or NpO,OH, by ozonation of some molten salt mixtures, or by hy-
drothermal reaction of NpO, solution at 200 °C in the presence of calcite. Although
there are no known binary oxides of Np¥! or Np"", neptunium ions in these high oxi-
dation states have been prepared in many ternary oxides. For example, finely ground
stoichiometric mixtures of Na,O or Na,0, and NpO, react in oxygen at 400 °C to oxi-
dize Np from Np' to Np“', producing Na,NpO, that can exist up to 1000 °C. Finely
ground mixtures of excess Li,O or Li,0, with NpO, react in oxygen at 400 °C to oxi-
dize Np from Np'" to Np“™, producing LisNpOs.

An unusually effective tool to identify oxidation states of neptunium com-
pounds is Mdssbauer spectroscopy. The 60 keV Mdssbauer resonance of the 2’Np
isotope has a linear correlation with Np formal charge (oxidation state); this corre-
lation has been used to identify or confirm oxidation state of many neptunium
compounds.
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8.3.5.4 Coordination and organometallic chemistry

In aqueous solution, neptunium coordination chemistry follows that of uranium.
Solid coordination compounds are mostly known for Np". Linear NpO," dominates
most such complexes as it does in solution.

Organoneptunium chemistry has followed the parallel organometallic chemis-
try of uranium, although with far fewer studies. Trivalent organoneptunium com-
plexes are known, e.g. Np(CsHs); - 3THF, although synthesis of Np(CsHs); has not
been successful. Tetravalent organoneptunium species, such as Np(CsHs), and com-
plexes derived from it, have been prepared and characterized. Neptunocene, n®-
(CgHg)Np, is isostructural with uranocene.

8.3.5.5 Uses

Several nuclear processes produce the chemically useful isotope *’Np during the
irradiation of uranium in reactors, for example:

LIS\ (8.12)

ZU(m.2m™U t/=675d
2: .

The rate of production of *’Np in reactors is approximately 0.1% that of Z°Pu. Be-
cause of its long half-life, 2.144 - 10° a, this isotope accumulates in the reactor fuel
and can be separated after irradiation. Its long half-life makes it convenient for
chemical studies. Although ?’Np does not have other uses, targets of separated
B7Np can be irradiated to produce **Pu in kilogram quantities:
57Np(n,y )P*Np — b B8py, (8.13)
tl/,=212d

The moderately long alpha-emitting transformation (87.7 a half-life) makes ***Pu
the best radioisotope to produce electrical energy for deep space probes by thermo-
electric conversion of the heat generated by the alpha transformation energy.

8.3.6 Plutonium
8.3.6.1 Discovery

Np was discovered in 1939 and 1940 and transforms by p~-particle emission. McMillan
and Abelson immediately realized that the daughter should be element 94. However the
scale, of the early experiments did not permit its identification. In 1941, Seaborg, McMil-
lan, Kennedey, and Wahl produced the first identifiable isotope of Pu by bombarding
uranium with deuterons to produce the isotope 2®Pu by the following reactions:

printed on 2/11/2023 6:44 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

312 —— Norman M. Edelstein and Lester R. Morss

2811(d, 2n) 2 Np —— B8Py, (8.14)
tl/,=212d

where the initial product Z®Np transforms by p -particle emission with i of
2.1 days to *®*Pu, which has a ti/ of 87.7 years and transforms by a-particle emis-
sion. The short half-life of this isotope allowed Seaborg and his colleagues to evalu-
ate the chemistry of this new element and to develop procedures for the separation
of this element from the reactants and other products. With these new procedures,
the Seaborg group produced and separated the most important isotope of Pu, Z°Pu
in 1941 by the following reactions:

B8y (n, y /2°U i BN B~ 29py,. (8.15)
tl/,=23.5min tl/,=236d

The element with atomic number 94 was named by Seaborg and Wahl in 1942 as
plutonium (Pu) for the planet Pluto (the second planet beyond Uranus) following
McMillan who had named element 93 as neptunium (Np) for the planet Neptune
(the first planet beyond Uranus).

The half-life for the B~-particle transformation of *°U is 23.5 min followed by
the B~-particle transformation of ’Np with a half-life of 2.36 days. *Pu itself has a
half-life of 24 110 years. The fission properties of *’Pu were established in 1941 by
Kennedey, Seaborg, Segre, and Wahl who showed that this nucleus was indeed fis-
sionable and a likely nuclear energy source.

8.3.6.2 Availability

Following the discovery of Z’Pu in 1941 and its possible use as a nuclear energy source,
it became urgent to determine its chemical properties in order to be able to separate the
newly formed plutonium from the uranium, neptunium, and fission products in the ir-
radiated material. Initially, one microgram of °Pu was produced in 5 kg of uranyl ni-
trate hexahydrate at the Berkeley 60-inch cyclotron. A team at Berkeley performed
initial processing and the processed material was then sent to the Manhattan Project
laboratories at the University of Chicago. Cunningham and Werner further purified the
9Py and on August 18, 1942 isolated approximately 1 microgram sample of PuF, in the
tip of a microcone, which was clearly visible with the aid of a 30 x microscope.'® A
larger sample from 90 kg of uranyl nitrate hexahydrate containing 20 micrograms of
9Py had been irradiated while the experiments described above were performed.
From this batch of material, a sample of 2.77 micrograms of PuO, was weighed
on September 10, 1942 in a unique quartz fiber microbalance. The alpha counting of

10 This material was the first prepared from a man-made element that could be isolated and
viewed. See Cunningham and Werner, ] Amer Chem Soc 1949, 71, 1521-1528.
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an aliquot of this material obtained after dissolution permitted the first determina-
tion of the specific activity of **’Pu from which its half-life could be calculated.
From these types of microscale experiments, large-scale separations processes were
developed which were utilized at the wartime separations plant at Hanford to pro-
cess the irradiated uranium fuel rods produced at the Hanford reactors.

8.3.6.3 Separations

Almost all of the hundreds of tons of plutonium that have been extracted so far have
utilized the PUREX (plutonium—uranium extraction) solvent extraction process.! The
following equilibrium equations represent the major separation steps of this process

Pufi) +4NOj ) +2TBP(org) < Pu(NO;3),(TBP),(

)
Uo3* (aq) + 2NO3 () + 2TBP o) <> UO,(NO3),(TBP),

e (8.16)

(org)’

In these equations, the subscripts (aq) and (org) refer to the aqueous and organic
phases, respectively. The organic solvent consists of 30% tributylphosphate (TBP)
in kerosene and is used as shown in the first two equations to extract the plutonium
and uranium into the organic phase. The fission products and the higher trivalent
actinides (Am>* and Cm>") stay in the aqueous phase. The plutonium in the organic
phase is then selectively reduced to Pu>* and goes into the aqueous phase. The ura-
nium can then be removed from the organic phase by back extraction into nitric
acid. These steps are shown in the generalized PUREX flow sheet in Fig. 8.11.

3-5 M HNO3 Dilute HNO;
Scrub with reductant Dilute HNO3

Dissolver solution
3-5 M HNO3, An, Fi

U022+
TBP —|
v A\ A\
Fission products Pu3* uo,*
Co-decontamination Partitioning Uranium stripping

Fig. 8.11: Schematic representation of the extraction and stripping steps for separating Pu in the
processing of spent fuel rods (PUREX process) by solvent extraction. The organic fractions (dark

continuous lines) consist of 30 wt% tributylphosphate (TBP) in the organic solvent kerosene. The
aqueous streams are shown as dashed lines.

11 Cf. also Section 7.3 on “Liquid-liquid extractions” and Section 10.6 on “The fuel cycle”.
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8.3.6.4 Chemical properties
Plutonium compounds are known with the Pu ion in oxidation states 3+ to 7+ (Pu™
to Pu'™). In aqueous solution, Pu ions can exist in any of these states depending on
the complexing ions and oxidizing (or reducing) power of other reagents in solution.
In oxidation states 5+ or 6+, Pu forms the plutonyl ion where the Pu¥ or Pu"" atom
forms a linear array between two O atoms, O = Pu =0, with the atoms from other li-
gands in the first coordination shell surrounding the Pu atom forming a plane perpen-
dicular to the linear O = Pu = O array. Usually, there are four or five atoms in this first
coordination shell. For example, Pu" or Pu"! in aqueous acidic solution forms the com-
plex ion Pu0,(H,0)?" with g= 2 or 1 and the O atoms of the five water molecules
forming an equatorial plane around the linear O = Pu= 0 array. This geometry is simi-
lar to that of the uranyl ion shown in Fig. 8.3. Under acidic conditions with noncom-
plexing acids, Pu™ or Pu'" ions form complex ions of the composition Pu(OH,)?* with
n= 8 or 9 and q = 3 or 4. The water molecules can be displaced by stronger coordinat-
ing ligands, and many coordination complexes of Pu™ and Pu"’ are known. In general,
most Pu™ and Pu"' compounds are relatively insoluble, but Pu¥ and Pu"! compounds
are more soluble. Thus, the oxidation state of a compound of Pu affects its properties
and is important to determine. This knowledge is essential in deciding what remedia-
tion efforts to utilize in cases where Pu contamination has occurred. Pu" hydrolyzes
strongly to form small particles of Pu hydroxides or Pu oxides (colloidal solids) that
behave similarly to solutions. These Pu colloids can attach themselves to natural col-
loids and can cause migration of Pu under conditions where no migration by normal
processes is expected.

The relative tendency of Pu ions for hydrolysis or for complex formation is as
follows:

Pu** >Pu®* =Pu03* >PuO;, (8.17)

where Pu** forms the strongest complexes and PuO, the weakest. In acidic solution
(low pH), the energy needed to change oxidation states is rather small so small
changes in the oxidizing power of the solution (E},) can result in changes in the oxi-
dation state of the Pu species. Thus, it is possible for multiple oxidation states of Pu
to exist in the same solution. Figure 8.12 shows the range of oxidation states that
can exist in aqueous solution containing various complexing anions.

Many coordination compounds of Pu in all oxidation states can be precipitated
from solution. However, structural information from single crystal X-ray analysis is
sparse due to the problems of handling radioactive compounds. Recently, a number
of these problems have been overcome and more structural information is now be-
coming available.
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8.3.6.5 lonic compounds

The known binary trihalides of Pu are PuF3, PuCls, PuBrs;, and Puls. PuF, and PuCl,
are the only tetravalent tetrahalides known. PuCl, is formed at high temperatures
as a gas by the reaction

PUC13 + 05C12 — PuCl;,. (818)

When the gaseous PuCl, is condensed, PuCl; + Cl, are formed again. No character-
ized pentavalent halides are known and the only Pu hexahalide is PuF¢. The vola-
tile and corrosive solid PuF¢ may be formed from the reaction of PuF, with F, at
high temperatures. This volatile solid is of technological importance and many
studies have been reported. Although solid Pu fluoride compounds with stoichiom-
etry between PuF, and PuF4 have been reported such as Pu,F,7, no pure solid com-
pounds of PuF; are known. Its existence has been proposed in gas-phase studies of
the decomposition of PuFs.

> Pu0,C0O5(aq)

Pu0,(C05),%"

\ Pu0,(C05)5*"
- \\\\SUOZ(OHZ)Z(aq)

1.0

~
~

0.5+

T e 3 Pu0,0H(aq)

Redox potential, Eh (volts)

0+l ,(aq)
Pu(lll)
Pu(IV)
-0.5 1
Pu(V)
Pu(VI) S~
O Natural waters .
T T T T T T =
0 2 4 6 8 10 12 14

pH

Fig. 8.12: The distribution of various Pu oxidation states in aqueous solution as a function of pH
and oxidizing power (courtesy of Los Alamos National Laboratory).

The binary plutonium oxides are of great technological importance and quite com-
plex. Stoichiometric materials such as Pu,05; (Pu0O; 5) and PuO, o, can be prepared
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but there are also other compounds with different ratios of Pu/O, where x is close to
(but not exactly) 1.5 or 2.00. The most important compound is PuO, which is used
as a nuclear fuel, as a long-term storage material for spent nuclear fuel and for sur-
plus weapons material, and in power generators. Thermodynamic predictions and
early results indicated that PuO, was the highest stable binary phase in the Pu-0
system. However, recent results suggest that there may be a solid PuO, ., phase.
This is now an area of active investigation.

Plutonium forms oxyhalides with valence states Pu' and Pu"" but not with Pu
in the tetra- or pentavalent states. PuOX, where X = F, Cl, Br, and I, are known as
are PuO,F,, PuOF,, and PuO,Cl, - 6H,0.

Plutonium hydrides are formed by the reaction of Pu metal with carefully con-
trolled amounts of gaseous H, at elevated temperatures because the stoichiometry
of the product PuH, (1.9 <x <3) can vary. Plutonium hydride can be decomposed
under vacuum at temperatures higher than 400 °C to form finely divided, highly
reactive plutonium metal. Disassembly of metallic plutonium from nuclear weapons
can be followed by a hydride-dehydride process for conversion of the plutonium to
a less reactive form such as PuO,.

Compounds of plutonium with most elements of the periodic table are known.
Although almost all compounds are to some degree ionic, many binary plutonium
compounds are metallic or semiconductors. Plutonium borides, group 13 compounds
(carbides, silicides, and germanides), pnictides (Pu—-N, Pu-P, Pu-As, Pu-Sh, and
Pu-Bi systems), and chalcogenides (Pu-S, Pu-Se, and Pu-Te systems) are some im-
portant, primarily refractive classes of actinide binary compounds. A particularly in-
teresting ternary compound of Pu, PuCoGas has been shown to be superconducting
at the relatively high temperature of 18.5 K (or —255 °C).

1II

8.3.6.6 Uses

The isotope *?Pu has a half-life of 24,110 years so that large amounts can be pre-
pared. Its high cross section for slow neutrons makes it suitable for nuclear fuel in
both weapons and in power plants. Its major use has been in nuclear weapons'
and the “trigger” for most thermonuclear bombs. The processing of spent nuclear
fuel results in the separation of the uranium and plutonium fractions. These fractions
can be combined to produce a mixed oxide fuel of uranium and plutonium (U,Pu)O,
(abbreviated MOX), which can be reutilized in nuclear power reactors.

At present, nuclear power plants are producing on the order of 70-90 megatons
of plutonium per year. The total global inventory is over 1900 megatons. Most of
this material is in spent fuel rods; however, there is also a significant inventory in

12 The Trinity test in New Mexico, July, 1945, the bomb dropped over Nagasaki the following month.
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nuclear weapons, from disassembled nuclear weapons, and from recycled reactor
fuel. Making sure that this plutonium material is safe and secure is a very signifi-
cant problem.

The isotope >%Pu has a half-life of 87.7 years, a specific activity of 17.2 Curies/
gram, and a power density of approximately 7 watts/gram. These characteristics
make it useful in nuclear power systems that get their energy from the heat gener-
ated by radioactive alpha transformation, which is converted into electrical energy,
rather than from nuclear fission. >®Pu was initially used in cardiac pacemakers in
the 1970s but improved batteries and electronic advances made these devices obso-
lete. Electrical power sources fueled by “®Pu have been widely used in the United
States for space exploration purposes. For example, Space Nuclear Auxiliary Power
(SNAP) units have been utilized for instrument packages on the five Apollo mis-
sions to the moon, the Viking Mars Lander, and the Pioneer and Voyager probes to
the outer planets. Other types of 2®Pu heat and power sources have been utilized
on other space missions.

8.3.6.7 Plutonium metal

Plutonium metal and its alloys and intermetallic compounds are important techno-
logically because the nuclear properties of 2?’Pu enable this material to be utilized
for nuclear weapons, for advanced designs of nuclear fuel rods, and for safe storage
and disposition of excess weapons plutonium. There are many ways to produce Pu
metal; they usually involve the reduction of a compound of Pu (such as PuO, or
PuF,) with a metal such as Ca at elevated temperatures. Pure Pu metal (a phase) at
room temperature has a dense, monoclinic structure that is brittle and reactive. The
Pu phase diagram is quite complex as shown by the thermal expansion curve and
densities in Fig. 8.13. The § phase is less dense and workable and is formed and
stable in pure Pu at higher temperatures. This phase can be stabilized down to
room temperature by the addition of small amounts of aluminum or gallium. Pu
metal is one of very few substances that increases in density when heated. The
complex behavior of Pu metal is due to the presence of 5f electrons in the valence
band. These 5f electrons in the earlier actinide metals (protactinium through neptu-
nium) form bands with metal-metal bonding (itinerant behavior) through the 5f or-
bitals. This behavior is in contrast to the lanthanide metals (with 4f electrons) that
exhibit localized 4f electron behavior and where the metals have magnetic charac-
teristics similar to trivalent lanthanide compounds. In the actinide series at pluto-
nium, there is a transition between itinerant behavior and localized behavior, thus
small changes such as alloying or temperature or pressure can cause drastic changes
in the properties of the metal. This can be clearly seen from Fig. 8.6 where the atomic
volumes of the actinide metals are compared with those of the 5d and 4f transition
metals.
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Fig. 8.13: Thermal expansion of pure plutonium at one atmosphere showing six different solid
phases and the liquid phase. Iron is shown for comparative purposes. The crystal structures of the
various phases are given as well as their density (courtesy of Los Alamos National Laboratory).

Experimentally, plutonium metal and its alloys and intermetallic compounds re-
quire special handling because of their radioactivity and criticality issues (the amount
of material that can be handled or stored safely without causing a spontaneous nu-
clear reaction or excess radiation hazards). Nevertheless, these materials present some
outstanding challenges to our fundamental understanding of complex materials.

8.3.6.8 Organoplutonium chemistry

There have been very few molecules synthesized that contain plutonium-organic li-
gands bonded via plutonium-carbon bonds. The major reason is because of safety
concerns in the handling of plutonium materials and organic compounds and sol-
vents in oxygen-free conditions. Triscyclopentadienyl plutonium (n°CsHs);Pu and
Pu(CgHjg), have been synthesized and characterized and are structurally similar to
the analogous uranium compounds. Compounds of stoichiometry (n°CsHs)sPuX
compounds are known where X = Cl or NCS as well as some mono-cyclopentadienyl
Pu' halide-Lewis base complexes.
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8.3.7 Americium
8.3.7.1 Discovery

The element americium was first produced in 1944 by the beta transformation of
241py, which was produced by an (a,n) reaction on 22U

p
Z8U(a,n)*Pu ___  Am (8.19)
f,=14325a

by Seaborg, James, and Morgan. The estimated half-life of the **'Pu was approxi-

mately 10 years (present value 14.4 a). Several samples of *'Pu were carefully puri-

fied to remove all traces of rare-earth materials and then were checked again after

some time. When the rare earth fractions were removed again it was found that the

a-activity previously removed had grown in again. From these types of experiments

the following observations were made:

1. The rate of formation of a activity was constant over a period of several years.

2. Theyield from a given sample was a linear function of the time of growth.

3. The amount of growth of the a-activity in similar periods of time was directly
dependent on the amount of ?*'Pu in the sample.

It was concluded that the o activity was due to the isotope **’Am, a new element.
The new element was named americium, after the Americas, on the basis of its posi-
tion as the sixth member of the actinide series, analogous to europium in the lan-
thanide series.

8.3.7.2 Uses

The two major isotopes of americium are **'Am and **Am with half-lives of 433 and
7380 years, respectively. The major industrial uses of **’Am are as a low energy
gamma source in smoke detector alarms and to produce neutrons by the (a,n) reac-
tion with beryllium. These ?*Am(Be) neutron sources are used in soil moisture
measurements, well-logging applications, and neutron radiography.

8.3.7.3 Chemical properties
As indicated in Tab. 8.2, americium can exist in oxidation states +3 through +7. In
strong aqueous basic carbonate solution, americium can exist in the 3+, 4+, 5+, and

6+ oxidation states. A few 