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I. INTRODUCTION

Liquid scintillation counting (LSC) or liquid scintillation anal-
ysis (LSA) has been a very popular technique for the detection
and quantitative measurement of radioactivity since the early
1950s. The technique has been most useful in studies of the life
sciences and the environment, and it is also a powerful tool in the
chemical and physical sciences. Many of the principles of liquid
scintillation analysis overlap into the fields of low-level envi-
ronmental radioactivity monitoring, the detection of singular
decay events in basic nuclear physics, and the measurement of
higher levels of radioactivity used in research, radioisotope
applications, and nuclear power. However, the techniques and
principles used in the LSA of environmental radioactivity per se
will not be covered in detail in this chapter. The reader is directed
to Chapter 9 for additional information on the use of LSA for the
measurement of either natural levels of radionuclides or low-
levels of man-made radionuclides found in the environment.
Applications of liquid scintillation analysis to the measure-
ment of radionuclides used as tracers in research has led to a large
number of cutting-edge and Nobel-prize-winning discoveries in
the life sciences over the past 50 years. The LSA technique in
scientific research remains one of the most popular experimental
tools used for the quantitative analysis of radionuclides. These
include principally the analysis of alpha- and beta-particle-
emitting nuclides, and may also include nuclides that emit
gamma radiation, as well as atoms that decay with the emission
of X-radiation, and those that emit Auger and internal conversion
electrons. Included in this chapter are also advances that
continue to be made in the application of liquid scintillation to
the analysis of neutrons, and the discrimination of neutron and
gamma radiation, the analysis of high-energy charged particles,
and the detection and measurement of unique events, such as 7"
decay, u" decay, 88 decay, and the detection of neutrinos.
Some advances in the use of liquid scintillation analysis in
the standardization of radionuclides will be included in this
chapter. A more comprehensive treatment of radionuclide
standardization by means of all available radiation detection
and measurement methods will be included in Chapter 14.
The wide popularity of liquid scintillation analysis is
a consequence of numerous advantages, which are high effi-
ciencies of detection, improvements in sample preparation
techniques, automation including computer data processing,
and the spectrometer capability of liquid scintillation analyzers
permitting the simultaneous assay of different radionuclides.

11. BASIC THEORY

A. Scintillation Process

The discovery of scintillation in organic compounds was
documented in a thesis by Lieselott Herforth (1948) under the

leadership of Hartmut Kallmann, which is related in a histor-
ical account by Niese (2003, 1999). In her thesis presented on
September 13, 1948 at the Technical University Berlin —
Charlottenburg, Herforth reported that aromatic compounds
could convert absorbed energy of nuclear radiation into light
photons. Herforth coauthored a subsequent publication
together with Kallmann and Immanuel Broser, another student
of Kallmann, on the scintillation process in naphthalene
(Broser et al., 1948) as well as a paper on the fluorescence
from liquid (molten) naphthalene, diphenyl, and phenanthrene
as a consequence of interaction with alpha particles, fast
electrons, and gamma rays (Herforth and Kallmann, 1948).
Both Herforth and Broser were fellow students, who had
researched radioactivity counters under Hans Geiger. Her-
forth’s thesis and publications with Kallmann were followed
by papers authored by Kallmann (1950) and Reynolds et al.
(1950) on liquid scintillation counting that demonstrated
certain organic compounds in solution emitted fluorescent light
when bombarded by nuclear radiation. The origin of liquid
scintillation analysis as a technique for the quantification of
radioactivity is attributed to the original papers by Kallmann
and Reynolds in 1950. The fluorescence or emission of
photons by organic compounds (fluors) as a result of excitation
can be readily converted to a burst of electrons with the use of
a photomultiplier tube (PMT), and subsequently measured as
an electric pulse.

The technique of liquid scintillation counting involves
placing the sample containing the radioactivity into a glass or
plastic container, called a scintillation vial, and adding a special
scintillation cocktail containing organic fluors dissolved into
suitable solvents. Samples may also be analyzed by high-
sample-throughput LSA in plastic microplates containing 24,
96, or 384 sample wells per microplate, which accept sam-
ple—fluor cocktail volumes in the range of 20—150 pL. High-
sample-throughput microplate liquid scintillation counting is
described in Section XIII. Common capacities of scintillation
vials that can be easily accommodated in conventional auto-
matic liquid scintillation analyzers vary from 4 to 20 mL;
however, microfuge tubes of 0.5—1.5 mL capacity can also be
counted directly in a conventional LSA with the use of special
microtube holders.

Both plastic and glass liquid scintillation counting vials have
certain advantages and disadvantages in terms of background,
solvent permeability, fragility, and transparency, etc. Poly-
ethylene plastic vials are permeable when stored containing
fluor solvents such as benzene, toluene, and xylene; however,
these vials do not display solvent diffusion when more envi-
ronmentally safe commercial fluor cocktails are used (e.g.,
Ultima Gold™, Pico-fluor"", and Opti—ﬁuorTM), which use dii-
sopropylnaphthalene (DIN), pseudocumene, or linear alkyl-
benzene solvents. The plastic vials are also unbreakable, less
expensive, and display lower backgrounds than the glass vials.
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Glass vials, however, provide the advantage of transparency to
visualize the sample and fluor cocktail solution to permit
inspection for undesirable properties such as color, residue, or
sample inhomogeneity.

The scintillation cocktail may be composed of a solvent
such as DIN, or a linear alkylbenzene together with a fluor
solute such as 2,5-diphenyloxazole (PPO) dissolved in
a concentration of approximately 2—10 g/L. Many liquid fluor
cocktails are available commercially, and these are made to be
compatible and mixable with radioactive samples dissolved in
either organic solvents or aqueous media. When samples are
dissolved in aqueous media, three different chemical compo-
nents are required in the fluor cocktail solution: the organic
solvent, organic scintillator, and a surfactant (emulsifier). The
choice of solvent, scintillator, and surfactant for the prepara-
tion of contemporary fluor cocktails is dictated by the need for
efficient energy transfer and light output in the scintillation
process even under very high aqueous sample loads exceeding
50% water as well as the need for environmentally safe
solutions with low toxicity, high flash point, and low disposal
costs. To meet these needs, some commercially available
formulations use diisopropylnaphthalene or a linear alkyl-
benzene solvent. A few of these commercial fluor cocktails
were noted in the previous paragraph. The properties and
performance of the modern environmentally safe solvents and
some of the commercially available cocktails made from these
solvents have been reviewed and tested by Verrezen et al.
(2008), Medeiros et al. (2003), DeVol et al. (1996), Neumann
and Roessler (1991), Thomson (1991), Takiue et al. (1990a),
and Elliott and van Mourik, (1987). The findings of these
studies, as summarized by Verrezen et al. (2008), are that no
specific liquid scintillation cocktail can be identified to fit all
radioanalytical needs, and cocktail formulations are designed
to provide between a performance aspect (e.g., high sample
load or sample compatibility) at the expense of another (e.g.,
counting efficiency or stability). Chapter 8 provides detailed
information on the composition and performance of many
liquid scintillation fluor cocktails and sample preparation
techniques.

Unique scintillation cocktails may be prepared to meet
special detection needs, such as the detection of neutrinos,
neutron/gamma discrimination, alpha/beta discrimination, and
the detection of neutrinos or unique decay events, such as muon-,
pion-, and double-beta decay. The characteristics of the liquid
scintillation media or cocktails used for these specific detection
needs are noted within the chapter.

A sample, that is to be analyzed for its radioactivity or
disintegration rate, is placed into the scintillation cocktail to
form a homogeneous counting solution. The liquid scintilla-
tion process that occurs in a scintillation cocktail is shown in
Fig. 7.1. The first step in the process is the interaction of the
radioactivity with the solvent molecules of the liquid scintil-
lation cocktail. These solvent molecules, as seen in Fig. 7.1,
are organic in nature and contain at least one aromatic ring.
Because the solvent molecules are in greater concentration
than the solute fluor molecules in the fluor cocktail, the solvent
molecules will absorb the major portion of the nuclear radia-
tion energy emitted by the radionuclides in the cocktail
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The Basic Liquid Scintillation Process

Radionuclide —ﬁ> Solvent — Scintillator ﬁ»

Chemical
and lonization Color
Quenching Quenching

FIGURE 7.1 An illustration of the sequence of events in the basic liquid
scintillation process. A radionuclide will dissipate its energy of decay
(e.g., B~ —particle energy) in the liquid scintillation cocktail containing solvent
and fluor. The aromatic solvent absorbs most of the energy of the beta particle.
The energy of excitation of the solvent is then transferred to the scintillator
(fluor) molecules, which upon deexcitation emit photons of visible light. The
light photons are detected by a photomultiplier tube (PMT), which converts the
light photons into a flow of electrons and further amplify the current pulse.
Points of interference caused by chemical, ionization, and color quench are also
indicated.

solution. The result is the formation of activated organic
solvent molecules, which transfer their energy to the organic
scintillator or fluor, as illustrated in Fig. 7.1. Organic scintil-
lators are chosen because they are soluble in the organic
solvent, they can easily accept the energy from the activated
solvent molecule, and they produce an activated or excited
scintillator molecule. These excited scintillator molecules
rapidly lose their energy and return to their original ground
state by way of a fluorescence mechanism. The energy is
released as a flash of light in the wavelength range of 375—430
nm for each radioactive decay process occurring in the fluor
cocktail. The wavelength of emission depends on the scintil-
lator dissolved in the fluor cocktail. The intensity or brightness
of the light flash, that is produced, is a function of the energy
and the type of nuclear decay.

The entire process of liquid scintillation counting can be
described by using the following analogy. The original nuclear
decay energy absorbed in the fluor cocktail can be thought of as
a battery, and the fluor cocktail itself can be considered as a light
source or lamp fueled by the battery. The amount of energy in
the battery cannot be determined by sight, touch, taste, or smell;
however, the battery energy will govern the light intensity
emitted by the lamp. This is the scintillation cocktail’s purpose.
It converts the original nuclear decay energy to flashes of light
by way of the process shown in Fig. 7.1. The intensity of the
light flashes is directly proportional to the original nuclear
energy dissipated in the fluor cocktail. The higher the energy
absorbed by the fluor cocktail, the brighter the resultant light
flash. For example, tritium, which is a low-energy beta-particle
emitter (Emax = 18.6 keV), would produce relatively very low
intensity light flashes for each beta particle absorbed in the fluor
cocktail, such as dim light from a lamp. However, **P, which is
a high-energy beta-particle emitter (Ep,x = 1710 keV), would
produce a light intensity approximately 100 times brighter in the
fluor cocktail (like a large spotlight). Thus, the light intensity
emitted by a scintillation fluor cocktail reflects the original
nuclear decay energy, and the number of light flashes per unit
time is proportional to the number of nuclear decays in that time
unit or, in other words, the sample radioactivity (e.g., disinte-
grations per minute or DPM).
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A liquid scintillation analyzer may also be used to measure
the fluorescence produced when radioactive nuclides are
adsorbed onto or in close proximity to the surface of a plastic or
glass scintillator (solid scintillator) located within a conven-
tional liquid scintillation counting vial or well of a microplate
scintillation analyzer. The solid scintillation counting process
uses a solid inorganic scintillator (e.g., yttrium silicate) to
produce the light flashes, which are quantified by the liquid
scintillation counter. The light flashes are produced directly by
the interaction of the decaying nuclear event with the inorganic
scintillator. The intensities of the light flashes produced are
proportional to the energies of the radiation emitted from the
nuclear decay that are absorbed by the scintillator, similar to
that for the liquid scintillation process. This technique, known
as scintillation proximity assay (SPA), is used to measure
binding reactions, commonly studied in the fields of medicine,
biochemistry, and molecular biology, without the need to
separate bound from free fractions. It uses glass or plastic solid
scintillation microspheres together with a low-energy-emitting
isotope-labeled (*H or '*I) ligand. The method is described
briefly in Section XIII and in more detail in Chapter 16, “Solid
Scintillation Analysis,” as it is a solid scintillation technique,
which utilizes a liquid scintillation counter.

B. Alpha-, Beta-, and Gamma-Ray Interactions
in the LSC

The scintillation process and light output are different for the
alpha, beta, and gamma decay. These decay processes are
described in detail in Chapter 1. Only a brief treatment is
provided here. The alpha-decay process is illustrated by Eqn
1.83 and Fig. 1.27 of Chapter 1. During the alpha-decay
process, a helium nucleus, which is composed of two protons
and two neutrons, is released with a specific energy (mono-
energetic) from the atomic nucleus. The general decay energy
range for alpha particles is 2—8 MeV. When alpha decay
occurs in a liquid scintillation cocktail, the alpha particles
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interact with the fluor cocktail to produce light (approximately
1 photon/keV of original decay energy). The light intensity is
converted into an electric pulse of magnitude proportional to
the light intensity via a photomultiplier tube described in
Section III.

If we compare the linear range (R.p) in centimeters of
a 5.5-MeV alpha particle from 241 Am in water (Rem = 0.0048
cm) to the range of a 0.55-MeV beta particle from *’Sr in water
(Rerm = 0.178 cm), we see that the alpha particle travels a much
shorter distance, only 2.7 hundredths (0.0048/0.178) that of the
beta particle, regardless of the fact that the alpha particle
possessed ten times the energy of the beta particle (see
Chapter 1 for calculations of range and energy for alpha and
beta particles). The higher charge and mass of the alpha particle
compared with the beta particle are responsible for the reduced
range of the alpha particle (see Chapter 1) and less efficient
excitation energy transfer to solvent and fluor. Alpha particles
produce light in the liquid scintillation cocktail at about one-
tenth the light intensity per unit of particle energy of beta
particles (Horrocks, 1974). Therefore, in the case of alpha
particles, which are monoenergetic, a single pulse height peak
is seen for each alpha decay, at a pulse height equivalent to
approximately one-tenth its original nuclear decay energy.
A 5-MeV alpha particle, therefore, would be detected by a pulse
height equivalent to approximately 500 keV in a liquid scintil-
lation cocktail. Consequently, the pulse heights of alpha parti-
cles and beta particles in the same sample often overlap even
when the alpha particles emitted from certain radioactive
nuclides are of energy about 10 times greater than the Ep,x of
beta particles emitted by other radionuclides in the same
sample. The overlapping liquid scintillation pulse height spectra
of 21°Po and 90Sr(90Y) in the same sample are illustrated in
Fig. 7.2.

The pulse decay times of the light emissions from alpha and
beta events are also different. A pulse in the scintillation process
produced by an alpha particle can be about 35—40 nsec longer
than a pulse event produced by a beta particle. Using this
characteristic, simultaneous analysis of alphas and betas in the
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FIGURE 7.2 The overlapping pulse height spectra produced by a mixture of the 5.30-MeV alpha particles of >'°Po and the 0.55-MeV beta particles of *°Sr in
a PerkinElmer 2750TR liquid scintillation analyzer. The sample contains a mixture of *'°Po 4 *°Sr (°°Y) in a scintillation cocktail of 50% water (1:1 mixture of water
and Ultima Gold AB™ fluor cocktail) and displayed a tSIE of 277. Notice the relatively sharp peak of the 5.3-MeV alpha-particle pulse-height spectrum overlapping
with the 0.55-MeV beta-particle pulse-height spectrum. The *°Y daughter is in secular equilibrium with its parent *’Sr. The a-peak of >'°Po and the 8 peaks of *°Sr
(°°Y) appear in a separate a-MCA and 8-MCA, The two pulse-height spectra of the MCAs are overlapped to demonstrate the overlapping pulse heights produced by

the 2'°Po and *°Sr. (From L’Annunziata, M. F., 1997, unpublished work)
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same pulse height energy range can be performed. The
discrimination of alpha and beta particles, which produce
overlapping pulse height intensities, will be described in
Section XV.

The counting efficiency (i.e., how efficiently the nuclear
decay is detected) is approximately 100% for almost all alpha
decays using a liquid scintillation cocktail. Because of the
unique pulse height spectral characteristics of alpha detection in
a liquid scintillation counter (see Fig. 7.2) and their slower pulse
decay times, alpha particles can be distinguished easily from
most other nuclear decay radiations with the liquid scintillation
analyzer.

A very common radionuclide decay process is the produc-
tion and emission of beta particles. Beta decay can take place by
either negatron (8~) or positron (8") emission. The production
of a negative beta particle (negatron) is described by Eqns 1.101
and 1.103 of Chapter 1, and several examples are given in Eqns
1.105—1.110 of that chapter. During the beta-decay process
with negatron emission, a neutron is converted to a proton and
an electron (negative beta particle) and an antineutrino. The
beta particle (negatron) is equivalent to an electron in property,
and the antineutrino is a particle of zero charge and near zero
mass. The total decay energy that is released in the beta-decay
process is shared between the beta particle and the antineutrino.
This total decay energy is usually expressed as the Ey,x, which
is the maximum energy that is released in the decay process.
The decay energy is shared between the beta particle and
antineutrino, but only the beta particle can be detected by the
scintillation process. Thus, the resultant spectrum for all beta
decays starts at zero and goes to the maximum decay energy
(Emax) as illustrated in Fig. 1.30 of Chapter 1. Approximately 10
photons of light per keV of beta-particle decay energy are
produced in the liquid scintillation process. Because of the
broad spectrum of beta-particle energies emitted by a given
radionuclide sample, beta decays can easily be recognized by
this distinct broad spectral pattern as illustrated in Fig. 1.30 of
Chapter 1 on the linear energy scale or Fig. 7.2 of this chapter
illustrating the pulse height spectra of *°Sr(°°Y) on a loga-
rithmic energy scale.

The second type of beta decay produces a positron or
positive beta particle. This beta-decay process converts a proton
to a neutron and a positively charged electron (positron)
accompanied by the emission of a neutrino. Positron emission is
described by Eqns 1.130 and 1.131 of Chapter 1, and an
example is provided by Eqn 1.132 of the same chapter. The
positron is an antiparticle of an electron; it possesses an oppo-
site charge and a spin in the opposite direction to that of the
electron. The total energy released in the positron decay process
is shared between the positron and the neutrino similar to the
negatron decay process. The positron will lose its kinetic energy
in matter via ionization. When it comes to a near stop, it comes
into contact with an electron, its antiparticle, and is annihilated
with the simultaneous production of two gamma-ray photons of
0.51 MeV energy equivalent to the two annihilated electron rest
masses. See Chapter 1 for more detailed information on both the
negatron and positron decay processes.

The liquid scintillation counting efficiency for beta particles
(negatrons or positrons) is dependent on the original energy of
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the beta decay. For most beta particles with a decay energy
above 100 keV, the counting efficiency is 80—100%, but for
lower-energy beta decays (e.g., “H, Emax=18.6 keV) the
counting efficiency is normally in the range of 10—60%
depending upon the degree of quench in the sample. The
phenomenon of quench and its effect on liquid scintillation
counting efficiency are described in Sections IV and V.

Another common nuclear decay process is gamma-ray
emission. In this process, a gamma ray is emitted from the
nucleus of the decaying atom. The gamma ray is an electro-
magnetic radiation or, in other respects, a photon particle. The
general energy range for gamma rays is 50—1500 keV.
Gamma-ray emission often accompanies alpha, beta, or elec-
tron capture (EC) decay processes. Bremsstrahlung or X-
radiation, which is electromagnetic radiation originating from
electron energy transitions, also accompanies the EC decay
process. When gamma-emitting radionuclides are detected by
the liquid scintillation counter, it is not the gamma ray that is
detected to a very significant degree, but rather the alpha
particles, beta particles, or atomic electrons (Auger and
internal-conversion electrons) that may be produced during
decay processes occurring in the liquid scintillation fluor
cocktail. Gamma rays from sample radionuclides in the scin-
tillation cocktail can produce Compton electrons, although
these interactions are less significant in magnitude in the liquid
fluors. In general, electromagnetic radiation makes only
a minor contribution to excitation in liquid scintillation fluor
compared to charged-particle radiation. For example, if we
consider the liquid scintillation analysis of '*°I, which decays
by electron capture with the emission of gamma rays and
daughter X-radiation, liquid scintillation counting efficiencies
as high as 85% are reported. However, the excitations in the
liquid scintillation fluor are due mainly to the absorption of
Auger and internal-conversion electrons and only a minor
contribution (~8%) is the result of X-rays produced during the
decay process (L’ Annunziata, 1987).

C. Cherenkov Photon Counting

Beta particles of energy in excess of 263 keV can be detected
and quantified in water or other liquid medium using the liquid
scintillation analyzer without the use of scintillation fluor
cocktail. The sample is simply placed in a clear liquid solution
(often aqueous) and detected by the light produced by the
Cherenkov effect. Charged particles, such as beta particles, that
possess sufficient energy can travel at a velocity exceeding the
speed of light in media such as water, organic solvents, plastic,
and glass. When this occurs, the charged particle will produce
Cherenkov photons, which extend from the ultraviolet into the
visible wavelengths. The light, that is produced, is of low
intensity, and it is normally detected in the low-energy counting
region with pulse heights equivalent to those produced by beta
particles of 0—50 keV. High-energy beta-particle emitters,
which emit a significant number of beta particles in excess of
263 keV, can be analyzed by counting the Cherenkov photons in
the liquid scintillation analyzer without fluor cocktail. Some
examples are *?P (Emay = 1710 keV), 2°Sr(°*°Y) where the Emay
of °Y beta particles is 2280 keV, *Rb (Epax = 1770 keV



428

FIGURE 7.3 Schematic diagram of the components
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occurring at an 88% intensity (probability per decay) or 680
keV at a 12% intensity), and 8¢ (Emax = 1490 keV). The
Cherenkov counting efficiency of these radionuclides in water is
in the range of approximately 35—70% depending on color
quench. The process of Cherenkov counting is treated in detail
in Chapter 15, and a thorough treatment of the origin, principles,
and theory of Cherenkov radiation and the Cherenkov effect is
provided in a previous book by the writer (L’ Annunziata, 2007).
In general, it is important to remember that when quantifying
radionuclides by Cherenkov counting, the counting region
should be set to encompass only the low pulse height spectra
produced by Cherenkov photons, which is equivalent to the
pulse heights produced by low-energy (0—50 keV) beta parti-
cles, and no fluor cocktail is required.

HI. LIQUID SCINTILLATION COUNTER (LSC)
OR ANALYZER (LSA)

As described previously, the scintillation process involves the
conversion of nuclear decay energy into light flashes. Therefore,
to quantify the nuclear decay event and to satisfy needs for
automation and multiple user programs a liquid scintillation
counter must be able to perform the following functions: (1) it
must be able to detect light flashes that occur in the scintillation
vial with fluor cocktail or solid scintillator (SPA) and be able to
determine the number of light flashes and their intensity; (2) it
must be able to hold a large number of scintillation vials (>400)
of various sizes (e.g., 20 mL, 8 mL, 7 mL, 4 mL, and microfuge
or Eppendorf tubes); (3) it must have the ability to process
automatically various types of samples using different counting
conditions and counting programs (e.g., single radionuclides,
multiple radionuclides, quench corrections, direct DPM, or
Cherenkov counting) using programmable counting setups or
counting protocols; (4) it must be able to process the data from
flashes of light per minute to counts per minute (CPM) and then
convert these count rates to actual nuclear disintegration rates or
nuclear decay events per minute (DPM) using a quench-
correction method or direct DPM method; and (5) it must
perform data analysis and reduction, special computer-managed
data application programs, and instrument performance
assessment.

The first and most important task of the liquid scintillation
analyzer is the detection and quantification of the number of

light flashes and their corresponding intensities. This is
accomplished by the heart of the LSC, the light detection and
quantification components. A simple block diagram of
a conventional LSC with two photomultipliers is illustrated in
Fig. 7.3. Three basic components are found in this part of the
LSC, namely, the detector(s), a counting circuit, and a sorting
circuit. Liquid scintillation analyzers with three photo-
multiplier tubes (PMTs) are also available, but yet less
common. LSAs operating with three PMTs provide unique
methods of activity analysis, and these are discussed in
Section IX.C.

In order to quantify the radioactivity in the sample, the
sample is loaded into the counting chamber using either an
uploading or a downloading elevator mechanism. The down-
loading mechanism is able to prevent any external light from
entering the counting chamber by using a double light seal
mechanism. The double light seal is implemented by automatic
loading of the sample vial from the sample chamber deck to
a holding area, where the sample is sealed from external light.
The sample is subsequently moved into the counting chamber,
which is below the holding area. Because of this unique
downloading mechanism, the photomultiplier tube (PMT) high
voltage can remain on at all times and the PMT background
stabilized. Once the sample has been loaded into a light-tight
chamber, the light is detected using two photomultiplier tubes
(PMT 1 and PMT 2 of Fig. 7.3).

The photomultiplier tubes (PMTs) convert the light photons
emitted from the liquid scintillation vial to electrons when the
light photons hit a bialkali photocathode located inside the face
of the PMT, as illustrated in Fig. 7.4. The photoelectrons
produced at the PMT photocathode are amplified through
a series of positively charged dynodes, each dynode having an
increasing positive voltage along the series. The increasing
voltage accelerates the initial photoelectrons produced at the
PMT photocathode to yield an avalanche of secondary elec-
trons, resulting in a pulse amplification. A photon, which is
produced in the scintillation vial, is thereby converted to a cor-
responding electronic signal. Because the amount of light
produced in the scintillation vial is normally very low (~10
photons per keV energy absorbed in the liquid fluor cocktail),
the PMT must be able to amplify the pulse resulting from
secondary electrons produced by a single photon of light by
a large factor. This pulse amplification factor or gain is > 10° for
the standard PMT used in the LSC.
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FIGURE 7.4 Schematic of a photomultiplier tube. The drawing is based on a schematic by Itaya et al. (2004). A photon of visible light emitted from a liquid
scintillation vial collides with a bialkali photocathode producing a photoelectron. The trajectory of the photoelectron is focused and accelerated toward a positive
dynode (Dy1). The impact of the photoelectron onto the first dynode (Dy1) produces secondary electrons that are accelerated toward a second dynode (Dy2) of higher
positive voltage. The secondary electrons are accelerated sequentially toward dynodes of increasing potential difference (Dy3 to Dy10), which result in an avalanche
of secondary electrons. The avalanche of electrons (not illustrated with dynodes Dy6 to Dy10) is collected at the anode, yielding a pulse amplification >10°, with
a typical rise time of ~2 ns. The rise time is the time for the anode output pulse to rise from 10% to 90% of the peak amplitude. The faceplate is made generally of

borosilicate glass with a diameter of ~5 cm.

As illustrated in the block diagram of Fig. 7.3 two PMTs are
used for the measurement of the light intensity from the nuclear
decay processes in the sample vial. The two PMTs permit
coincidence light detection and coincidence pulse summation
required for the LSC to be able to detect low-energy radionu-
clides such as tritium (Epx = 18.6 keV) and to distinguish
instrument background from true nuclear events. If only a single
PMT were used in the LSC, the background level would be
approximately 10,000 CPM for a 0—2000-keV counting region.
This high background is normally due to the large amplification
factor from the PMT. This high background count rate mainly
occurs in the 0—10-keV region (thermal and electronic back-
ground noise). In the LSC, two PMTs and a coincidence circuit
are used to help differentiate background signals from true
nuclear decay events in the scintillation vial, which is referred to
as coincidence counting. The principle behind coincidence
counting is based upon the fact that, when a nuclear decay event
occurs in the scintillation vial, light is produced which is
isotropic (i.e., is emitted equally in all directions). Since the
decay process and resultant scintillation process produce multi-
photon events (about 10 photons per keV of nuclear energy
dissipated in a liquid scintillation cocktail), light is emitted in all
directions from the scintillation vial. The decay process and
resultant scintillation are very rapid (approximate light decay
time is 2—10 nsec). Because the scintillation process produces
multi-photon events and the events decay rapidly, we can
distinguish most background from true nuclear decay in the
scintillation vial. If light is produced in the scintillation vial
inside the analyzer detection area, it will be emitted in all
directions and be detected by the two PMTs in the very short
pulse decay time of 2—10 ns. When a signal is detected
in both the PMTs within a coincidence resolving time of 18
nanoseconds, it is accepted as a true nuclear decay event. If on
the other hand, a background event occurs in one of the PMTs or

in the electronic circuitry (e.g., thermal or electronic noise), it
will produce a single event, which will be detected by only one
of the two PMTs in the 18-ns time frame. Such a single event is
rejected as occurring external to the sample or, in other words,
a background event. By using two PMTs and the coincidence
circuit, the instrument background is reduced from 10,000 CPM
with a single PMT to about 30 CPM with two PMTs for a wide-
open 0—2000-keV pulse height counting region. The PMT
signal that is sent to the coincident circuit is an analog signal
with a pulse height that reflects and is proportional to the
original nuclear decay energy.

The next part of the detection area, illustrated in Fig. 7.3, is
the summation circuit. This circuit has a dual purpose. The first
is to reassemble the original two coincident signals into an
individual signal with the summed intensity. This helps to
optimize the signal-to-noise ratio in the instrument. The second
purpose is to compensate for the light intensity variations due to
the position of the nuclear decay in the vial that would occur
when samples containing color are counted. If only one of the
two PMT signals were used in counting a colored sample, the
signal height would be dependent on where in the scintillation
vial the light was produced. If the light was produced near the
edge of the scintillation vial, a brighter flash of light would be
detected by the PMT that is in closer proximity to that edge of
the vial. However, with two PMTs and a summed signal, the
final pulse height produced by the PMT is not affected by
the position of the nuclear decay in the presence of color in the
sample counting vial.

Subsequent to pulse summation in the LSC, the signal is
further amplified and sent to the analog-to-digital converter
(ADC). The ADC converts the signal from an analog signal,
which is a pulse with a certain height, to a single number that
represents its pulse height or intensity. The digital pulses are
finally sorted on the basis of their magnitude or pulse height
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number. The sorting can be accomplished by one of two
methods: pulse height analysis (PHA) or multichannel analysis
(MCA).

PHA, which is the older of the two methods, utilizes only
two discriminators, an upper- and a lower-energy discriminator.
An upper-level discriminator is set such that all of the pulses
with a certain energy of interest are always lower than this upper
level. A lower-level discriminator is also set to reject pulse
magnitudes that are below the lower-level discriminator setting,
thereby reducing background and other counting interferences
of low pulse height. When an event is detected, its pulse height
is measured; if it has an intensity lower than the upper
discriminator and higher than the lower discriminator, it is
accepted as a true nuclear event. If any of the pulses fall outside
this range, they are rejected and lost by the counting circuitry.
All of the pulses that fall into the accepted range are counted,
hence the term liquid scintillation counting (LSC).

The second and more contemporary method of sorting
pulses is MCA. The multichannel analyzer is a series of bins or
slots, where different pulse height magnitudes are placed once
they have been detected. Two types of MCAs are commonly
used: linear and logarithmic. The linear MCA provides data
with pulse heights calibrated to represent decay energy in keV
on a linear scale. For a common 4000-channel linear MCA, each
channel may represent approximately 0.5 keV of energy. The
logarithmic MCA displays the pulse heights in channels plotted
along a logarithmic scale as illustrated in Fig. 7.2.

All of the pulses collected in MCAs are not only counted but
also analyzed in terms of their number and height; therefore, the
liquid scintillation counter is now more often referred to as the
liquid scintillation analyzer (LSA). A linear MCA output with
a typical beta-particle pulse height spectrum is illustrated in
Fig. 7.5.

The second function of the modern LSA is to count auto-
matically various types and sizes of samples in vials containing
scintillation fluor cocktail. Most modern LSAs are cassette

Counts

Pulse Height —

FIGURE 7.5 Illustration of a typical liquid scintillation beta-particle pulse-
height spectrum collected in the many channels of a multichannel analyzer
(MCA). A typical linear MCA will have as many as 4000 channels within which
pulses of certain heights are collected and counted. The channels are calibrated
over the energy range of 0—2000 keV. (©71998—2010, PerkinElmer, Inc. Printed
with permission)
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based. This means that sample vials are placed in racks holding
between 12 and 18 individual scintillation vials or samples.
Specific cassettes are available for holding scintillation vials of
different volumes up to 20 mL.

Many persons can use the same instrument by establishing
counting protocols to analyze different radionuclides under
different counting conditions and sample sizes. The key func-
tions of the LSA — analyzing sample data by determining
sample quench levels, converting count rate (e.g., counts per
minute or CPM) to disintegration rate (e.g., disintegrations per
minute or DPM) for unknown samples, and automatic moni-
toring of the performance of the instrument (instrument
performance assessment) — will be described in detail later in
this chapter.

The majority of liquid scintillation analyzers in use today
contain two photomultipliers, and these are installed with
large-capacity sample changers as nonportable equipment
in laboratories around the world. A portable and very com-
pact single-photomultiplier liquid scintillation analyzer with
multichannel analyzer has been developed, which is very
applicable to mobile laboratories (Theoddrsson, 2006, Theo-
dorsson and Jonsson, 2006, Theododrsson et al., 2006, Jonsson
et al., 2006, and Gudjonsson et al., 2009). The photomultiplier
tube measures the scintillation photons from the bottom of
the counting vial. Such a small portable liquid scintillation
analyzer can find numerous applications in mobile-laboratory
on-site monitoring of radionuclides. The application of the
single-photomultiplier LSA for the monitoring of environ-
mental tritium and radon has been demonstrated (Theodorsson
and Skripkin, 2003, Theoddrsson and Gudjonsson, 2003,
and Gudjonsson et al., 2009). An example of such a portable
liquid scintillation analyzer and luminescence counter is the
Triathler " (Hidex, Inc., Turku, Finland).

IV. QUENCH IN LIQUID SCINTILLATION
COUNTING

In scintillation counting the sample is either dissolved in
a liquid scintillation cocktail or adsorbed onto a solid scintil-
lator in a sample vial or microplate well. In order to quantify the
nuclear events as activity in terms of disintegrations per minute
(DPM), the LSA counts the number of flashes of light in
a preselected time period to provide a count rate (CPM) of the
sample. The sample count rate is dependent on how efficiently
the nuclear decay events are converted to light flashes that are
detected and quantified by the LSA. Because the sample solu-
tion is always present, it can absorb nuclear decay energy,
thereby preventing this energy from being absorbed by the
solvent and chemical fluor molecules, or the solution can absorb
photons of light emitted by the fluor molecules, thus reducing
the light intensity measured by the PMT. This causes the
phenomenon called quench. We can define quench as interfer-
ence in the conversion of nuclear decay energy to photons of
light emitted from the sample vial. Quenching can be the result
of three phenomena, namely, (1) chemical quenching, (2)
ionization quenching, and (3) color quenching. These interfer-
ence phenomena are discussed in more detail subsequently.
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Many texts refer only to chemical and color quench phenomena
as mechanisms to be considered for the determination of
radionuclide detection efficiency with little or no reference to
ionization quenching. This may be due to the much smaller
effect that ionization quenching has compared to chemical and
color quenching in liquid scintillation counting (Bagan et al.,
2008). However, much attention has been given in recent years
to the ionization quenching phenomena by researchers in
scintillation counting, particularly in the field of radionuclide
standardization (Grau Carles, et al., 2004, 2006a,b, Kossert and
Grau Carles, 2006, Grau Malonda and Grau Carles, 2008, and
Bignell et al., 2010) and in the measurement of radiotracers
particularly with the use of plastic scintillators (Bagan et al.,
2008, 2009). The points of interference of chemical, ionization,
and color quenching in the liquid scintillation process are
illustrated in Fig. 7.1.

The three quenching phenomena, which interfere with the
liquid scintillation measurement of radionuclides, are described
in more detail as follows:

1. Chemical quenching. This is the most common quench
mechanism and the one that generally can have the most
deleterious effect on the liquid scintillation detection effi-
ciency. Chemical quench is caused by the presence of
chemical substances in the sample, including the sample
solution, which absorbs nuclear decay energy in the scin-
tillation process, thereby obstructing to a certain degree the
transfer of nuclear decay energy to the scintillation cocktail
solvent. A chemical quenching agent can be thought of as
a sponge that absorbs energy before it can produce light in
the scintillation process. In addition to reducing the
number of light flashes resulting in a reduction of radiation
counts, the quenching process can, and often does, decrease
the light intensity, thereby reducing the pulse heights as
measured by the scintillation process. Chemical quenching
occurs to some degree in most liquid scintillation counting
samples.

2. Ionization quenching. The second mechanism of quench,
ionization quenching, as described by Grau Carles et al.
(2004), is related to the density of excited solvent molecules
in the scintillation fluor cocktail. The response of a liquid
scintillator to the interaction of charged particles is not
linear with the energy deposited. The nonlinearity of the
photon intensity output by the scintillator and the energy
deposited by the charged particles increases with the mass of
the particle, and the nonlinearity is a function of the linear
energy transfer (LET) of the particle. Also, as defined by
Bignell et al. (2010a), ionization quenching in scintillators is
the reduction of luminosity associated with a high density of
excited molecules caused by a large LET to the scintillant.
Thus, low-energy beta particles, such as those emitted from
*H, exhibit a greater nonlinearity of light output versus
energy deposited than high-energy beta particles or elec-
trons, because the LET of low-energy beta particles or
electrons is higher than the LET of high-energy beta parti-
cles or electrons (see Table 1.25 of Chapter 1). The cause of
this nonlinearity is ionization quenching, which is a conse-
quence of the density of excited solvent molecules in the
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scintillation fluor cocktail. Charged particles, which exhibit
a high LET, will create a higher number of excited solvent
molecules. When the concentration of the excited molecules
is high, there is a higher probability of interaction between
two excited molecules whereby one molecule can lose its
energy of excitation to the other, resulting in one molecule
becoming super-excited. The super-excited molecule has
a high probability of reaching the state of ionization. The
overall outcome of this process is two solvent molecules,
which were originally excited by the charged particle (e.g.,
B-particle or electron), lose their energy of excitation and
thereby do not transfer this energy to the fluor molecules or
transfer only a diminished portion of that excitation energy.
This results in a loss of excitation energy and a reduction of
the photon intensity from the scintillation fluor, which may
manifest itself by a reduced count rate or a reduction in the
magnitude of the pulse height measured by the photo-
multiplier from the photon intensity output. Grau Carles
et al. (2004) explain that this process is observed clearly in
the interaction of a-particles with liquid scintillator. Also,
radionuclides decaying by low-energy @ transitions, such as
*H, as well as those decaying by electron capture with the
emission of Auger or Coster—Kronig electrons are those that
display this ionization quenching, that is, the nonlinearity
between the intensity of the fluorescent emissions from the
scintillation counting vial and the energy deposited by the §
particle or electron. Electron-capture decay results in the
emission of X-rays from subsequent atomic electron rear-
rangements following EC decay, which can produce X-ray
Compton electrons and photoionization, all of which are
low-energy electrons exhibiting a relative high LET
compared to the higher-energy beta particles from most
beta-emitting radionuclides.

3. Color quenching. The phenomenon of color quench occurs
when color is visible in the sample that is being counted. The
color quench phenomenon normally acts by absorbing
photons of light in the scintillation vial before they can be
detected and quantified by the PMT. This is similar to what
happens when a colored filter is used on a camera to filter out
certain wavelengths of light. Chemical quench absorbs
nuclear decay energy and color quench absorbs photons of
light. Color quenching is often less a problem than chemical
quenching, because samples most often can be decolorized
easily with minute quantities of bleaching agent or other
means (see Chapter 8).

The quenching phenomena reduce the photon intensities
emitted from a scintillation counting vial and consequently
reduce the magnitudes of the pulse heights measured by the
liquid scintillation analyzer; in addition, the quenching
phenomena can also reduce the count rate of a sample measured
by the liquid scintillation analyzer (i.e., counts per minute,
CPM). To compensate for the count rate loss due to quench and
to determine the sample activity or DPM (nuclear decay rate), it
is necessary to know the counting efficiency, defined by the
following equation:

% efficiency = CPM/DPM x 100 (7.1)
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where CPM is the count rate of the sample determined by the
LSA, and DPM is the actual disintegration rate of the sample.
The relationship between CPM and DPM of the sample varies
according to the energy of the nuclear decay at a given degree of
quench. The lower the energy of the decay, the greater is the
effect of quench on the counting efficiency for beta-emitting
radionuclides. This is illustrated in Fig. 7.6, which shows the
liquid scintillation pulse height spectra of seven tritium samples
(Emax = 18.6 keV) that were prepared with the same activity
(DPM), but with different amounts of 5.0 M HNO3, which acts
as a chemical quenching agent. The liquid scintillation analyzer
determined the CPM for each sample by summing the area
under the pulse height spectrum of each sample. As illustrated
in Fig. 7.6, the least quenched sample is that which contains no
HNOs;. The area under the pulse height spectrum of the first
sample had 126,287 CPM and the highest pulse heights with
a maximum equivalent to approximately 18.6 keV. The count-
ing efficiency for this sample is calculated as 126,287 CPM/
210,000 DPM or 60.1%. The second sample is quenched by the
added 0.05 mL of HNOj3, and, as a result, (1) the CPM is
reduced to 115,834, (2) the endpoint or maximum intensity of
the pulse height spectrum of this sample is reduced, and (3) the
counting efficiency of the sample is reduced to 55%. As illus-
trated in Fig. 7.6, when the sample is quenched more and more,
the maximum observed pulse height is reduced further and the
CPM collected under the pulse height spectrum is reduced. For
example, the last sample listed, which contains the highest
amount of quenching agent, gave the lowest count rate of
16,091 CPM and a calculated counting efficiency of only 7.7%.
Thus, as the quench increases for tritium, both the maximum
pulse height and the total CPM are reduced significantly. We

5 mol/L HNO,
s 0 mL
o 0.05
=X 591
5 05
Q 0.7
o 1.0
1 10 10° 10°
Energy (keV)
HNO, (0.5M) °H *H *H
(mL) (CPM)  (DPM) (%E)
0.00 126,287 210,000 60.1
0.05 115834 210000  55.1
0.10 102,218 210,000 487
0.30 61,211 210,000 291
0.50 39,846 210,000  19.0
0.70 25239 210,000 120
1.00 16,091 210,000 77

FIGURE 7.6 Pulse-height spectra of seven samples of *H of equal activity
containing varying amounts of 0.5-M HNO; quenching agent. The pulse-height
spectra are plotted on a logarithmic scale with pulse heights calibrated to
equivalence in keV energy. The liquid scintillation counting (detection) effi-
ciencies for each sample are listed as percentages. (©1998—2010, PerkinElmer,
Inc. Printed with permission)
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can conclude that chemical quenching agents, although dilute
and small in quantity, can have a significant effect on the
counting efficiency of tritium.

On the other hand, in an isotope such as carbon-14, which
emits beta particles of energy almost 10 times higher
(Emax = 156 keV) than tritium, quenching agents cause
a significant reduction in the maximum pulse heights but have
a less significant effect on the pulse counts collected than was
observed in the case of tritium. Table 7.1 shows the effect of the
quenching agent on five samples of carbon-14. The five samples
contained the same activity (100,000 DPM), but increasing
amounts of quenching agent. The quenching agent is not given
here, but a common quenching agent used for these studies is
nitromethane over the range of 0—100 pL per 20 mL of fluor
cocktail. The endpoint of the pulse height spectra (maximum
pulse height expressed in keV) of each sample listed in Table
7.1 changed significantly from sample 1 to sample 5 as chemical
quench increased; however, the sample count rates (total counts
collected under the pulse height spectra per given period of
time) did not change as drastically as for tritium. As can be seen
from Table 7.1, pulse height spectral intensity (maximum pulse
height) changes as the sample is quenched, but the efficiency or
CPM value (area of energy spectrum) changes only slightly. The
overall conclusion is that for beta-particle emitters, the lower
the energy (Enax) of the beta decay, the greater is the effect of
quench on the counting efficiency of the radionuclide.

For alpha-emitting radionuclides, the phenomenon of quench
does not significantly affect the counting efficiency as shown in
Fig. 7.7. As the quench of the sample is increased, the mono-
energetic alpha peak is simply shifted to lower pulse heights, but
the total area under the pulse height spectrum or detection effi-
ciency (equivalent to counting efficiency) is not changed
significantly. Also, as illustrated in Fig. 7.7, the alpha-particle
pulse height spectrum in the LSA undergoes some peak broad-
ening (reduced resolution) proportional to the level of quench,
although this will have no significant effect on detection effi-
ciency. The resolution is determined by the percent full width at
half maximum as described in Chapter 16. Vera Tomé et al.
(2002) studied alterations in alpha-peak shape in liquid scintil-
lation with the potential of utilizing LSA for alpha spectrometry.

For gamma emitters, the quenching phenomenon is very
similar to that observed with beta emitters (Ishikawa and
Takiue, 1973), as Compton electrons produced by <y-photon

~

KTABLE 7.1 Effect of Quench on Carbon-14 Counting

Efficiency in Liquid Scintillation Analysis
Maximum pulse Efficiency

Sample height (keV) CPM DPM (%)
1 156 95,000 100,000 95.0
2 112 94,500 100,000 94.5
3 71 92,500 100,000 92.5
4 43 90,500 100,000 90.5
5 32 87,000 100,000 87.0
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0.00 486,660 46,700 100 42
0.05 46,632 46,700 100 a
0.10 46,692 46,700 100 a
0.30 46,149 46,700 99 47
0.50 46,234 46,700 29 a
0.70 46,371 46,700 29 a
1.00 46,394 46,700 99 a
1.50 46,448 46,700 99 53
2.00 46,256 46,700 99 a
3.00 46,148 46,700 99
4.00 46,080 46,700 99 a

“% FWHM not calculated

FIGURE 7.7 Liquid scintillation pulse-height spectra of 11 samples of >*' Am
of equal activity containing varying amounts of 0.5-M HNO; quenching agent.
The pulse-height spectra are plotted on a logarithmic scale with pulse height
calibrated to equivalence in keV energy. The liquid scintillation counting
(detection) efficiencies for each sample are listed as percentages. The alpha peak
resolutions are measured as percent full width at half-maximum. (©7998
PerkinElmer, Inc. Printed with permission.)

interactions in scintillation fluor cocktail will undergo similar
quenching effects as beta particles. See Section VI for a treat-
ment on the liquid scintillation analysis of gamma-emitting
radionuclides.

The effect of quench using solid scintillators in a liquid
scintillation analyzer is described in Chapter 16. When using
solid scintillators, the sample is normally placed directly on the
solid scintillator and dried or the sample is counted adsorbed
onto the solid scintillator as in a scintillation proximity assay
(SPA). See Chapter 16 for more detailed information on SPA.
The sample is in direct intimate contact with the solid scintil-
lator, and therefore no chemical quenching exists for these types
of samples. Under these circumstances, color quench can occur
with colored samples. Also, ionization quench may occur when
plastic scintillators are used external to the sample (Bagan et al.,
2009).

For the Cherenkov counting of samples containing high-
energy beta-emitting radionuclides, color quench can occur;
however, neither chemical quench nor ionization quench are
possible. See Chapter 15 for a detailed treatment of Cherenkov
counting.

All chemical substances that either dilute the solvent of the
fluor cocktail or compete with it for nuclear decay energy will
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cause quench. Even dissolved oxygen from the air is a chemical
quenching agent (Takiue and Ishikawa, 1974); its effect can be
seen in the LSA of weak (low-energy) beta-particle-emitting
radionuclides such as tritium. More information on chemical
quenching agents and their classifications can be obtained from
a previous book (L’ Annunziata, 1987). As chemical quenching
agents in the samples we analyze generally cannot be avoided
and the effect of quench on detection efficiency is significant
with many radionuclides, it is important to correct for quench
when necessary. This will permit accurate measurement of
sample activities in disintegration rate (e.g., DPM).

V. METHODS OF QUENCH CORRECTION IN
LIQUID SCINTILLATION COUNTING

Because some type of quenching exists in almost all samples,
which are quantified by the liquid scintillation counting process,
it is important to understand the methods that can be used to
correct for quench. These methods allow us to relate and even
convert the count rate (CPM) to the actual number of nuclear
decays or disintegration rate (DPM) of a sample. This can be
accomplished by one of the following techniques: (1) internal
standard method, (2) sample spectrum method, (3) external
standard method, and (4) direct DPM method. These techniques
can be used for quench correction and DPM determination.
Each has distinct advantages for various sample types and/or
radionuclides. These will be discussed subsequently together
with explanations of the when and why of using these
techniques.

A. Internal Standard (IS) Method

The internal standard (IS) method is the oldest and most tedious,
and it can be the most accurate method if great care is taken in
its implementation. The technique involves a series of steps for
each sample. The first step is to count each sample and obtain an
accurate count rate (CPM) value for each. Then the samples are
removed from the LSC, and a known activity (DPM) of
aradionuclide standard is added to each sample; hence, the term
internal standard is applied to this technique. After the addition
of the internal standard and thorough mixing of the standard and
sample, the samples are recounted to obtain the CPM of the
sample plus the internal standard. Once the CPM of the sample
and the CPM of the sample plus internal standard are obtained,
the following equation is applied to determine the counting
efficiency of the sample:

(7.2)

where Cyy; is the count rate of the sample after the addition of
the internal standard, C; is the count rate of the sample before
the addition of the internal standard, and D; is the disintegration
rate of the added aliquot of internal standard. The disintegration

rate of the sample, D;, may then be calculated as follows:
D; = Cs/E (7.3)

For example, if the counting efficiency for a given sample was
found to be 0.25 according to Eqn 7.2 and the sample count rate
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was found to be 25,000 CPM, the activity of the sample can be
calculated to be 25,000 CPM/0.25 = 100,000 DPM.

Several assumptions and restrictions are made for the
internal standard method, some of which may be intuitively
obvious. These are described as follows: (1) The same radio-
nuclide must be used for the internal standard as the sample
radionuclide; for example, a tritium-labeled standard must be
used with samples containing tritium. Hendee et al. (1972)
showed that [3H]toluene and [3H]hexadecane are good internal
standards for organic-compatible fluor cocktails and [*H]water
or [*H]hexadecane serve well for aqueous-compatible fluor
cocktails when assaying for tritium. The organic standards
labeled with '*C are good internal standards for counting effi-
ciency determinations of samples containing '“C. (2) The
internal standard added to the sample must have a count rate at
least 100 times that of the sample. (3) The addition of the
internal standard to the sample must not alter the quench in
the sample to any significant degree. (4) The activity (DPM) of
the internal standard must be accurately known, as with
a National Institute of Standards and Technology (NIST)
traceable standard. (Commercially available *H and 'C stan-
dards, as well as mixtures of the two radionuclides, designed
specifically for application in the internal standard quench-
correction technique for either aqueous or organic solutions are
available from PerkinElmer, Inc.) (5) This method of deter-
mining sample activities requires accurate sample transfer
procedures, which can be tedious when working with many
samples and small volumes of internal standard. Dobbs (1965)
and Thomas et al. (1965) have investigated syringe-dispensing
techniques for the addition of internal standards to samples in
scintillation counting vials.

This method, if performed properly, can provide accurate
activity measurements. Some examples of the internal standard
quench-correction technique applied to the analysis of *H may
be obtained from the works of Alongi et al. (2003), Sweet et al.
(2004), Batistoni et al. (2005, 2007), and Eikenberg et al.
(2011), and to the analysis of 14C from the works of Alongi
et al. (2003), Martins and Boekel (2003), TenBrook and
Tjeerdema (2006), and Eikenberg et al. (2011). The major
disadvantages of this technique are the time and the number of
sample-handling steps required for each sample.

B. Sample Spectrum Characterization Methods

Sample spectrum characterization methods of quench correc-
tion involve the use of some characteristic of the sample spec-
trum as a measure of quench in the sample. Some of these
methods are described subsequently.

1. Sample Channels Ratio (SCR)

The sample channels ratio (SCR) method was applied often
during the early generations of liquid scintillation counters that
were equipped with only the pulse height analysis (PHA) or
single-channel analyzer for data storage and analysis. Never-
theless, the method is applicable with most commercial liquid
scintillation analyzers today. It also remains a useful method for
modern liquid scintillation analyzers not equipped with external
standards, and the SCR method has other applications described
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further on in this chapter. The method involves counting the
sample in two counting regions defined by lower-level (LL) and
upper-level (UL) pulse discriminator settings. The count rate in
each counting region varies according to the level of quench in
the sample due to the pulse height spectral shift from higher to
lower magnitudes caused by sample quench. An example of the
pulse height shift according to quench level is illustrated in
Fig. 7.8. As illustrated, a sample that is more highly quenched
will produce pulse events of lower magnitude (height) than
a sample that is lesser quenched.

The SCR quench-correction method requires first defining
the widths of two counting regions also referred to as counting
channels or windows. The lower and upper discriminator levels
of one region are selected so as to provide a narrow counting
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FIGURE 7.8 a) Weakly quenched and (b) strongly quenched pulse-height
spectra produced by **P in relation to two overlapping counting regions
(channels 1 and 2) of a Beckman LQ 7800 liquid scintillation analyzer. The
counting channels 1 and 2 are defined by lower- and upper-level discriminator
settings of 0—300 and 0—700, respectively. (L’Annunziata, M. F., 1986,
unpublished work.)
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region, which can register pulses of only low magnitude (e.g.,
Channel 1, 0—300 of Fig. 7.8). The discriminator levels of the
second counting region are set to provide a wider counting
region, which can register most of the pulses of both low and
high magnitude (e.g., channel 2, 0—700 of Fig. 7.8).

A shift in pulse height due to quenching produces a change
in the ratio of the pulses registered (counts) by the two regions.
The degree of spectral shift and magnitude of change in the
sample channels ratio (SCR), such as CPM|/CPM,; or sample
count rate in channel 1 over the sample count rate in channel 2,
are dependent on the severity of quench. Consequently, if
a series of quenched standards consisting of scintillation vials
each containing the same amount of radioactive standard but
increasing amounts of quenching agent were counted, they
would show a variation in the channels ratio and counting
efficiency, such as that illustrated in Fig. 7.9. The procedures
used to prepare sets of quenched standards are described in
Section V.D. The quench-correction curve, once prepared for
a given radionuclide and fluor cocktail, may be used as a stan-
dard curve for determining the counting efficiency of a sample
from its channels ratio. The values of counting efficiency for the
standard curve are calculated according to

E = Cstd/Dstd (7.4)

where E is the counting or detection efficiency with values
between 0 and 1.0, Cyyq is the count rate of the quenched stan-
dard in units of counts per minute (CPM) or counts per second
(CPS), and Dgq is the disintegration rate of the quenched
standard in units of disintegrations per minute (DPM) or
disintegrations per second (DPS). The activities of the unknown

samples are determined from the count rate of the sample in the
wider channel divided by the detection efficiency obtained from
the SCR quench-correction curve or

Dy = C,/E (7.5)

where Dj is the disintegration rate of the sample, Cj is the count
rate of the sample in the wide-open channel (i.e., the wider
channel from which the detection efficiencies of the quenched
standards were determined), and E is the detection efficiency
obtained from the SCR quench-correction curve.

A more detailed treatment of this method can be found in
reviews by L’ Annunziata (1984a, 1984b, 1987). The method is
less often used with modern liquid scintillation analyzers due to
the advent of multichannel analyzers (MCAs) in commercial
LSA instrumentation, which utilize sample spectrum quench-
indicating parameters or external standard quench-correction
methods. Tarancon et al. (2004) used the SCR quench mea-
surement technique as well as an internal standard quench
measurement in the evaluation of plastic scintillation beads in
a conventional liquid scintillation analyzer. The SCR technique is
generally not useful with samples of low count rate or high
quench, because the counts in one or both of the channels may be
so low that a channels ratio becomes meaningless, or long
periods of counting time would be required to achieve acceptable
levels of statistical accuracy.

2. Combined Internal Standard and Sample Channels Ratio
(IS-SCR)

Dahlberg (1982) devised a combination of the IS and SCR
methods (IS-SCR), which ameliorates the disadvantages of the
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FIGURE?7.9 Typical channels ratio quench-correction curve. The channels ratio (I/II) represents the count rate of >*P from channel I divided by the count rate from
channel II. The discriminator and gain settings for each channel are given. The data were obtained from six samples, each containing 15 mL of commercial
scintillation cocktail (Insta Gel) and 1.0 mL of [>*PJorthophosphate of known activity (0.103 uCi equivalent to 3.81 kBq). Each sample contained increasing amounts
of quenching agent (CCly) as described in the table inset. (L’Annunziata, M. F., 1986, unpublished work.)
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two techniques. The high dependence on accurate dispensing of
internal standards in the IS technique and the high errors
encountered at low count rates in the SCR technique have been
eliminated in the combined IS-SCR method for quench
correction. In the combined IS-SCR method, the disadvantage
of the SCR method at low count rates is avoided by the addition
of internal standard (IS) to low radioactivity samples. The SCR
values are then taken for quench correction, instead of calcu-
lating the efficiency by the ‘classical’ IS method of measuring
the contribution to count rate by the known amount of standard
added. As only an SCR value is required after adding an internal
standard, the dependence of the °‘classical’ IS method on
accurate dispensing of standard to sample is also eliminated.
A similar combined IS-SCR technique was devised by
McQuarrie and Noujaim (1983) for the counting efficiency
determinations of either 3H, 14C, or both nuclides as a mixture.
The unique characteristic of this method is the use of ®’Ga as the
internal standard for either *H, '*C, or the dual nuclide mixture.
The liquid scintillation pulse-height spectrum of ¢’Ga is char-
acterized by two peaks (Fig. 7.10) corresponding to 8-keV Auger
electrons and 93-keV conversion electrons, which are similar in
energy to the average beta-particle energy of 5.7 keV for °H and
49 keV for '*C. A ratio of the measured activity of the two ®’Ga
peaks is used to reflect the degree of quenching in the sample.
The sample is easily recovered after the internal standard ®’Ga
decays (t;, = 78 hours) and accurate dispensing of the
internal standard to sample is not required, because only the ratio
of activity between the two peaks is used to monitor quench.

3. Sample Spectrum Quench-Indicating Parameters

With the development of the multichannel analyzer (MCA),
sample spectrum quench-indicating parameters (QIPs) have
become more sophisticated, as all of the channels of the MCA
can be used simultaneously to measure quench. Examples of
quench-indicating parameters that measure quench by sample
spectrum characterization are the spectral index of the sample
(SIS), the spectral quench parameter of the isotope, SQP(I), and
the asymmetric quench parameter of the isotope, AQP(I).

a. Spectral Index of the Sample (SIS)

The SIS is a measure of the mean pulse height or center of
gravity of the sample pulse-height spectrum, which is utilized in
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FIGURE 7.10 Liquid scintillation spectra of 3H, 14C, and %’Ga. (From
McQuarrie and Noujaim, 1983. Reprinted with permission from Faculty of
Pharmacy and Pharmaceutical Sciences © 1983 University of Alberta,
Edmonton)
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the Tri-Carb liquid scintillation analyzers of PerkinElmer, Inc.
The pulses produced from photon events are linearly amplified,
digitized, and stored in a multichannel analyzer to produce
a complete sample pulse-height spectrum in a region of pulse
heights calibrated to represent the energy scale from 0 to 2000
keV. The SIS is a measure of the first moment of the pulse-
height spectrum proportional to the average energy of the beta
spectrum times a factor K or

Z)Ig:LX'”(X)
ZJL(J:L”(X)

where X is the channel number (see the beta-particle pulse-
height spectrum with respect to the numerous channels of the
MCA in Fig. 7.5), n(x) is the number of counts in channel X,
L and U are the lowest and uppermost limits of the pulse-
height spectrum, and K is a factor, which fixes the SIS of
unquenched *H and '*C at 18.6 and 156, respectively, corre-
sponding to the respective maximum beta-particle energies of
*H and "C in keV. Therefore, the SIS reflects the endpoint or
maximum energy of the sample pulse-height spectrum as well
as the magnitude and shape of the spectrum. From Eqn 7.6 we
see that the value of SIS is (1) unitless, (2) always greater
than 1.0, (3) becomes smaller in magnitude as quench
increases for a given radionuclide, and, (4) at a given level of
quench, beta-emitters of higher En.x will produce higher
values of SIS.

An example of count rate (CPM) and quench-indicating
parameter (SIS) data collected for a series of ten quenched
tritium standards is given in Table 7.2. These data were
collected by the liquid scintillation analyzer when the instru-
ment counted each tritium quenched standard to provide a count
rate (CPM) for each standard, which is listed in column 2 of
Table 7.2. After the count rate of each standard is obtained, the

SIS = K (7.6)

~

KTABLE 7.2 Data Collected for the Preparation of a *H

Quench-Correction Curve of Counting Efficiency Versus
the Quench-Indicating Parameter SIS

Standard CPM DPM Efficiency (%)* SIS

1 68,000 100,000 68 18.6

2 64,000 100,000 64 16.0

3 58,000 100,000 58 14.8

4 52,000 100,000 52 13.6

5 48,000 100,000 48 12.0

6 38,000 100,000 38 11.0

7 29,000 100,000 29 10.5

8 23,000 100,000 23 9.2

9 18,000 100,000 18 8.5

10 13,000 100,000 13 8.0
“The % efficiency here refers to the % counting efficiency calculated according
to Eqn 7.1. For the calculation of sample activities from count rate, the decimal

\equivalent of percent counting efficiency is used (e.g., 0.68 for 68%).

/
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LSA measures the QIP of each standard, in this case SIS,
according to Eqn 7.6. The next step required for the preparation
of the quench-correction curve is the calculation of the %
counting efficiency for each standard according to Eqn 7.1. The
instrument makes this calculation by taking the CPM (column 2)
and dividing by the DPM (column 3) of each quenched standard
and multiplying by 100 to obtain the percent counting
efficiency.

The data of counting efficiency and quench-indicating
parameter, SIS, listed in Table 7.2 is then taken automatically by
the instrument to plot the quench-correction curve for tritium
illustrated in Fig. 7.11. Another quench-correction curve, that
for '“C, is also plotted in Fig 7.11. The "*C quench-correction
curve was prepared in a fashion similar to the procedure
described above for *H with the exception that '*C quenched
standards were used. Fig. 7.11, therefore, illustrates plots of the
quench-correction curves for two radionuclides on the same
graph. Several observations can be made from these two curves.
The first observation is that for 14C, which is a beta-particle-
emitting radionuclide of intermediate energy (Ema.x = 156 keV),
quench has a marked effect on the endpoint or maximum
energy, as the SIS decreases from 156 to 25. However, the count
rate (area under the pulse-height spectrum of each standard) or
counting efficiency (CPM/DPM) decreases only slightly
(0.95—0.83) as illustrated in Fig. 7.11. Therefore, for midrange
to higher-energy beta-particle-emitting radionuclides, quench
does not have as marked effect on the counting efficiency of the
sample as on the apparent endpoint energy. The second obser-
vation is related to the tritium quench-correction curve. In the
case of tritium, both the pulse-height spectrum endpoint and the
counting efficiency are dramatically reduced as a result of
quench. The curve of percent counting efficiency versus SIS is
very steep for tritium. This dramatic slope can result in a rather
large error in DPM values, if accurate SIS values are not
obtained. Also, it is intuitively obvious, that the spectrum
characterization method of determining the quench-indicating
parameter is dependent on the counts in the sample. The larger
the number of counts, the more accurate is the measurement of
sample spectrum quench parameter (e.g., SIS). From these
observations, it is clear that the sample spectrum characteriza-
tion method of determining the QIP should be used only when
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method. (© 1998 PerkinElmer, Inc. Printed with permission)

120 140 160

437

mid- to high-energy radionuclides are being quantified and
when the count rate of the sample is well above background
(>~1000 CPM). We shall see further on in this chapter that
quench-indicating parameters derived from an external standard
are more versatile and applicable to samples of both low and
high activity (see Section V.C.). However, quench-indicating
parameters derived from the sample spectrum are particularly
useful when external standards cannot be applied such as in
color quench correction for Cherenkov counting as demon-
strated by L’ Annunziata and coworkers (see Noor et al., 1996a).
The SIS parameter was used by Vincze et al. (2007) in tests on
the applicability of plastic scintillator beads in lieu of scintil-
lation cocktail in a conventional liquid scintillation analyzer.
The SIS is also a valuable tool in spectrum unfolding for the
analysis of a mixture of two beta-particle-emitting radionu-
clides (L’ Annunziata, 1997b, and Lee et al., 2002a,b) described
further on in this chapter.

Once a quench-correction curve is plotted by the liquid
scintillation analyzer (LSA) and stored in its memory, it can be
applied by the instrument computer to calculate the activity
(DPM) of an unknown sample. For example, an unknown
sample is counted and the LSA provides a count rate of 36,000
CPM and an SIS value of 12. The radionuclide is known to be
tritium. A tritium quench curve of percent efficiency versus SIS,
as illustrated in Fig. 7.11, is used by the LSA to determine the
percent counting efficiency of that unknown sample. The
instrument is programmed to read the stored quench curve and
obtains the percent counting efficiency of 48% from the curve.
The sample activity is calculated by the LSA according to the
equation

CPMp¢¢
E

DPM; = (7.7)
where DPMg is the sample activity in disintegrations per
minute, CPM, is the net count rate (i.e., background-sub-
tracted count rate) of the unknown sample, and E is the counting
efficiency obtained from the quench-correction curve as
a decimal, not as a percent. The value of E should generally be
in the range between 0 and 1.0, as the decimal representation of
the percent counting efficiency over the range of 0—100%.
Therefore, in this example, the instrument calculates the activity
of the unknown sample as 36,000 CPM/0.48 and the resultant
value of 75,000 DPM is obtained. The LSA can perform this
type of analysis for all samples of unknown activities.

b. Spectral Quench Parameter of the Isotope Spectrum or

SQP(I)

The spectral quench parameter of the isotope or SQP(I) is also
referred to as the mean pulse height of the isotope spectrum
(Rundt, 1991). It is utilized as a sample quench-indicating
parameter with liquid scintillation analyzers of Wallac Oy
(PerkinElmer, Inc.). The SQP(I) is measured by the liquid
scintillation analyzer in a similar fashion as the previously
described quench-indicating parameter SIS. As described by
Grau Malonda (1999), the SIS provides a value for the center of
gravity of the sample pulse-height spectrum plotted on a linear
pulse-height scale, while the SQP(I) is a calculation of the
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sample pulse-height spectrum plotted on a logarithmic scale
according to the equation

ZI'U:LiNi
U
Zi:LNi

where i is the channel number of the MCA (see Fig. 7.5), N; is
the number of counts in channel i, and L and U are lowest and
uppermost limits, respectively, of the sample pulse-height
spectrum. By comparing Eqns 7.6 and 7.8, we can see the close
similarities of the sample spectrum quench-indicating parame-
ters, SIS and SQP(I).

The sample spectrum quench-indicating parameter SQP(I)
has the same applications and limitations as SIS described
previously. All methods of characterizing the sample spectrum
to define the degree of quench in a sample require the use of
quenched standards for the preparation of a standard quench-
correction curve of counting efficiency plotted against the QIP.
The procedures used to prepare a standard quench-correction
curve are described in Section V.D.

SQP(I) = (7.8)

c. Asymmetric Quench Parameter of the Isotope or AQP(I)

The asymmetric quench parameter of the isotope [AQP(I)] is
a sample spectrum quench-indicating parameter employed with
certain microplate scintillation counters of PerkinElmer, Inc.
(Hughes et al., 2001). Quench-correction curves based on
AQP(I) provide an improvement over the SQP(I) sample spec-
trum quench-correction curves for low-energy beta emitters
such as tritium. The previously described SQP(I) is a quench-
indicating parameter, which provides an MCA channel number
equating the midpoint of the isotope spectrum. When quench
occurs in tritium samples the shift in the MCA channel number
according to quench is limited because of the small (low-energy
range) of the tritium beta-particle pulse-height spectrum. The
AQP(I) makes use of two multichannel analyzers, MCA| and
MCA,, providing two pulse-height spectra of the sample. The
MCA, produces a pulse-height spectrum of the sample of beta
events detected by the two photomultiplier tubes in coincidence.
The MCA; records the beta events from only one MCA where
pulse events of low height (e.g., below channel number 150) are
discarded. The setting of the channel discriminator can be
adjusted to optimize quench-correction curves. The AQP(I) is
then calculated from the ratio of the counts in the two MCAs or
AQP(I) = MCA,/MCA,;. Since the pulse-height spectrum of
MCA is always greater than that of MCA,, the value of the
quench-indicating parameter is greater than one, and its value
reduces in magnitude as quench increases.

A major advantage of the AQP(I) quench-indicating
parameter is a very broad range of QIP values over a broad
range of quench levels providing more accurate determination
of detection efficiencies for low-energy beta emitters, such as
tritium. For example, *H samples with counting efficiencies
over the range of approximately 2.5—35% will yield AQP(I)
values over the broad range of approximately 5—120, respec-
tively. Therefore, a tritium quench-correction curve based on
a plot of % counting efficiency of *H versus AQP(I) can be used
to provide more accurate measurements of counting efficiency
as a function of AQP(I).
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C. External Standard Quench-Indicating
Parameters

A method of quench correction more popular than the afore-
mentioned sample spectral methods is the external standard
method. This method uses an external source of gamma radia-
tion to create a Compton spectrum in the scintillation cocktail as
a tool to facilitate the measurement of quench in the sample.
The sample with fluor cocktail in its scintillation counting vial is
counted first in the absence and subsequently in the presence of
the external gamma-ray source. This external gamma-ray
source is located within the instrument and it is positioned into
close proximity of the counting vial when needed. The general
interaction of the gamma rays with the scintillation vial material
and cocktail is mainly via the Compton effect (see Chapter 1).
The external gamma radiation produces Compton electrons
with a wide spectrum of energies within the scintillation
cocktail. The Compton electrons produce a scintillation effect in
the fluor cocktail and a characteristic pulse-height spectrum.
The pulse-height spectrum produced by the external standard is
used to create a quench-indicating parameter (QIP) for the
measurement of quench in homogeneous samples in fluor
cocktail. A series of radionuclide quenched standards are
prepared generally as described in Section V.D, and a quench-
correction curve of percent counting efficiency versus a QIP
created by the external gamma-ray source is plotted. Once the
quench-correction curve is prepared, the quench levels and
activities of experimental samples are determined automatically
by the LSA. The instrument determines the count rate of the
sample and then uses the external standard gamma-ray source to
measure the QIP of the sample. The value of the QIP is then
used to obtain the radionuclide counting efficiency from the
quench-correction curve. The counting efficiency, in turn, is
used to convert the sample count rate to disintegration rate
according to Eqn 7.7.

Some external standard gamma-ray sources used in
liquid scintillation analyzers are '**Ba (1, 52 =106 y), B37¢s
(tip = 30 y),"?Eu (11, = 13.2 y),*"Ra (11, = 1559 y),
and **'Am (1, /2 = 432 y). The QIPs that are measured against
the 133Ba, 137Cs, and '>?Eu external standards are defined as the
tSIE (transformed spectral index of the external standard), H#
(Horrock’s number), and SQP(E) (i.e., spectral quench param-
eter of the external standard), respectively. These quench-indi-
cating parameters (QIPs) are determined differently and with
different gamma sources. These will be described subsequently
in addition to a quench-indicating parameter common to all
external standard sources, namely, the external standard chan-
nels ratio (ESCR) technique.

1. External Standard Channels Ratio (ESCR)

The external standard channels ratio (ESCR) technique for the
determination of counting efficiencies is similar to the SCR
method described previously. The principal difference is that the
channels ratio produced by the external standard Compton
pulse-height spectrum is utilized rather than that produced
by the sample pulse-height spectrum. The ESCR was once
a very popular quench-indicating parameter before the advent
of modern liquid scintillation analyzers equipped with more
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versatile QIPs, such as H#, SQP(E), and tSIE; however,
the ESCR method is still used with the older-generation
instruments.

The ESCR technique offers the advantage that the optimum
channel widths (counting regions) and gains for the channels
ratio determinations are often factory set to monitor the scin-
tillation events produced by Compton electrons, which result
from the interaction of gamma rays of the external standard with
the scintillation cocktail and vial wall. In the previously
described SCR technique, the channel widths and gain settings,
which produce the best (most linear) quench-correction curve,
must be determined experimentally and will differ from radio-
nuclide to radionuclide.

In practice, the ESCR quench-correction curve is prepared
first by counting a series of variably quenched radionuclide
standards in a preselected counting region from which counting
efficiency values are obtained. After each of the above counts is
obtained, an additional count is made for each sample exposed
to the external gamma-ray source. The external standard counts
are collected in two other preselected counting channels, and
the net count rate in these two channels due to the external
standard is computed by subtracting from both channels those
pulses or counts contributed by the sample nuclide. The ESCR
is obtained from the external standard count rates in these two
channels. A plot of counting efficiency versus ESCR is then
made as illustrated in Fig. 7.12.
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FIGURE 7.12 Color and chemical quench-correction curves based on the
external standard channels ratio. (From Takiue et al., 1983, reprinted with
permission from Elsevier ©1983)
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Because the channels ratio in the ESCR method arises from
counts produced by an external source, the ratio determination
does not suffer from poor statistical accuracy for samples with
low count rates, as does the SCR method. However, the ESCR
technique has certain disadvantages among which are (1) the
quench-correction curves are dependent on sample volume, (2)
the quench-correction curves display a greater difference for
color and chemical quenching, and (3) at least one minute
additional counting time is required to count each sample
exposed to the external standard. Wigfield and Cousineau
(1978) found excellent agreement between counting efficiencies
and various combinations of chemical and color quenching.
They advise that the user investigate his/her own counting
system and scintillation cocktail to evaluate the acceptability of
this technique within acceptable error for samples with chem-
ical and color quenching before discarding the use of this
technique. Although the method currently is not commonly
used in lieu of the more versatile external standard QIPs to be
discussed subsequently, the ESCR method was used success-
fully by Lin et al. (2008) and Liu et al. (2005) for the
measurement of *>Ca, Wells et al. (2001) for the measurement
of ’P, and Al-Haddad et al. (1999) for the measurement of “H.

2. H-number (H#)

The H-number (H#), as a quench-indicating parameter, was first
proposed by Horrocks (1976a, 1976b, 1977, 1978a), and it
remains a versatile method for quench correction in liquid
scintillation analysis with Beckman Instruments (Laureano-
Perez, et al., 2010, Ray et al., 2009, Bonardi et al., 2004,
Zimmerman et al., 1998, Zimmerman and Collé, 1997a,b, Sinor
et al., 1997, Samuels and Scott, 1995, Newell and Krambeck,
1995, and L’ Annunziata, 1987).

The technique involves the irradiation of liquid scintillation
counting vials containing standards in scintillation cocktail,
varying in their degree of quench, with an external radionuclide
source '¥’Cs ('*’™Ba) emitting monoenergetic gamma radiation.
The radiation reaching the scintillation vials and samples
consists exclusively of 0.662-MeV gamma rays, as the
0.032-MeV X-rays from '*"™Ba are absorbed by the source
container. Via the Compton effect, the gamma radiation
produces a spectrum of Compton scatter electrons of varying
energies between zero and E,,x in the scintillation fluor cocktail.

The spectrum of energies of the Compton electrons is
constant from sample to sample. However, the scintillation
photon intensities and concomitant pulse heights produced by
the Compton electrons will vary depending on the amount and
type of quenching agent in each sample. The Compton scatter
electrons produce a spectrum of pulse events as illustrated in
Fig. 7.13. If only those Compton scatter electrons with energy
E.x are considered, these would produce pulse heights of
maximum magnitude as a peak referred to as the Compton
edge. The magnitude of the pulse-height spectrum at the
Compton edge is maximum for a sample free of quenching
agents and saturated with nitrogen gas (nonquenched sample).
The Compton edge of quenched samples is encountered at
lower pulse heights than that of the non-quenched sample, and
the degree of spectral shift is a function of the amount of quench
in the sample. A measure of the degree of spectral shift or
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FIGURE 7.13 Effect of quenching on the inflection point of the external
standard "*"Cs Compton edge for (a) a weakly quenched sample (H# = 19) and
(b) a strongly quenched sample (H#=339) in a Beckman LS 7800 liquid
scintillation analyzer. (L’Annunziata, M. F., 1986, unpublished work)

difference in Ey,x pulse response is called the H#, and it is
a measure of the amount of quench in a sample.

In practice, the H# concept is applied to the quench correction
of samples counted with liquid scintillation analyzers with log-
arithmic pulse-height conversion. Such systems convert the
initial pulse-height response to the logarithm of the pulse height.
Thus, initial pulse responses, which may differ by a factor of
1000, may be handled by a single amplifier and pulse-height
analyzer and, as reported by Horrocks (1978b), there is a constant
logarithmic difference between response relationships at different
quench levels. For example, a 50-percent reduction in photon
yield or an increase in quench by a factor of two represents
a constant difference of 0.301 or the logarithm of two between
the logarithmic response relationships of different quench levels.
This is illustrated in Fig. 7.14.
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FIGURE 7.14 Relative quench effect on the logarithmic response for different
electron energies. Curves are marked to indicate logarithmic response at quench
levels of 50, 25, and 10 percent compared to the pulse-height response from
nonquenched scintillation media. Curves marked ‘25%’, ‘50%’, and ‘non-
quenched’ are separated by a constant value of 0.301 relative pulse height. (From
Horrocks, 1980. reprinted with permission from Elsevier © 1980)

With logarithmic response relationships, the measured pulse
height, H, may be defined using the notation of Horrocks as

H=a+blogE (7.9)

where H is commonly expressed in discriminator division, a is
the pulse-height response for a 1-keV electron, and b is the slope
of the energy response curve. For different levels of quench, the
slope b will remain constant, but the value a will differ. For
a nonquenched sample the measured pulse height, H,, may be
defined as

Hy = ao+blogE (7.10)

Likewise, for a quenched system the measured pulse height, H,,
may be written as

Hy = aqg+blogkE (7.11)

The difference between the measured pulse-height responses for
electrons of the same energy (e.g., Emax from '*’Cs Compton
edge) in nonquenched and quenched systems is defined as the H
# or

H# = Hy— Hq (7.12)
= ag — aq + b log E — blogE (7.13)
= ap —aq (7.14)
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The H# is determined by taking the difference between the
relative pulse heights at the inflection points of the '*’Cs
Compton spectra of nonquenched and quenched samples, as
illustrated in Fig. 7.13. In the examples presented in Fig. 7.13,
H# values of 19 and 339 are illustrated. Greater and lesser
degrees of quench will result in a corresponding variation in the
magnitude of the H#. The inflection points of the quenched and
non-quenched samples are determined automatically by multi-
channel analysis while exposing the samples to an external
137Cs(137mBa) source. The multichannel analyzer divides the
pulse-height scale into narrow channels and accumulates the
counts in each channel over a given period of time. A micro-
processor then compares the counts in each channel to define
the Compton spectra and precisely locate the inflection points.

With certain liquid scintillation spectrometers, for example,
those of Beckman Instruments, the inflection point of the
external standard Compton edge produced by a nonquenched
fluor cocktail is factory set at 870 discriminator units. Quenched
samples produce Compton edges with inflection points at lower
discriminator levels, and the magnitude of the difference defines
the H# (see the examples in Fig. 7.13).

In practice, a standard curve is prepared to relate counting
efficiency to H#. This requires the preparation of a set of
standards in liquid scintillation vials containing the same and
known activity (DPM) of radionuclide and increasing amounts
of quenching agent in scintillation fluor cocktail (see Section
V.D for procedures for preparing quenched standards). These
standards are then counted in optimal region settings (LL and
UL discriminator settings) and the counting efficiency
(E = cpm/dpm or cps/Bq) for each quenched standard is plotted
against the H# as illustrated in Fig. 7.15. The counting effi-
ciency of specific radionuclide samples of unknown activity is
determined from their H# and the standard curve for that
radionuclide.

The H# technique offers certain advantages over the ‘clas-
sical’ quench-correction methods such as SCR and ESCR.
These advantages are (1) any sample can have only one H#
value, contrary to channels ratio techniques, (2) the H# tech-
nique results in less variable quench-correction curves over
a wider range of counting efficiency, (3) if the H# of a non-
quenched standard is properly calibrated, the H# of any given
sample would be constant from instrument to instrument,
although the counting efficiency may not necessarily be
constant.

3. Relative Pulse Height (RPH) and External Standard Pulse
(ESP)

The relative pulse height (RPH) and external standard pulse
(ESP) quench-correction techniques are similar in concept to
the previously described H# quench monitor procedure.

In the ESP technique, reported by Laney (1976, 1977) and
evaluated by McQuarrie et al. (1980), the liquid scintillation
spectrometer measures the degree of quench in a sample by the
shift in the average pulse height, P, originating from Compton
electrons produced by an external '**Ba gamma-ray source as
compared to the average pulse height, P;, produced in a sealed
nonquenched reference vial stored in the elevator mechanism of
the counter. The shift in the average pulse heights is defined by
the ratio

P — Py

ESP = ————
PS—Poo’

(7.15)
where Po is a correction term corresponding to Compton
electrons produced by the external gamma-ray source under
‘infinite’ quenching. In ESP determinations, the entire external
standard pulse-height spectrum of quenched and non-quenched
samples is stored in a multichannel analyzer from which the
average pulse height is determined.
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FIGURE 7.15 Quench-correction curves for *H, 'C, **P, and *’P based on the quench-indicating parameter H#. The *H and '“C plots were obtained from
commercially obtained quenched standards. Those of **P and *?P were obtained from standards prepared with Insta Gel scintillation cocktail and CCl, quenching

agent according to the table inset. (L’Annunziata, M. F., 1986, unpublished work)
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FIGURE 7.16 Variations in counting efficiency with ESP using quenched '*C
standards. (Plotted from data of McQuarrie et al., 1980)

As described in the case of H#, a quench-correction curve is
prepared relating counting efficiency with ESP, using a set of
quenched standards containing the same activity of radionuclide
and varying amounts of quenching agent in fluor cocktail. A
quench-correction curve is obtained by plotting counting effi-
ciency against ESP as illustrated in Fig. 7.16. Laney (1976)
defined the relative pulse height (RPH) as the reciprocal of the
ESP. Both can serve as quench-indicating parameters, but ESP
produces quench-correction curves with more linearity (Grau
Malonda, 1999).

4. Spectral Quench Parameter of the External Standard or
SQP(E)

The quench-indicating parameter SQP(E) is measured with
226Ra or *?Eu (Giinther, 1998) as the external standard source
in liquid scintillation analyzers of the LKB and Wallac
instruments (Kouru, 1991 and Grau Malonda, 1999). These
instruments are now manufactured by PerkinElmer, Inc. A
multichannel analyzer with 1024 logarithmic channels is used
to determine the position of 99.5% of the endpoint of the
external standard Compton spectrum to define the value of the
SQP(E). As described by Grau Carles (2006b), the endpoint of
the Compton spectrum is a well-defined point for spectrome-
ters with logarithmic amplifiers. The SQP(E) parameter, like
all quench-indicating parameters (QIPs), is a relative number,
and it is a meaningful number when compared to other SQP(E)
values. As a QIP in liquid scintillation analysis, SQP(E)
remains a robust and widely used parameter to monitor and
correct for sample quench levels for the determination of
detection efficiencies (Chmeleff et al., 2010; Jorg et al., 2010;
Kossert and Grau Carles, 2010, 2008 and 2006; Wanke et al.,
2010; Kossert et al., 2009; Krajcar Bronic¢ et al, 2009; Varlam
et al. 2009; Kossert et al., 2009; Werth and Kuzyakov, 2008;
Laureano-Pérez et al., 2007; Tarancon et al., 2007; Grau Carles
et al., 2006; Grau Malonda et al., 2006; Hou, 2005; and Hou
et al., 2005).

The gamma source for the SQP(E) determination is posi-
tioned below the counting vial containing scintillation fluor
cocktail. The SQP(E) defines the uppermost channel number
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(endpoint) that comprises 99.5% of the total counts of the
external standard pulse-height spectrum. Only a small portion
of the endpoint, the remaining 0.5% of the total counts or area
under the pulse-height spectrum, is excluded (Kessler, 1989).
As described by Grau Malonda (1999), the SQP(E) for a non-
quenched sample is defined as

SQP(E) = P —400 (7.16)
where SQP(E) corresponds to the i value of the equation

NN=(1-1) Y N> DN

j=1 =400 j=itl

(7.17)

where N; is the total number of external standard counts in
channel j, r =0.995, n = the total number of channels = 1024,
and ZJ”Z 400 Nj = Nio is the total number of external standard
counts or area under the external standard pulse-height spec-
trum above channel 400. The above formula indicates that the
first 400 channels of the external standard pulse-height spec-
trum are excluded from the calculations. The 400 channels at
the lower end of the pulse-height spectrum corresponds to
approximately 0—20-keV events, and the objective of the
exclusion is to reduce that portion of the spectrum that could
vary from any ‘wall effect’ that would occur whenever scintil-
lation fluor solvent penetrates into the plastic wall of the
counting vial. The wall effect is enhanced scintillation resulting
from organic solvents such as benzene or toluene penetrating
into the plastic vial wall. However, this effect generally does not
occur to any appreciable extent with the modern solvents based
on linear alkyl benzene and diisopropylnaphthalene (see
Chapter 8.). In the elucidation by Grau Malonda (1999), the
value of P is obtained from the equation

LS
P= i+ ;N,-— (1 —r)Nwt] (7.18)
where N; is obtained from the equation
1 [ it
N; = 3 Z N; (7.19)
j=i—1

As required with other quench-indicating parameters, it is
necessary to count a set of quenched standards all having
a known and constant activity of radionuclide but varying levels
of quench. From the count rates of each standard and SQP(E)
value measured by the liquid scintillation analyzer, a standard
curve of counting efficiency for a given radionuclide versus
SQP(E) is plotted, such as illustrated in Fig. 7.17 for the
radionuclides *H and '*C. When a sample of unknown activity
of a given radionuclide is analyzed in the liquid scintillation
analyzer, the instrument will determine the SQP(E) value of the
sample, and subsequently extract the counting efficiency of that
radionuclide from the standard curve.

5. Transformed Spectral Index of the External Standard (tSIE)

The external standard quench-correction methods previously
described define specific characteristics of the external standard
pulse-height spectrum as quench-indicating parameters, such as
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(1) the magnitude of the average pulse heights of the external
standard Compton spectrum (e.g., ESP and RPH), (2) the
inflection point at the Compton edge (e.g., H#), and (3) the
endpoint of the external standard pulse-height spectrum [e.g.,
SQP(E)]. Another popular external standard quench-indicating
parameter was first reported by Everett et al. (1980) and Ring
et al. (1980) under the designation of spectral index of the
external standard (SIE). The SIE is similar to the SIS previously
described with the exception that the SIE characterizes the
external standard pulse-height spectrum in the same fashion as
the SIS characterizes the sample pulse-height spectrum (Kess-
ler, 1989). The objective of SIE is to characterize the external
standard pulse-height spectrum to the extent of quantifying the
various features of the pulse-height distribution and any
changes in these features, which could occur as a result of
quench. Features such as the spectral peak, slope at various
points of the spectrum, and maximum pulse height will govern
the center of gravity of the pulse-height spectrum, which will
obviously change according to quench level (L’Annunziata,
1987). The SIE is calculated as

Yxo X n(x)
Zg:L n(x)

where k is a factor assigned to provide a maximum value to the
SIE of a nonquenched standard, X is the channel number, n(x) is
the number of counts or pulse events in channel X, and L and U
are lower and upper limits that encompass the pulse-height
spectrum. The lower limit L is set above zero sufficient to
eliminate changes in pulse events of low magnitude produced
by the ‘wall effect’. That could occur if fluor cocktail solvent
were to penetrate the plastic wall of the scintillation counting
vial. Notice the close similarity of the above equation for SIE to
that used to calculate SIS (Eqn 7.6). The values of SIE are
unitless, always greater than 1.0, and of magnitude that will
vary according to quench (i.e., the higher the quench level in the
sample, the lower will be the SIE value.

A further development based on the SIE is the transformed
spectral index of the external standard (tSIE) introduced by

SIE = k (7.20)
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FIGURE 7.18 Transformed liquid scintillation pulse-height spectrum of an
external '**Ba standard. The tSIE is calculated by the extrapolated value E times
a calibration factor F to provide a quench-indicating parameter in the range of
zero to 1000. The highest value of tSIE = 1000 is set using an unquenched '*C
standard. (©1998 PerkinElmer; Inc. Printed with permission.)

Packard Instruments and now a product of PerkinElmer, Inc.
The tSIE method of quench correction uses '**Ba as the external
gamma-ray source or standard. The Compton spectrum of this
external standard is obtained in an MCA, such as the SIE
described previously and transformed by performing a reverse
back sum on the spectrum to obtain the transformed spectrum as
illustrated in Fig. 7.18. From the transformed spectrum, an
endpoint energy is determined by a reverse spectral transform
(RST) technique using two points on the spectrum and extrap-
olating to the energy axis (Kessler, 1989). The simplified
mathematical expression of the reversed spectral transform is

E E, E,
/N(E)dE: ( /N(E)dE— /N(E)dE)
5 E

Emax Emax max

(7.21)

E —tSIE
X ———
E; — Ey
where E is the transformed energy and tSIE is calculated as one
of the parameters of the RST function as

£
[ N(E)dE
SIE = E— (B~ £1) — Enes . (7.22)
2 N N 1 N N
[ N(E)E — [ N(E)dE
Eax E

The final tSIE (extrapolated endpoint times a calibration factor)
is calculated on the basis of the tSIE being equal to 1000 for
a nonquenched '*C sample, that is used for instrument cali-
bration and normalization. Additional information on the
measurement of tSIE and its applications is given by Kessler
(1991a,b). The '**Ba gamma-ray source for the measurement of
the tSIE is positioned below the sample vial. The positioning of
the external standard under the sample produces a quench



measurement that compensates for variations of sample volume.
The value of tSIE, therefore, can be accurately determined even
for small (<1 mL) sample—fluor cocktail mixtures.

The major advantages of using the external standard quench-
indicating parameter tSIE rather than the QIP based on the
sample spectrum (SIS) can be ascertained from Fig. 7.19, which
shows quench-correction curves for tritium, '*C, and **P plotted
on the same graph. These plots of percent efficiency versus tSIE
were obtained with a PerkinElmer 2700TR LSA using three sets
of quenched standards, one set of standards for each radionu-
clide. The plots illustrate the dynamic range of the quench-
indicating parameter from 1000 for the non-quenched cocktail
mixtures to less than 100 for the highly quenched samples of the
three radioisotopes. Also, we can note from Fig. 7.19 that, for
a given level of quench, the counting efficiencies are higher for
radionuclides that emit beta particles of higher energy, and
quench has less effect on the counting efficiencies of radionu-
clides that emit beta particles of higher energy. It is important to
recall that tSIE, like other external standard QIPs, is radioiso-
tope independent; it is a function of the quality or quench level
of the fluor cocktail. The second advantage of the external
standard method over the sample spectrum characterization
method for the determination of QIP is that the external stan-
dard method is sample count-rate independent. The external
standard quench-indicating parameter (QIP) does not depend on
the count rate of the sample; rather it depends on the counts
created by the external gamma-ray source and the resultant
Compton electrons produced within the scintillation fluor
cocktail. The only disadvantage of the external standard method
is that each sample must be counted alone and then counted
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again with the external standard present. This extra counting
step usually requires about 6—120 seconds additional counting
time, depending on the sample volume and quench level. This
disadvantage is of little significance, because sample counting
with and without the presence of the external standard and the
measurement of the QIP are fully automated.

The quench-indicating parameter tSIE is, like the previously
described SQP(E) external standard QIP, a very robust and
commonly employed parameter for the measurement of quench
and the determination of radionuclide detection efficiencies.
Numerous examples are found in the literature, and a few
examples covering a wide range of applications are the
following: Chmeleff et al. (2010), Ishimori et al. (2010), Jorg
et al. (2010), Kossert and Grau Carles (2010, 2008 and 2006),
Stamoulis et al. (2010), Wanke et al. (2010), Zhilin, et al.
(2010), Alamelu and Aggarwal (2009), Kossert et al. (2009),
Lazare et al. (2009), Laureano-Pérez et al. (2007), Mikelic et al.
(2007), Grau Carles et al. (2006), Grau Malonda et al. (2006),
Mingote et al. (2006), Altzitzoglou (2004), Harms and Jerome
(2004), and Johansson et al. (2004 and 2003).

Low-energy beta emitters, such as tritium (Ep.x = 18.6 keV),
will exhibit a more significant variability in detection efficiency
as a function of quench when compared to radionuclides that
have higher beta-decay energies, such as H4C (Epax = 156 keV),
BP (Epax =249 keV), and P (Ep. = 1710 keV). This is
illustrated clearly in Figs. 7.11, 7.15, and 7.19. A maximum
liquid scintillation detection efficiency for nonquenched tritium
(i.e., a sample containing no quenching agent) in modern liquid
scintillation analyzers is ~68 % (see Table 7.2 and Figs. 7.11,
7.15, and 7.19), which is achievable with a nonquenched tritium
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FIGURE 7.19  Quench-correction curves for *H (Epa = 18.6 keV), '*C (Epax =

156 keV), and **P (Eppay = 1710 keV) using tSIE as the external standard quench-

indicating parameter with a PerkinElmer 2700TR LSA. The optimum counting efficiencies for the unquenched samples of *H, '*C, and 5% water-quenched **P were
67.6, 96.9, and 98.1%, respectively. (L’Annunziata, M. F., 1996, unpublished work)
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FIGURE 7.20 Quench-correction curves of detection efficiency (%) versus the quench-indicating parameter tSIE for (a) tritium (from Harms and Jerome, 2004,
reprinted with permission from Elsevier © 2004) and (b) for >°Fe. (from Mikelic et al., 2007, reprinted with permission from Elsevier © 2007)

standard generally used for instrument calibration. However, in
practice, unquenched samples are not encountered, as the sample
solution (e.g., H>O is a quenching agent as well as dissolved
oxygen gas in the counting solutions). Thus, a typical quench-
correction curve for tritium is one reported by Harms and Jerome
(2004) and illustrated in Fig. 7.20a, which was prepared from
a series of tritium quenched standards in counting vials con-
taining the same and known activity of tritiated water (1 mL of
HTO), 10 mL of scintillation fluor cocktail, and increasing
amounts of up to 0.3 g of 10% nitromethane in ethanol as
quenching agent. Fig. 7.20a clearly illustrates an optimum
detection efficiency of ~45% for the tritiated water containing no
nitromethane. Now, if we consider a radionuclide, such as 55Fe,
which emits Auger electrons of energy well below the E,x of the
tritium beta particles, we will observe yet lower detection effi-
ciencies for samples with similar quench levels as those previ-
ously discussed for tritium. The radionuclide *°Fe decays by
electron capture (EC) to stable 3Mn with the emission of 5.2-
keV Auger K electrons and Mn K-series X-rays of 5.9 and 6.5
keV (NNDC, 2011). A quench-correction curve for 55Fe, illus-
trated in Fig. 7.20b, reported by Mikelic et al. (2007), was
prepared from a series of quench standards of *°Fe in fluor
cocktail containing increasing amounts of nitromethane
quenching agent. Although quenching agents can have a very
significant affect on the liquid scintillation detection efficiencies
of low-energy beta-emitting nuclides (e.g., “H) and on the
detection efficiencies of radionuclides that emit Auger electrons
(e.g., >°Fe), the quench-indicating parameter tSIE as well as the
previously described SQP(E) are robust QIPs capable of
measuring accurately very low detection efficiencies (<10% E).

6. G-number (G#)

The G# is a quench indicating parameter (QIP) first described in
detail by Grau Carles and Grau Malonda (1992) as a patent and
subsequently reported by Grau Carles et al. (1993a). The
method was designed to provide an accurate QIP regardless of
the level of quench in a sample, even when the quench level is so
high that the counting efficiency of the beta-emitting radionu-
clide is reduced to less than 1%. The idea behind this approach
of Grau Carles and Grau Malonda is based on the use of
an external standard which emits considerable quantities of
high-energy gamma radiation sufficient to produce appreciable

numbers of Compton electrons in the sample scintillation
cocktail that have energies above the Cherenkov threshold of
263 keV. The LKB Rack Beta liquid scintillation analyzers
(PerkinElmer, Inc.) are equipped with such a gamma source,
namely 22Ra; and the development of this technique was
therefore demonstrated with the LKB instrument. The Compton
electrons produced by the *°Ra external standard will generate
a pulse height spectrum, which is a result of photons emitted by
the sample originating from a combination of scintillation and
Cherenkov events. As explained by Grau Carles and Grau
Malonda (1992), both scintillation and Cherenkov photons are
detected simultaneously within the 18 ns time window of the
coincidence circuitry of the liquid scintillation analyzer.
However, when samples are very highly quenched in the liquid
scintillation cocktail, the liquid scintillation diminishes
considerably to the point that the pulse height spectrum
produced by the *?°Ra external standard becomes the result of
mostly Cherenkov photons produced by the portion of Compton
electrons of energy in excess of 263 keV. In this fashion,
regardless of the level of quench, a characteristic of the pulse
height spectrum of the *°Ra can be measured to provide an
accurate QIP even when the scintillation process is quenched to
the extent that beta-particle emitting radionuclides are counted
at an efficiency of less than 1%.

Like all other methods of quench correction, this technique
requires the preparation of a set of quenched standards of the
radionuclide of interest. The quenched standards are counted in
a suitable counting region defined by lower-level and upper-
level discriminator settings. The count rate of each quenched
standard is determined in this counting region, and the counting
efficiency is calculated. The quenched standards are also
exposed to the ?°Ra external standard gamma-ray source, and
the resulting **°Ra pulse-height spectrum is produced in the
channel or counting region between 10 and 500. Fig. 7.21
illustrates pulse-height spectra produced by eight quenched
standards exposed to **°Ra external standard. The spectra show
how the pulse heights shift from higher to lower magnitudes
(higher channels to lower channels) as quench increases. At
very high levels of quench (standards # 4 to # 8 of Fig. 7.21) the
pulse-height spectra from **°Ra are the consequence of mainly
Cherenkov photons produced by the Compton electrons in
excess of 263-keV energy.
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FIGURE 7.21 Compton spectra from **°Ra adjusted and normalized for
different quench levels. (From Grau Carles and Grau Malonda, 1992, printed
with permission)

The G-number is based on the analysis of the displacement
of the final part (endpoint) of the **Ra external standard pulse-
height spectra as a function of quench. According to Grau
Carles et al. (1993a), Fourier series are fitted to the pulse-height
spectra produced by the **°Ra external standard to enable their
normalization to the number of counts, yy, of the first peak in
the pulse-height spectra due to Cherenkov light created by the
most energetic Compton electrons (i.e., the left-most peaks in
Fig. 7.21). The spectral interval within the limits yy/10 and
yn /500 is taken from the final part of each external standard
pulse-height spectrum. A linear relationship in the selected
interval is obtained by raising the number of counts y to the
power « or

O<axl (7.23)

y—=y*

where « is the value, that provides the best regression coefficient

in the line
v =ax+b (7.24)

For the channel with a number of counts y = yy/100 the
G-number is given by

(yn/100)* — b

G = (7.25)
Examples of typical quench-correction curves obtained with
quenched standards of 338, 14C, Ca, and *°Sr are illustrated in
Fig. 7.22, where it is clearly illustrated that the G-number serves
as an excellent quench-indicating parameter over the widest
possible range of counting efficiency from the highest detection
efficiency to the lowest (<1%). This is clearer from the
expanded quench-correction curve for highly quenched *’Ca
illustrated in Fig. 7.23 over the counting efficiency range of 1%
to approximately 27%.

There is no documented rationale for the selection of
the name ‘G-number’ for the identification of this quench-
indicating parameter. However, the writer can only assume that
the letter ‘G’ calls to mind the first letter of the family names
Grau Carles and Grau Malonda, who devised this technique.
Consequently, this QIP could likewise be called the ‘Grau-
number’. There exists a similar corollary in the previous
development of the H-number by D. L. Horrocks, described
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FIGURE 7.22 Calibration or quench-correction curves of counting efficiency
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SCa. (From Grau Carles et al., 1993a, reprinted with permission from Elsevier
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previously in Section V.C.2. In recognition of its founder, the H-
number is also referred to as the Horrocks-number.

D. Preparation and Use of Quenched Standards
and Quench-Correction Curves

A quench-correction curve is a calibration curve of percent
efficiency versus a quench-indicating parameter (e.g., H#,
SQP(E), tSIE, and G#). Examples of quench-correction curves
are found in Figs. 7.9, 7.11, 7.12, 7.15—7.17, 7.19, and 7.20,
7.22 and 7.23. The quench-correction curve is prepared from
a set of quenched standards, which is a series of samples con-
taining the same radionuclide in scintillation cocktail, all with
the same activity (DPM) but different levels of quench.

1. Preparation of Quenched Standards

There are two methods used for obtaining a set of quenched
standards. The first method is to purchase a set of sealed stan-
dards for the radionuclide of interest and scintillation cocktail
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type that one plans to use, and with the quenched standards,
prepare a quench-correction curve of percent counting effi-
ciency versus a suitable QIP. Quenched standards of *H and '*C
are available commercially, because of their relatively long
half-lives. Some suppliers (e.g., PerkinElmer, Inc.) can provide
the quenched standards according to specification including
variables such as (1) radionuclide standard activity, (2) scintil-
lation cocktail, (3) quenching agent, (4) counting vial size and
type, and (5) sample volume. Also, sets of quenched standards
for *H and '*C are sold on the market without customer spec-
ifications. If a user is interested in procuring these, it is
important that he or she procures the set of quenched standards
with vial size, sample volume, and scintillation cocktail
compatible with their experimental samples. The second
method is to prepare a series of quenched standards in the
laboratory and to prepare the quench-correction curve from
these quenched standards. This method can be the most reliable
when very accurate DPM values are required, because the user
can control all aspects of the preparation of the quenched
standards to most closely represent the chemistry of his or her
experimental samples. A detailed description of the procedure
for the preparation of quenched standards and a quench-
correction curve from the quenched standards is provided next.
An outline of the steps is as follows:

a. Choose the type and size of counting vial and sample
volume that will be used. Counting vials come in various
sizes (e.g., 4, 6, 8, and 20 mL) and as glass or plastic.
Although glass and plastic vials may perform similarly
(Elliott, 1984), there can be differences depending on the
cocktail used and radionuclide analyzed. Also, background
counts can be lower with plastic vials. The size of the vial
can have a significant effect on counting geometry and the
quench-correction curve could vary significantly according
to this variable. The vial size and type, scintillation cocktail-
sample volume, and cocktail composition of the quenched
standards should be the same as the experimental samples
(Coll¢, 1997a,b).

b. Choose the scintillation cocktail that will be used.
Commercial scintillation cocktails come in various chemical
compositions with differing properties, some miscible with
organic solutions and others with aqueous sample solutions
(see also Chapter 8.). Scintillation cocktails that use solvents
such as toluene, xylene, pseudocumene, or linear alkylben-
zene may be used with samples in organic solvents, while
cocktails using diisopropylnaphthylene (DIN) or phenyl-
xylylethane (PXE) as solvents may be mixed with aqueous
samples. Most accurate results are obtained when the
chemistry of the quenched standards are the same as the
experimental samples. Detection efficiencies can vary
between different scintillation cocktail compositions. Error
can be introduced when determining the activity (e.g., DPM)
of an experimental sample mixed in a scintillation cocktail
different from that from which the quenched standards were
prepared. The error is particularly pronounced in the case of
the LSA of low-energy radionuclides such as tritium (Collé,
1997a,b). It is best therefore to prepare quenched standards
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with the same scintillation cocktail to be used with the
experimental samples.

. Prepare a stock solution to contain the radionuclide

standard of interest of known activity (DPM) in the
scintillation cocktail. The radionuclide standard should
have an activity that is accurately known such as one
traceable to a primary standard (e.g., NIST traceable stan-
dard) or a radionuclide standardized according to a known
method of standardization. The standard used must be
compatible and thoroughly miscible with the cocktail. The
stock solution should be of sufficient volume to prepare
more vials than standards that are needed to allow for the
possibility of discarding some standard vials for reasons
described subsequently. For example, if 10 quenched stan-
dards each containing 10 mL of scintillation cocktail are
desired, than prepare a stock solution of more than 150 mL
of scintillation cocktail containing radionuclide standard to
allow the testing of 15 standards with the possibility of
discarding 5 as described in step (5) below. The level of the
radioactivity in the stock scintillation cocktail should be
high enough to require counting the standards for only
a short period of time and still achieve good or acceptable
counting statistics. Activities of approximately 200,000
DPM per vial of low-energy-emitting radionuclide, such as
*H, or approximately 100,000 DPM per vial of higher-
energy-emitting radionuclide, such as 'C, should be
adequate.

. Transfer the exact aliquot of radionuclide stand-

ard—scintillation cocktail stock solution into each of the
vials to be used for the preparation of the quench-
correction curve. The stock solution may be added by
pipette or gravimetrically. Gravimetric addition can be the
most accurate. The volume of the quenched standards
should be similar to the volume of the experimental samples
against which the quench-correction curve will be used.
Counting geometry due to volume differences can affect the
counting efficiency.

. Count each of the standards and determine whether

the count rate (CPM) of each is within acceptable
counting statistics. A counting region that encompasses
the entire radionuclide pulse-height spectrum can be used
or other suitable counting region that would encompass
a large part of the pulse-height spectrum and avoiding
most background pulse events at the low-energy end of
the background spectrum. The standards are of high
activity and background counts can be subtracted or
ignored if insignificant. Replicate counts of each standard
(e.g., count each standard from 5 to 10 times). Obtain
a mean count for all of the standards. As an excess
number of standards are prepared, any of the standards
that deviate more than 2% from the mean count rate can
be discarded. This provides us with a set of standards of
equal activity in scintillation cocktail.

. Select a suitable quenching agent and add increasing

amounts of the quenching agent to each standard.
In this step, the amounts of quenching agent do not
have to be added with precision. Only the amount of
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radionuclide standard in each vial, prepared in the
previous step, must be exact. With respect to the
quenching agent added, it is only important that each
vial has increasing amounts of quenching agent so that
a quench-correction curve of counting efficiency versus
QIP can be established over a broad range of quench
levels. Nitromethane is a popular quenching agent,
because it is a strong quencher and only small incre-
ments are required. For example, if the scintillation
cocktail uses toluene as a solvent and there are ten
quenched standards of either H or '“C, than the
following increments of nitromethane can be added to
the vials: 0, 1, 5, 10, 18, 25, 35, 45, 55, and 65 pL to
provide a broad range of quench levels. Notice that the
first vial contains no added quenching agent. It would be
the least-quenched standard. Radionuclide standards that
emit higher-energy beta particles (higher Ey,,x) generally
require larger increments of quenching agent to provide
a quench curve, which displays a significant reduction in
counting efficiency against a QIP. For example, Fig. 7.15
shows P (Epax = 249 keV) and **P (Emax = 1710 keV)
undergo little change in counting efficiency over a wide
range of quench level. Quenching agents have less effect
on counting efficiency as the E,x of the beta-emitter
increases, as illustrated in Figs. 7.15 and 7.19, using 3H,
14C, 33P, and *’P as examples. Other scintillation cock-
tails respond differently to nitromethane. For example,
cocktails containing DIN or PXE solvent may require
larger increments of nitromethane quenching agent. In
such cases, the following increments of nitromethane for
a set of 10 quenched standards may be appropriate: 0, 5,
10, 15, 28, 45, 70, 110, 150, and 230 pL. Other popular
quenching agents are CCly, chloroform, acetone, and
water, which are not as strong quenchers as nitro-
methane, also display differing degrees in their relative
strength of quench. The amounts of quenching agent
required will differ, because not all agents quench
equally, e.g., CCly is a stronger quencher than water by
two orders of magnitude (Grau Carles, 2006b). Classi-
fication of quenching agents according to their quench-
ing power is given by L’Annunziata (1987). The
quenching agent used should be soluble and not react
with the scintillation cocktail. A color dye can be
selected as a quenching agent for a set of quenched
standards when color quench is expected in the experi-
mental samples.

If in doubt concerning the amounts of quenching agents
to add, predetermine this experimentally. Whenever the
amounts of quenching agent required are in doubt, it is easy
to predetermine this by adding various amounts of
quenching agent to scintillation cocktail in counting vials
without radionuclide standard. The vials can then be coun-
ted without radionuclide only to determine the external
standard quench-indicating parameter (QIP) for each vial.
Adjustments can be made with more or less quenching agent
in order to achieve a wide range of quench levels according
to the QIP.
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h. Label the quenched standards by number or letter (e.g.,
1 to 10 or A to J) and isotope, date, etc. The quenched
standards can be labeled only on the top of the counting vial
cap. A round self-adhesive label may be placed on the cap or
the information written on the top of the cap with a fine-
tipped indelible pen.

i. Store the quenched standards in the dark for a day or
more for stability against any possible photo- or chem-
iluminescence. Photo- and chemiluminescence are possi-
bilities that can occur either when the counting vials are
open or when quenching agent is added, respectively. The
samples can be counted on a daily basis to observe if there is
any reduction in count rate with time as evidence of lumi-
nescence. Once stability is confirmed, the quenched stan-
dards can be used to prepare a quench-correction curve.

A procedure alternative to the above for the preparation of a set
of quenched standards would be to dispense the desired volume
of scintillation cocktail to a set of counting vials. The volume
would depend on the combined volume of sample and scintil-
lation cocktail planned for the experimental counting vials (e.g.,
10, 15, or even 20 mL depending on vial size and capacity). The
radionuclide standard is then added to each vial in equal
amounts using a very precise microliter syringe with an adapter
to help assure the addition of the same amounts to each vial.
A Hamilton syringe equipped with a Cheney adapter (Hamilton
Company, Reno, NV 89502, USA or CH-7402 Bonaduz,
Switzerland) may be suitable. The writer finds it easier and
more precise to prepare standards of equal activity by preparing
a stock solution of radionuclide standard in scintillation cocktail
and dispensing this solution into counting vials as described in
steps ¢ and d above.

If stored under refrigeration (5—10 °C), sets of quenched
standards may be stable for two to three years. It is best to keep
records of the quench-correction curves prepared from a given
set of quenched standards from time to time (e.g., monthly
basis) to check their stability.

2. Preparation of a Quench-Correction Curve

The quench-correction curve or plot of counting efficiency
versus quench-indicating parameter (QIP) must be determined
with a set of quenched standards, and this curve stored in the
memory of the liquid scintillation analyzer. The preparation of
the quench-correction curve is described as follows:

a. Set up a counting protocol on the LSC to plot a quench-
correction curve of percent counting efficiency versus
a quench-indicating parameter. One of the QIPs that uses
a sample spectrum characterization method may be used,
although an external standard QIP is more often preferred
for reasons described in Section V.C. Some modern liquid
scintillation analyzers store the entire pulse-height spectrum
of the sample counted onto the memory of the hard disk.
With these instruments, it is often not necessary to set the
counting region defined by lower-level (LL) and upper-level
(UL) discriminator settings. Once the pulse-height spectrum
of each quenched standard is stored in the instrument, the
count rate in any counting region defined by LL and UL
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discriminator settings can be extracted. However, in older-
generation instrumentation it is necessary to first define the
counting region according to LL and UL discriminator
settings prior to counting the set of quenched standards. The
counting efficiency can vary according to counting region
settings, and consequently quench-correction curves of
counting efficiency versus QIP can also differ according to
counting region settings.

b. Count the quenched standards at a statistical accuracy of
at least 0.5% 2s. Due to high activities of standards in each
vial (100,000—200,000 DPM) the counting time required to
reach the 0.5% 2s statistics should not exceed 5 minutes per
quenched standard.

c. Obtain a plot of the percent counting efficiency of the
radionuclide standards versus the QIP. Modern liquid
scintillation analyzers will store these data in computer
memory. When experimental samples are counted, the
instrument should use the QIP measured for the sample and
determine the counting efficiency from the correction
curve.

3. Use of a Quench-Correction Curve

The objective of the quench-correction curve (also referred to as
a calibration curve) is to determine the counting efficiency of
experimental samples. From the counting efficiency the count
rate (e.g., CPM) of the sample is converted to radionuclide
activity (e.g., DPM) according to Eqn 7.7 described previously.
When using a quench-correction curve, it is important to keep in
mind certain rules, some of which may be intuitively obvious.
These are the following:

a. A quench-correction curve is good for only one radionuclide
and instrument.

b. The quench-correction curve is dependent on counting
region defined by lower-level and upper-level pulse-height
discriminator settings.

c. The quench-correction curve is scintillation cocktail
dependent (Collé, 1997a,b). It is important to be certain that
the scintillation cocktail used for the experimental samples
is the same as that used for the preparation of the quench-
correction curve. If a different cocktail is used for experi-
mental samples compared to that used to prepare the
quench-correction curve, it is necessary to confirm that there
is no significant difference between the cocktails in perfor-
mance for a given radionuclide. Differences in performance
of cocktails are more pronounced when analyzing for rela-
tively low-energy beta emitters such as *H and '*C.

d. Quench-correction curves using an external standard QIP
are preferred, because these are independent of sample
activity.

E. Combined Chemical and Color Quench
Correction

When there are significant quantities of chemical or color
quench in scintillation cocktail there can be a significant
difference in the chemical or color quench-correction curve
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FIGURE 7.24 Chemical and color quench-correction curves based on an
external standard. (From Takiue et al., 1991a, reprinted with permission from
Elsevier © 1991)

obtained. This is particularly the case when there is a high
degree of either chemical or color quench (high quench level)
and for the liquid scintillation analysis of relatively weak beta-
particle-emitting radionuclides such as 3H (Epax = 18.6 keV) or
¢ (Emax = 156 keV). Examples of differences between
chemical and color quench-correction curves can be seen in
Figs. 7.12 and Fig. 7.24. Such differences can be observed
regardless of the quench-indicating parameter used. The
differences in the two curves is based on the two different
mechanisms of quench, namely chemical quench that entails the
inhibition of energy transfer from cocktail solvent to fluor
molecules and color quench that entails the absorption of light
photons emitted by the scintillation cocktail (see Fig. 7.1). As
noted by Takiue et al. (1991b), the liquid scintillation pulse-
height distribution of a color-quenched sample is different from
that of a chemical-quenched sample, even if both the samples
have the same activity and counting efficiency (see Fig. 7.25).
Therefore, the pulse-height distribution of the external standard
can be different for either color- or chemical-quenched samples
producing different QIPs and different quench-correction
curves. The difference can be more significant at high levels of
quench as depicted on Figs. 7.12 and 7.24, and it becomes less
significant as the beta-particle energy (Ep,x) of the radionuclide
increases. The colors (e.g., blue, red, green, and yellow) can
have different effects on the degree of color quenching, as the
photocathodes of the photomultiplier tubes within the liquid
scintillation analyzer (LSA) vary in their degree of sensitivity or
response to certain wavelengths. If samples to be counted are
colored, it is best to prepare two series of quenched standards,
namely, one set of standards that have increasing intensities of
coloring agent (color quencher) and another set of standards
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FIGURE. 7.25 Liquid scintillation pulse-height distributions of chemical- and
color-quenched *C samples. Both samples have identical activity and counting

efficiencies. (From Takiue et al., 1991a, reprinted with permission from Elsevier
© 1991)

containing varying amounts of chemical quencher. A compar-
ison of the two quench-correction curves derived from these
standards would provide evidence for any significant differ-
ences that might exist between the two types of quenching.
Certain modern liquid scintillation analyzers are programmed to
correct for color quenching (PerkinElmer, Inc.). Bukowski et al.
(1992) found no differences between color and chemical
quench-correction curves for °H when either picric acid (yellow
color quencher) or CCly (chemical quencher) was used as
a quenching agent and the H# was measured as the external
standard quench-indicating parameter (QIP). Also, Effertz et al.
(1993) demonstrated identical quench-correction curves for the
measurement of °H when either nitromethane (chemical
quencher) or yellow, red, or green (color-quenching agents)
were used as color quenchers and tSIE was utilized as the
external standard QIP.

The best alternative when color exists in the sample is to
decolorize (e.g., sample bleaching or oxidation of organic
samples to CO, and H,O, see Chapter 8), because color causes
quench, and it can reduce the detection efficiency. Decolorizing
the sample eliminates the problem of color quench leaving
behind only chemical quench, which is present in all samples to
be analyzed. The works of Warwick et al. (2010), Williams and
Kookana (2010), Sirelkhatim et al. (2008), and Hou et al. (2005)
are excellent examples of the use of sample decolorization prior
to liquid scintillation analysis of 3y, e, 63Ni, and 55Fe, thereby
eliminating color quenching. If decolorization is not possible,
most modern liquid scintillation analyzers are equipped with
color-correction programs or algorithms that will correct for the
difference between chemical and color quench. When both
color and chemical quench are significant and cannot be avoi-
ded, it is recommended that the color-correction program
provided with the instrumentation be utilized, if available, at
high quench levels (e.g. tSIE < 400).

An example of a practical program for the correction of the
difference between color and chemical quench-correction
curves, whenever these are significant, was formulated by
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FIGURE 7.26 DESR curves for chemical- and color-quenched radionuclide
used for the calculation of the counting efficiency of an experimental combined
chemical- and color-quenched sample, where x, and u, are the quench-indi-
cating parameter and external standard (ES) counts for the experimental
combined chemical- and color-quenched sample. (From Takiue et al., 1991a,
reprinted with permission from Elsevier © 1991)

Takiue et al. (1991a). This method entails the preparation of two
sets of quenched standards of a given radionuclide. One set of
standards is prepared with a color-quenching agent (e.g., bro-
mothymol blue, methyl red, or bromocresol green) that
produces minimal chemical quench, and another set of stan-
dards is prepared using a chemical-quenching agent (e.g.,
nitromethane or CCly). The sets of quenched standards are used
to plot two curves consisting of a color- and chemical-quench-
correction curve of counting efficiency versus any external
standard quench-indicating parameter (e.g., H#, SQP(E), or
tSIE, see Fig. 7.24). In addition, the color- and chemical-
quenched standards are used to plot a second set of curves
consisting of the external standard quench-indicating parameter
plotted against the external standard counts, referred to as
double external standard relation curves (DESR curves; see
Fig. 7.26). When an experimental sample, that is quenched by
both chemical and color constituents, is counted, the counting
efficiency of the unknown sample has the value between E; and
E5, which corresponds to the external standard (ES) counts of u,,
of the DESR curves illustrated in Fig. 7.26. Hence, as demon-
strated by Takiue et al. (1991a), according to the geometry
depicted in Fig. 7.26, the counting efficiency (Ey) is defined as

X0 — X1
X2 — X1

Ey = E; + (Ex — Ey) (7.26)
where x| and x; are obtained from the chemical and color DESR
curves, respectively (Fig. 7.26) where x| = f(ug) and x; = g(ug).
The efficiency values E; and E; are obtained from the chemical
and color-quench-correction curves, respectively (Fig. 7.24)

where E| = F(x|) and E; = G(x). Eqn 7.26 is then written as

xo — f (o)
8(uo) — f (uo)
Takiue et al. (1991a) used polynomial curve fitting with the least

squares method to define the coefficients of the quench-
correction and DESR curves. This color-correction method is

Eo = Flx) + Glx) — F(u).  (7.27)
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easily applied with the computer application programs of most
modern liquid scintillation analyzers. Nevertheless, the problem
of combined color and chemical quench in samples is best
averted by decolorization of samples prior to the addition of
scintillation cocktail.

F. Direct DPM Methods

The Direct DPM methods entail the LSA measurement of the
disintegration rates of radionuclides, particularly beta emitters,
under various levels of quench without the use of quench-
correction curves. These methods are described subsequently.

1. Conventional Integral Counting Method (CICM)

During the early years of liquid scintillation counting, it was
discovered that an extrapolation of integral counting curves to
zero discriminator bias could be used to determine the disinte-
gration rates (DPM) of alpha emitters (Basson and Steyn, 1954)
and beta emitters (Steyn, 1956) without interference from
gamma emission. The method applied to alpha emitters
received little attention, because the LSA counting efficiency of
alpha emitters was close to 100% even in these early years of
liquid scintillation development. As far as beta emitters are
concerned, this technique, known as integral counting, received
some popular attention and applications in the late 1950s and
during the 1960s. Further developments made this technique
a practical and accurate method for the activity measurement of
beta-emitting radionuclides.

The work of Goldstein (1965) demonstrated the broad range
of radionuclides that may be analyzed by integral counting as
well as the simplicity of the procedure involved. In the devel-
opment and testing of integral counting, Goldstein (1965) used
the first and only commercial LSA available at that time, which
was a Packard 314 liquid scintillation spectrometer. The
procedure involved three pulse-height discriminators labeled
AA’, B, and C. The AA’ discriminator was set just above the
noise level to reject noise pulses. The C discriminator (upper-
level discriminator) was turned off or disengaged so that all of
the pulses of magnitude above the B discriminator would be
registered and counted. The height of the B discriminator was
varied in the range of 10—30 volts in 5-volt increments. The
count rates for a given beta-emitting sample in scintillation
cocktail were collected for each setting of the B discriminator.
With the B discriminator at its lowest setting, the count rate is
highest. With each incremental increase in the height of the B
discriminator, the count rate diminishes, because fewer and
fewer pulses are detected. The resulting plot of count rate on
a logarithmic scale versus the B discriminator bias (volts)
setting on a linear scale would be linear with negative slope,
which could be extrapolated back to zero bias volts. At this
point of extrapolation, the count rate (CPM) at zero bias would
be the disintegration rate (DPM) of the sample. This extrapo-
lation method is currently referred to as the conventional inte-
gral counting method (CICM). It is an effective method for
extrapolating to sample DPM for beta emitters or beta—gamma
emitters, which emit beta particles with an Epax > 200 keV,
including '*’Pm, *3Ca, **Tc, *Cl, 211, ®Sr, °Sr(*°Y), °'Y,
32P, 131I, 85Kr, 131mXe, and 60Co, among others, regardless of
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quench level. Corrections for quench in the sample scintillation
cocktail mixtures are not necessary, because the quench level in
the sample affects only the slope of the integral curve, and
extrapolation of the curve to zero discriminator bias ends at the
same count rate for all quench levels with expected statistical
deviations (<2% error). Homma and Murakami (1977) also
applied the conventional integral counting method to determine
the activity of *°Ra after separating the equilibrated **’Rn in
a liquid scintillator. The disintegration rates of **?Rn and its
daughters, which include both alpha and beta emitters, were
determined by this method at various quench levels.

The conventional integral counting method for sample DPM
determinations generally cannot be applied to the measurement
of beta-emitting radionuclides of Ep,x < about 200 keV.
However, Homma et al., (1994a) developed the technique into
the modified integral counting method (MICM), which can be
used to determine the activities of all beta-particle emitters
including *H of very low energy (Epn.x = 18.6 keV) and with
higher accuracy.

2. Modified Integral Counting Method (MICM)

The modified integral counting method was reported by Homma
et al. (1993a, 1993b), who modified the conventional integral
counting method by extrapolating the integral counting curves,
not to the zero pulse height as described above for the CICM,
but to the zero detection threshold of the liquid scintillation
spectrometer, which refers to the average energy required to
produce a measurable pulse. They applied the new method to
analyze the activity of alpha and beta emitters including **’Rn
and its daughters as well as the low-energy beta emitters °H,
14C, 338, and **Ca with 100% detection efficiency. The method
is described subsequently in more detail.

The modified integral counting method as was determined
by Homma et al. (1994a) is carried out by the following
procedure:

a. The first step requires the determination of the zero detec-
tion threshold of the particular liquid scintillation analyzer
utilized for the analysis. This is carried out by measuring
a standardized nonquenched *H sample according to the
integral counting method described earlier. The observed
integral count rates of the *H standard are plotted at several
pulse heights and the curve is then extrapolated to the count
rate, which is equivalent to the disintegration rate (DPM) of
the *H standard. The keV value (pulse height) at this count
rate represents the zero detection threshold. The zero
detection threshold was found by Homma et al. (1994b) to
vary from instrument to instrument over the range of
24-35+£0.2 keV.

Once the zero detection threshold is determined for the
particular instrument, the absolute disintegration rate of any
low-energy beta emitter (En,,x < about 200 keV) including
*H as well as high-energy beta emitter (Epa > about 200
keV) is determined by extrapolating the integral pulse height
spectrum of the radionuclide of interest to the previously
determined zero detection threshold.

Examples of results obtained from the modified integral
counting method applied to the activity determination of *°S
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FIGURE 7.27 Extrapolation plots of the integral count rates of quenched *°S
and *Ca to the zero detection threshold for determination of the radionuclide
disintegration rates. Letters A, B, C ... denote samples with increasing quench
levels. Deviations from actual DPM values were <1% for all plots (From

Homma et al., 1994b with kind permission from Springer Science + Business
Media © 1994 Akademiai Kiado, Budapest.)

and *Ca are illustrated in Fig. 7.27. As noted by Homma et al.
(1994a,b), it is obvious from the plots illustrated, that extrapo-
lation of the integral pulse-height spectrum to only the zero
pulse height leads to an intercept value that is lower than the
actual DPM of the radionuclide. However, extrapolation of the
integral counting curve to the zero detection threshold leads to
the actual disintegration rate of the sample.

The modified integral counting method was reported also by
Homma et al. (1993a,b, 1994c¢) for the determination of 222Rn
and its daughters 218Po, 214Pb, 214Bi, and 2'*Po. Total o and
B activity was determined with 100% counting efficiency.
The MICM can be applied to the activity measurements of o-
and B-emitters as single radionuclide samples or mixtures, and
v-emission does not interfere in most cases (Homma et al.,
1994a). Measurements of “*’Rn with activity ranges of
0.2—22.9 Bg/L in natural water samples obtained from private
wells and springs were carried out by Murase et al. (1998) with
the MICM applying 100-minute counting times, which
provided activities with an overall uncertainty of 3.1%.
An integral counting method was carried out together with
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improvements in alpha liquid scintillation spectrometry by
Yoshikawa et al. (2006) to determine **°Rn/**’Rn ratios. For
low-activity ratios, they developed a liquid scintillation alpha
spectrometry method to measure **°Rn with reduced error. The
modified integral counting method has a practical simplicity
similar to the efficiency tracing (ET) method described next.
The ET method is most often used to determine the activity of
single and multiple §- and f—y-emitters; it can be applied also
to the activity measurements of mixtures of o- and 3- emitters
(see Fujii and Takiue, 1988, and Chapter 15).

3. Efficiency Tracing with 14C (ET)

Efficiency tracing (ET) with 'C is another practical and simple
extrapolation method applied generally to the activity measure-
ments of $-emitting radionuclides with the exception of tritium.
This method should not be confused with the CIEMAT/NIST
efficiency tracing method described in Section IX. A, whichis used
for radionuclide standardization. The ET method was demon-
strated by Takiue and Ishikawa (1978) to provide accurate DPM
values for 14 radionuclides. A subsequent study by Ishikawa et al.
(1984) showed that the technique provided accurate DPM
measurements of 11 additional §- and f—y-emitting radionu-
clides, namely, "*C, *?P, *°Cl, *°Sc, *°Fe, *°Co, ®*Ni, %°Rb, *°Sr
(QOY), 1311, 134Cs, and 147Pm, regardless of quench level. The
method was demonstrated by Fujii et al. (1986) in a study whereby
the efficiency tracing DPM measurements of 14C, 35S, 32P, 36Cl,
45 Ca, and 31T were determined for radionuclides on filter disks in
LSA counting vials.

The efficiency tracing with '*C (ET) technique involves the
following steps:

a. A '"C nonquenched standard is counted in six separate
counting regions, such as counting regions defined by lower-
level discriminators set at 0, 2, 4, 6, 8, and 10, and upper-
level discriminators set at the upper limit of the pulse-height
scale. For example, counting regions, such as 0—2000,
2—-2000, 4—2000, 6—2000, 8—2000, and 10—2000 keV for
lower-level (LL) to upper-level (UL) pulse-height discrim-
inator settings on a linear keV equivalent scale, may serve as
one example of workable counting regions. However, other
similar counting regions may be used. Also, equivalent
discriminator settings for liquid scintillation analyzers
equipped with a logarithmic scale for pulse-height analysis
may be determined. See L’Annunziata (1997a,b) and
L’ Annunziata and coworkers [Noor et al. (1996a)].

b. The percent counting efficiency values of the non-quenched
!4C standard in each of the six counting regions are calcu-
lated according to Eqn 7.1.

c. A sample of unknown activity is subsequently counted in the
same six regions as the non-quenched '*C standard.

d. The six CPM values of the sample of unknown activity are
plotted against the six percent counting efficiency values of
the non-quenched '*C standard.

e. The curve is then extrapolated to 100% counting efficiency,
where the CPM of the unknown sample is equal to its DPM.
Extrapolation may require a linear or multilinear regression
least-squares best fit of the data points and definition of the
equation to the line or curve to most accurately determine
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FIGURE 7.28 Efficiency tracing curves of eight radionuclide samples. The
dashed portion of the plots represents the extrapolated segments to 100%
counting efficiency. Extrapolated values indicate the counting rates at 100 %
counting efficiency or DPM of each nuclide. (From Takiue and Ishikawa, 1978,
reprinted with permission from Elsevier © 1978)

the point of intersection at 100 % counting efficiency. An
example of eight efficiency tracing curves for the DPM
determination of eight radionuclides is illustrated in
Fig. 7.28, and an example of an efficiency tracing curve for
the analysis of *°S from the writer’s work is illustrated in
Fig. 7.29.

Variables such as sample scintillation cocktail volumes over the
range of 1—20 mL, composition of the scintillation cocktail,
amount or kind of quenching agent, or size and material of the
counting vial may affect the slope of the efficiency tracing curve
of the sample of unknown activity. At low quench levels the
curves are often linear, as illustrated in Fig, 7.28. Linear
regression analysis in these cases will define the equation to the
line permitting extrapolation of the curve to 100% detection
efficiency and DPM of the sample. At higher quench levels, the
efficiency tracing curves may not be linear, such as illustrated in
Fig. 7.29. In these cases quadratic regression may be needed to
fit the data to a second-order polynomial y=ax*+ bx+c,
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where the independent variable x is the % counting efficiency
and the dependent variable y is the sample count rate (CPM).
When x of the regression curve is given the value of 100%, the
calculated value of y provides the extrapolated sample activity
or disintegration rate (DPM). Examples of radionuclide activity
recoveries that have been reported by this method are given in
Table 7.3. The table indicates that at very high levels of sample
quench (e.g., SIS < 1000 for **Rb and SIS < 69 for **P) error
can creep into the dpm calculation. This is due to the fact that
the efficiency tracing curves lose their linearity and even take on
a marked concave shape complicating the mathematical
extrapolation to 100% efficiency.

An additional attribute of the efficiency tracing technique is
the possibility of determining the total DPM of mixtures
of (-emitting radionuclides (with the exception of *H) and
o/B-emitters as demonstrated by Fujii and Takiue (1988a,b) and
L’ Annunziata and coworkers [see Noor et al. (1996a)]. The
activity of *H cannot be measured by this method, as the effi-
ciency tracing curves for *H are too concave yielding inaccurate
extrapolation to 100% detection efficiency. Table 7.4 illustrates
the excellent recoveries obtained for total DPM measurements
of mixtures of 2Rb + *°S + 33P. 1t should be noted, however,
that the technique provides the total DPM of the mixture and not
the activities of the individual radionuclide components of the
mixture.

This direct DPM method is very useful for the determination
of activities of radionuclides of relatively short half-life for which
NIST-traceable standards are not available commercially. The
ET-DPM method is an automatic radionuclide activity analysis
option available with some Packard liquid scintillation analyzers
(now manufactured by PerkinElmer, Inc.). With these liquid
scintillation analyzers, the DPM of any (-emitting radionuclide
of Enax > 70 keV is determined with a homogeneous radionu-
clide sample in scintillation cocktail using a preprogrammed ET-
DPM counting mode. The instrument automatically determines
the DPM of the sample. Older Packard models manufactured
during the previous decade would provide the user with a plot of
the efficiency tracing curve. However, newer models do not
provide the efficiency curve printouts.

The efficiency tracing DPM technique was reviewed by
Kessler (1991b). Some practical examples of the application of
the efficiency tracing method can be found in the literature
including the analysis of **Rn by Yasuoka et al. (2005), '*C
and **Ca by Takiue et al. (2004), **P by Liyanage and Yone-
zawa (2003), and '*C by Wakabayashi et al. (1999). The method
was tested by L’Annunziata (1997a) and Edler (2004) for
B-emitting radionuclide samples over a wide range of quench
and levels of sample activity. On the basis of these tests, the
following conclusions and recommendations are made:

1. The efficiency tracing DPM (ET-DPM) technique is an
accurate method for the determining the total activity
(DPM) of g-emitting and (—vy-emitting radionuclide
samples with the exception of *H.

The ET-DPM method can be used to determinate the total
activity (DPM) of a mixture of -emitting radionuclides.
No quench-correction curves are needed, for either chemical
or color quench, when using the ET-DPM method.

2.

3.



454

Handbook of Radioactivity Analysis

80000 T e -+ 80000
. Extrapolated DPM
70000 +- - 70000
65000 - - 65000
. SIS=184.2
60000 + + 60000
=

o

QO 55000 + sis<¢08 -+ 55000

Q

o

&

] 50000 +- + 50000
45000 + -1 45000
40000 + T 40000
BE000 oo ot 35000
30000 : : é | : i i 30000

84 86 88 90

92 94 96 98 100

Efficiency (%)

FIGURE 7.29 Efficient tracing (ET) curves for the activity determinations of three samples of S at three levels of quench. The degree of quench is measured by
the sample quench-indicating parameter SIS where the uppermost curve is that produced by the least-quenched of the three samples. (From the work of L’Annunziata
and coworkers, See Noor et al. (1996). Reprinted with permission from Elsevier © 1996)

4. For best results samples should be counted for a duration
sufficient to achieve a count rate with a % 2 sigma standard
deviation (i.e., % 2s) of 1% or lower.

5. The ET-DPM method is very useful for the determination of
activities (DPM) of radionuclides of short half-life for which
quenched standards are not available. When the activity of
a nuclide is required within the limits established by
a national bureau of standards (e.g., NIST) for what is
classified as a primary standard, the CIEMAT/NIST, TDCR,
or other liquid scintillation method of radionuclide stan-
dardization is recommended. These methods are described
in Section IX and in Chapter 14.

6. The ET-DPM method may be used to determine the activity
of a source radionuclide prior to initiating a tracer experi-
ment with that nuclide. Before beginning an experiment
with a radionuclide as a tracer, it is best not to accept blindly
the cited activity provided by the radioisotope supplier on
the label of the source container. It is best to prepare

replicate samples of the radionuclide source and use the ET-
DPM method or other suitable method to confirm the
activity (DPM) of the radionuclide source before beginning
an experiment with that source.

Liquid scintillation analyzers previously manufactured by
Packard and now by PerkinElmer, Inc. provide a counting mode
called ‘Direct-DPM’. This counting mode determines for the
user the activities of beta-emitting samples in units of DPM. No
quench-correction curves are needed. The user needs only to
select the ‘Direct DPM’ counting mode and count the sample in
a suitable liquid scintillation cocktail. In this ‘Direct DPM’
count mode the liquid scintillation analyzer first determines
whether or not the sample is that of 3H, which it can establish
after measuring the tSIE and pulse-height spectrum of the
sample. If the sample is °H, the analyzer will determine the
DPM of the *H via a coded assay method, which involves
the use of a quench-correction curve for 3H, that is contained in
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/TABLE 7.3 Calculated Recoveries of Efficiency Tracing (ET)\
for the Determination of Activities of 8°Rb, 3°S, 33P and
a Composite Mixture of the Three Radionuclides under
Various Levels of Quench?®

ET calculated

Radionuclide SIS DPM Recovery (%)"
86Rh 1568° 43,629¢ 100.0
1043 43,0774 98.7
83 45,2934 103.8
41 42,5634 97.6
28 42,7294 97.9
33 113.8¢  74,862° 100.0
82.8 74,087¢ 99.0
70.6 74,893¢ 100.0
57.8 75,702¢ 101.1
50.0 74,822° 99.9
40.3 76,174° 101.8
3p 184.2° 63,819' 100.0
120.7 64,054 100.4
90.8 64,370" 100.8
69.5 64,436' 100.9
56.2 65,325' 102.4
47.5 64,868" 101.6
86Rb + %5 4 33p 463°¢ 176,028° 100.0
358 176,346° 100.2
278 176,643¢ 100.3
231 175,489° 99.7
198 175,881¢ 99.9
176 176,836° 100.4

?From L’Annunziata and coworkers (See Noor et al., 1996a). Reprinted with
permission from Elsevier © 1996.
bThe % recoveries are calculated for those samples containing nitromethane
quenching agent on the basis of the efficiency tracing DPM determined for those
samples containing no added quenching agent.
“No quenching agent added.

Linear regression extrapolation to 100% counting efficiency, mean correlation
coefficient r = 0.985.
“Linear regression extrapolation to 100% counting efficiency, mean correlation
coefficient r = 0.9997.
’Quadratic regression fitting of data to second order polynomial and extrapola-

tion to 100% efficiency. /

-

the computer program of the analyzer (personal communication
with Packard BioScience Co.; now PerkinElmer, Inc.). If the
sample is a beta emitter other than *H, the liquid scintillation
analyzer will determine the DPM of the sample using the effi-
ciency tracing (ET) method described above in this section. The
older models of Packard liquid scintillation analyzers
manufactured in the 1990s were programmed to provide the
user with a printout of the ET curve for each sample counted in
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KTABLE 7.4 Percent Recoveries of Calculated Activities of \
Five Composite Mixtures of **Rb—>>S—**P Determined by
the Efficiency Tracing (ET) Technique®

Sample DPM

(in hundreds) Total DPM  Total Total DPM
86Rb:3%s:33p (actual) DPM (ET)  recovery (%)
4326:7294:7194 18,814 18,671 99.2
2146:3620:3424 9,190 9,185 99.9
1042:1794:1550 4,386 4,408 100.5
3113:5510:4620 13,243 13,237 100.0
432.3:742.6:646.1 1,821 1,819 99.9

?From L’Annunziata and coworkers (see Noor et al. (1996a), reprinted with

kpermission from Elsevier © 1996. J

the ‘Direct DPM’ count mode. These curves were plotted in the
format depicted in Figs. 7.28 and 7.29. The modern Packard
liquid scintillation analyzers, now manufactured by Perki-
nElmer, do not provide the ET curves in the ‘Direct DPM’ count
mode; they provide simply the DPM of each sample counted
and analyzed according to the ET method. Many examples in
the scientific literature, particularly in the biological sciences
(e.g., Hawkins et al., 2010, Kobbe et al., 2009, Borthwick et al.,
2008, Dianu and Podina, 2007, Mordaunt et al., 2005, Little and
Rodriguez, 2005, Breitholtz and Wollenberger, 2003, Eardly
et al., 2001, Roberts et al., 2001, and Holst et al., 2000), can be
found where researchers utilize this ‘Direct DPM’ count mode.
This is due to the fact, that the ‘Direct DPM’ count mode is very
convenient, as there is no need to prepare a quench-correction
curve for the beta-emitting radionuclide to be analyzed.
Nevertheless, the writer would like to delineate some recom-
mendations to the user of the ‘Direct DPM’ count mode, which
are the following:

1. The use of a quench-correction curve to determine the DPM
of the radionuclide of interest, such as one consisting of the
% detection efficiency of the radionuclide of interest plotted
against an external standard quench-indicating parameter
[e.g., tSIE, SQP(E), or H#] is preferred over the use of the
‘Direct DPM’ count mode. The rationale for this recom-
mendation is based on the fact that, in the ‘Direct DPM’
count mode, the user is provided with the DPM of the
sample; however, no curve or plot is available to the user to
confirm the results obtained. If the user prepares a quench-
correction curve, that curve is established, stored in the
counting protocol of the instrument computer, used by the
LSA computer to calculate the detection efficiency and
DPM of each sample from the QIP [i.e., tSIE, SQP(E), or
H#], and the curve is available to the user to confirm the
detection efficiency of each sample from its QIP. Once the
quench-correction curve is established with the scintillation
cocktail and nuclides of interest, the measurement of sample
activities in units of DPM are automated by the LSA; and
the quench curve provides important confirmation of the
results.
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2. Ifthe ‘Direct DPM’ counting mode is used, it is recommended
that standards containing the radionuclide of interest be
prepared in the same formula of liquid scintillation cocktail
used for the experimental samples of unknown activity. These
standards should be of a similar count rate as the unknown
samples, and these can be placed among the unknown samples
as the samples are counted in the ‘Direct DPM’ mode. If the
standards, which are of similar count rate and prepared in the
same formula of scintillation cocktail as the samples of
unknown activity, yield DPM values for the standards that are
within acceptable error limits, then it can be assumed with
confidence that the DPM values of the unknown samples
counted together with the standards are acceptable within the
same error limits. It is important that the standards be made of
the same nuclide, have a similar magnitude of count rate, and
be prepared in the same formula of scintillation cocktail as the
samples of unknown activity.

3. For best results samples should be counted for a duration
sufficient to achieve a count rate with a % 2 sigma standard
deviation (i.e., % 2s) of 1% or lower.

4. When analyzing for the activity (DPM) of *H, it is best to
prepare a quench-correction curve for *H based on an
external standard QIP as described in Section V.D. The *H
standards should be prepared with a scintillation cocktail
equivalent to the cocktail containing the samples of
unknown “H activity.

4. Multivariate Calibration

The principles of multivariate calibration, including the multi-
variate methods of multiple linear regression (MLR), principal
component regression (PCR), and partial least squares (PLS),
among others, are described in detail by Varmuza and Filmoser
(2009), Neas (2002), Martens and Nes (1992), Thomas and Haa-
land (1990), and Beebe and Kowalski (1987). The practical
applications of MLR are indisputable, as this statistical method is
of widespread use. The authors noted that PCR and PLS is gaining
acceptance in chemistry, as the laboratory computer can facilitate
data collection and processing required for multivariate calibra-
tion. As a statistical mathematical tool, multivariate calibration
can be applied to a chemical or physical analysis when more than
one measurement is acquired for each sample. Mathematical data
matrices are written according to the numbers of samples and
variables implicated in an analytical result. As explained by Beebe
and Kowalski (1987), PLS is a factor-based modeling procedure
in which factors are defined for any linear combination of the
variables in the data matrices. The PLS algorithm estimates the
factors in these matrices to provide a prediction of the observation
on an unknown sample. Information on the mechanics of cali-
bration and prediction using the PLS algorithm can be obtained
from Gelaldi and Kowalski (1986) and a rigorous treatment of the
methodology from Lorber et al. (1986).

Garcia et al. (1996) applied partial least squares (PLS) as
a multivariate calibration to determine (predict) '*C activities in
samples over the activity range of 1.48—15.16 DPM per sample-
scintillation cocktail mixture. They used a Packard Tri-Carb®
2000 CA/LL liquid scintillation analyzer (now PerkinElmer Tri-
Carb LSA) and samples with variable quench levels using
a quenching agent in the concentration range of 0—0.6% CCly.
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For the multivariate calibration, they applied PLS regression
using the PLS-Toolbox package for MATLAB devised by Wise
(1992). The factors considered in two models constructed by
Garcia et al. (1996) consisted of 4c content, quenching, blank,
and spectral variability in one model, with blank omitted from the
second model. They obtained slightly improved results omitting
the blank (background) among the factors considered. Among 16
samples tested over the activity range of 1.48—15.16 DPM per
sample, they obtained predicted activities with a relative error in
the range of 0—5.4% (average = 1.09% relative error). This is the
first application of multivariate calibration to activity determi-
nations for single radionuclide samples. The multivariate cali-
bration approach has been applied by several researchers to the
simultaneous liquid scintillation analysis of mixtures of radio-
nuclides, and these studies are discussed further on in this
chapter. The multivariate calibration approach to the analysis of
'4C is yet to be applied routinely. However, it offers the advan-
tage of being a time-saving approach to low-level liquid scintil-
lation counting, because background information would not be
needed and, therefore, total counting time reduced.

VI. ANALYSIS OF X-RAY, GAMMA-RAY,
ATOMIC ELECTRON AND POSITRON
EMITTERS

Liquid scintillation analysis (LSA) is not restricted to the
activity analysis of pure beta- and alpha-particle-emitting
nuclides. However, liquid scintillation is also applied to the
analysis of nuclides decaying by electron capture and certain
gamma-ray emitters (Grau Malonda, 1999). The electron-
capture (EC) decay process often competes with positron
emission, as described in Chapter 1. Consequently, radionu-
clides that decay by electron capture may also decay by positron
emission. In addition, EC decay is generally accompanied by
the emission of inner bremsstrahlung radiation, X-rays, Auger
electrons, and gamma radiation when the daughter nuclide is
left in an excited energy state, as illustrated in the following
general EC decay process taken from Eqn 1.151 of Chapter 1
and presented here again for convenience:

e~ + p™— n + v + inner bremsstrahlung

+x-rays + Auger electrons + 7y (7.28)

The electron-capture decay process depicted above, often
referred to as K capture, is described in detail in Chapter 1.
Nuclides emitting gamma rays may also emit internal conver-
sion (IC) electrons, as described in Section VIIL.C of Chapter 1.
Because electron capture often competes with positron emis-
sion, radionuclides that decay by positron emission also decay
by electron capture. These nuclides are therefore grouped into
this section of the chapter, as nuclides that may emit X-rays,
gamma rays, atomic electrons (i.e., Auger and IC electrons),
and positrons. This broad potential of liquid scintillation anal-
ysis was illustrated previously in this chapter (see Fig. 7.10)
where the 8-keV Auger electrons and 93 keV conversion elec-
trons emitted from ®’Ga produce pulse-height spectra with
peaks that coincide closely to those produced by *H and '*C
(McQuarrie and Noujaim, 1983). In addition to the emission of
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FIGURE 7.30 Simulated photon interaction probability determined at the indicated energies (closed circles) for a counting vial containing 12 mL of Quicksafe A
liquid scintillator. The solid line is a regression fit to the data. (From Simpson and Morris, 2004a, reprinted with permission from Elsevier © 2004)

Auger and IC electrons ®’Ga displays major gamma-ray emis-
sions at 93, 184, 296, and 388 keV. Altogether, the atomic
electrons and gamma-ray photons interact with liquid scintil-
lation cocktail, and efficiencies between 44 and 76% are
reported by Bobin et al. (2007). Gamma-ray and X-ray photon
interactions with liquid scintillation cocktail are a function of
the photon energy as depicted in Fig. 7.30. Photon energies of
low energy have greater probability of interaction with liquid
scintillator, as the linear energy transfer (LET) of the photon is
inversely proportional to its energy as illustrated in Table 1.25
of Chapter 1. In general, the lower the X-ray or gamma-ray
energy, the higher will be the LET in the scintillation cocktail.
As illustrated in Fig. 7.30, the photon interaction probabilities in
liquid scintillator are high at photon energies below 100 keV.
This is in agreement with the data of Zimmerman (2006a), who
demonstrated very high photon interaction probabilities of
>0.25 in toluene, >0.35 in Ultima Gold™ scintillation cocktail,
and >0.5 in Hionic Fluor " for photon energies of 20 keV.

Vanadium-49 is another radionuclide that decays solely by
pure electron capture. It emits X-rays and Auger electrons
of very low energy (<5 keV). Rodriguez et al. (1998) and
Rodriguez Barquero and Los Arcos (2000) demonstrate that
liquid scintillation analysis is the preferred method, because
LSA is not affected by self-absorption problems that would
otherwise be prevalent with such low-energy electron emitters.
They report liquid scintillation counting efficiencies between
8% and 25% for **V.

In certain cases, the counting efficiencies of radionuclides
that decay by electron capture emitting X-rays and Auger
electrons may be higher with the liquid scintillation technique
than those attainable with the thin-walled Nal(Tl) solid scin-
tillation crystal detector. The liquid scintillation analyzer with
its automatic sample changer and computer is more commonly
encountered in laboratories than its solid scintillation counter-
part. This reflects the driving force behind finding broader
ranges of application of liquid scintillation counting.

The interaction of X- and gamma-ray photons with liquid
scintillation cocktail (Fig. 7.30) is principally the result of the
Compton effect, whereby part of the energy of the X- or
gamma-ray photon is imparted to orbital electrons. An ejected
electron (Compton electron) imparts its energy in material in
a fashion similar to that of a beta particle. The absorption of its
energy by the liquid scintillation cocktail results in fluorescence
with the emission of photons of visible light. In liquid scintil-
lation cocktail, the photoelectric effect usually does not occur
over 30 eV. However, the photoelectric interaction is significant
and accounted for in the liquid scintillation standardization of
radionuclides (particularly low-Z nuclides) decaying by elec-
tron capture and emitting low-energy X-rays (Kossert and Grau
Carles, 2010, 2008, 2006, Grau Carles, 2006a,b, and Grau
Carles et al., 2006, Grau Malonda and Grau Carles, 2000).
Bransome (1973) reports that the photoelectric effect can be
evident at higher gamma-ray energies in the glass vial walls or,
in the sample-scintillation cocktail mixture, if the scintillator is
loaded with heavy elements.

Cherenkov photons will be produced in liquid scintillators to
a significant extent if gamma-ray energies are high enough to
produce Compton electrons of sufficient energy to cause the
Cherenkov Effect (Grau Carles and Grau Malonda, 1992, and
Grau Carles et al., 1993a,b). The Cherenkov Effect is discussed
in detail in Chapter 15.

Numerous studies have been undertaken on the liquid
scintillation analysis of °Fe, which decays exclusively by
electron capture emitting X-rays and Auger electrons of low
energy, 0.6—6.5 keV. Some examples that can be cited are
Gudelis et al. (2010), Ratel (2008), Razdolescu et al. (2008),
Fischer et al. (2007), Mikelic, et al. (2007), Grau Carles and
Grau Malonda (2006), Grau Malonda et al. (2006), Grahek and
Macefat (2006, 2004), Warwick and Croudace (2006), Hou
et al. (2005), Grau Malonda and Grau Carles (2000), Ceccatelli
and De Felice (1999), Giinther (1998), Ortiz et al. (1993), Grau
Malonda (1982a,b), Cramer et al. (1971), Horrocks (1971),
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Miller et al. (1969), Cosolito et al. (1968), Eakins and Brown
(1966), Perry and Warner (1963), and Dern and Hart (1961a,b).
Electron capture decay gives rise to the emission of X-rays,
Auger electrons, and internal conversion electrons, which
interact with the liquid scintillation cocktail to cause fluores-
cence. Recent papers report counting efficiencies of up to 62%
for >°Fe (Mikelic et al., 2007, Ortiz et al., 1993, Gilinther, 1998,
and Grau Malonda and Grau Carles, 1999, 2000). A liquid
scintillation detection efficiency in the range of 10—45% for
3Fe, as a function of quench level using the external standard
quench-indicating parameter SQP(E), was reported by Hou
et al. (2005). A liquid scintillation quench-correction curve for
3Fe is provided earlier in Fig. 7.20.

Another popular radionuclide, which decays exclusively by
electron capture, is 1251 The radionuclide is very useful as
a tracer in the biological sciences (e.g., Malkov et al., 2000,
Teresa et al., 2000, and Larsson et al., 2001) and liquid scin-
tillation is a very convenient and efficient means of analysis.
The electron-capture decay results in the emission of 35-keV
gamma radiation in 6.7% of the transitions and the emission of
converted electrons in 93.3% of the transitions; this is accom-
panied with the emission of X-ray photons and Auger electrons
(NNDC, 2011, Grau Malonda et al., 2006, and Grau Malonda,
1999). Early studies reported a liquid scintillation counting
efficiency of 56% for '*°I by standard liquid scintillation
counting techniques (Rhodes, 1965), and later yet higher
counting efficiencies of over 80% were reported by Jordan et al.
(1974), Horrocks (1976c¢), Ring et al. (1980), Chandrasekaran
(1981), Kits et al. (1985), and Grau Carles et al. (1994c).
Subsequent studies by Grau Malonda and Grau Carles (2000)
report counting efficiencies of over 88% for '*I in Insta Gel
Plus and Ultima Gold liquid scintillation cocktail. The liquid
scintillation detection efficiency is dependent on the quench
level, and an example of an '*°I quench-correction curve taken
from the work of Kim et al. (2006) is illustrated in Fig. 7.31.

As discussed in Chapter 1, either the electron-capture decay
process or the emission of an internal conversion electron leaves
an orbital electron vacancy. For the case of '*°I this vacancy
may be filled by electrons from outer shells giving rise to the
emission of X-rays of the Te daughter nuclide and Auger
electrons. Horrocks (1976c¢) explained that the electron-capture
process in '*I involves capture of a K-shell electron in 80
percent of the decay transitions and an L-shell in the remaining
20 percent. The Te L X-ray is 3.5 keV in energy (NNDC, 2011)
and totally absorbed by the liquid scintillation cocktail, whereas
the Te K X-ray is emitted with 27.7-keV energy and has a high
probability of escape. He concluded that the excitations in the
liquid scintillation cocktail are due mainly to the absorption of
Auger and internal conversion electrons, and only a minor
contribution (about 8% of the fluor excitations) is the result of
X-rays produced during the decay process. Liquid scintillation
remains a common method of analysis for 1251 (Ogata, 2007,
Grau Malonda et al., 2006, Kossert, 2006, Van Wyngaardt and
Simpron, 2006a,b, and Pommé et al., 2005). An interesting
approach taken by Ogata (2007) was the analysis of '*°I in
solution within a microtube inserted inside a Bicron (BC-400)
plastic scintillator with dimensions suitable to fit within a stan-
dard plastic liquid scintillation vial. No liquid scintillator

Handbook of Radioactivity Analysis

40%

39% r

38% [

37%

Efficiency

36% 1 .

35% [

34% : : : : :
820 825 830 835 840 845 850

SQP(E)

FIGURE 7.31 Quench-correction curve for '*°I based on the external standard
quench-indicating parameter, SQP(E). The photon emissions from '*°I in
scintillation cocktail are due to cocktail interactions with 35-keV gamma-ray
emissions in 6.7% of the transitions, internal conversion electrons in 93.3% of
the transitions and abundant Auger electron and Te K X-ray emissions (NNDC,
2011, see also Table of Radioactive Isotopes in the Appendix). (From Kim et al.
(2006), reprinted with permission from Radiocarbon, the University of Arizona,
© 2006 Arizona Board of Regents on behalf of the University of Arizona)

solution is used, there is no fluor waste to contend with, and the
sample remains unadulterated and may be reused after counting
in a conventional liquid scintillation counter. Ogata (2007)
reported a detection efficiency of 4—8% for the electron-capture
nuclide '*°I and a detection efficiency of 10—40% for the high-
energy beta-emitting nuclide *P. The detection efficiency is
a function of the sample volume.

Zinc-65 is another radionuclide used in the biological
sciences as a tracer (Huntington et al., 2008 and Wolterbeek
etal., 2002). It decays by electron capture and positron emission
(see Table of Radioactive Isotopes in the Appendix). Giinther
(1998) and Sandhya and Subramanian (1998) report liquid
scintillation counting efficiencies up to 76%. Only 1.5% of the
%7n nuclide transitions to stable ®*Cu occur via 8" emission
(Emax =325 keV). Consequently, positron interaction with
scintillation cocktail contributes only a small portion to the
overall detection efficiency. About 50.5% of the transitions
occur via electron capture (EC) to the ground state of %Cu and
the remaining 48% by EC with accompanying gamma emission
(Giinther, 1998). Consequently, the abundant atomic electron
and low-energy (1—9 keV) X-ray photons (NNDC, 2011),
which accompany the EC decay process of ®Zn, are the
emissions that generate significant liquid scintillator excitation
and light emission. Liquid scintillation analysis is employed for
the standardization of ®*Zn (Kossert, 2006, Van Wyngaardt and
Simpson, 2006b, and Simpson and Morris, 2004a).

Chromium-51 decays by electron capture and 10 percent of
the excited daughter nuclei simultaneously undergo decay to the
ground state with the emission of gamma radiation of 320-keV
energy or the emission of internal conversion electrons of
315 keV (NNDC, 2011). Internal conversion electron emission
competes with the emission of gamma radiation, and the
conversion electrons are always slightly lower in energy than
the gamma radiation. The energy difference is equivalent to the
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binding energy of the atomic electron as described in Chapter 1.
X-ray and Auger-electron emission, which accompany electron-
capture decay, also must be considered among the processes that
generate scintillation fluor excitation. Chromium-51 decays
with the emission of 5-keV X-rays in 22 % of the transitions and
4.4 keV Auger electrons in 66 % of the transitions (NNDC,
2011). The double radionuclide tracer *’Fe—>'Cr was assayed
by Barosi et al. (1980) in red blood-cell kinetic studies. If the
double-label is assayed by Nal(Tl) solid scintillation counting
of the gamma-ray photopeaks of the two nuclides, optimum
counting efficiencies of 15% and 3% are reported for *’Fe and
>ICr, respectively. However, if liquid scintillation counting is
used, optimum counting efficiencies of 20% and 15% are
reported for the >’Fe and >'Cr double label, respectively. The
five-fold increase in the counting efficiency of >'Cr is due
mainly to the liquid scintillation cocktail absorption of X-ray
and Auger electron energy. More recent work by Bradshaw
et al. (2006) and Kumblad et al. (2005) provide examples of the
application of °'Cr as a tracer nuclide, and 5% detection effi-
ciency for the liquid scintillation analysis of 3'Cr was reported
(Kumblad et al., 2005).

Positron-emitting nuclides can be assayed by liquid scin-
tillation analysis with a high detection efficiency when positron
emission is the principal mode of decay. As described in
Chapter 1, positrons have similar interactions, ranges, and
stopping powers as negatrons of similar energy; however, in
addition, positrons will produce annihilation radiation (0.511-
keV gamma rays) when the positrons come to rest in the
proximity of atomic electrons. The liquid scintillation pulse-
height spectra produced by positrons are similar to those of
negatrons as expected (see Fig. 7.32). Roteta et al. (2006) report
a liquid scintillation detection efficiency close to 100% for the
positron emissions from '®F. The radionuclide '®F decays by to
the stable nuclide 'O by positron emission with a positron
Eax =634 keV in 96.7 % of the transitions and by electron
capture in the remaining 3.3 % of the transitions (NNDC, 2011).
Positron annihilation radiation of 511-keV gamma-ray photons
(See Chapter 1) always accompanies positron emission, and, as
pointed out by Schrader et al. (2007), the liquid scintillation
pulse-height spectrum illustrated in Fig. 7.32 will have some
contribution from the secondary Compton electrons of the
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FIGURE 7.32 Pulse-height spectrum of a '®F sample measured with a Wallac
1414 Guardian™ liquid scintillation spectrometer with logarithmic amplifier.
Background has been subtracted. (From Schrader et al., 2007, reprinted with
permission from Elsevier © 2007)

annihilation radiation. When the E..x of the positrons are
sufficiently above the Cherenkov threshold in water (See
Chapter 15.), these may be analyzed by Cherenkov counting
(Table 7.5).

Wiebe et al. (1980) and McQuarrie et al. (1981) measured
the Compton electron contribution to the count rate resulting
from the interactions of 511-keV annihilation gamma rays with
the liquid scintillation cocktail. Thus, in addition to posi-
tron—scintillation cocktail interactions, they point out that as
much as 24% of the observed count rate is due to scintillation
cocktail interactions with Compton electrons originating from
annihilation radiation. Wiebe et al. (1980) showed that the
largest amount of energy that may be deposited in a liquid
scintillation cocktail is equivalent to the sum of the highest
positron energy and the energy deposited by the annihilation
gamma rays or

Emax = Eg+ + 2Ec- (7.29)

where Ep,x is the maximum energy deposited by the positron
in the scintillation cocktail, E5+is the maximum positron

(A

BLE 7.5 Liquid Scintillation (LS) and Cherenkov Counting Efficiencies of a Few Positron-emitting nuclides®

~

Nuclide Egt max Half-life LS counting efficiency (%) Cherenkov counting efficiency in water (%)
18p 0.635 (96.9%)" 109.7 m 100 3.7
%8Ga 0.80 (1.3%) 68.3 m 100 47
1.889 (89%)
34mc| 1.35 (24%) 32.0m 100 57
3l 2.47 (28%) 155
4.50 (47%)°

cof3mcl.

?From McQuarrie et al. (1981); Reprinted by permission © 1981 by the American Nuclear Society, La Grange Park, Illinois.
bEnergy values are in MeV and the intensities of the decay mode are given alongside in parenthesis.




energy, and E.- is the energy of the Compton edge associated
with 511-keV annihilation gamma radiation (341 keV). For
example, in the case of '*F, Ep. =635 keV + 2(341 keV) =
1317 keV. Two times the energy of the annihilation radiation
Compton edge must be accounted for, because a positron anni-
hilates with the simultaneous emission of two gamma rays of
511-keV energy.

Numerous radionuclides, that decay by electron capture and/
or the competing positron decay mode with the emission of
gamma radiation, X-rays, and atomic electrons, may be
measured by liquid scintillation. Among these are '*F, **Mn,
838, 8y, 199Cd, ', 'Z1, '#1, '**Ba, and '**Ce (Bignell et al.,
2010b, Grau Carles and Kossert, 2009, Nejjari et al., 2008,
Cassette et al., 2006, Wolterbeek and van der Meer, 2002, Grau
Malonda and Grau Carles, 1999, Grau Carles et al., 1994c¢, and
Los Arcos et al., 1991). Liquid scintillation counting efficien-
cies of over 60% and 70% are reported for 858r and 109Cd,
respectively (Grau Carles et al., 1994c).

VII. COMMON INTERFERENCES IN LIQUID
SCINTILLATION COUNTING

The counting interferences most commonly found in liquid
scintillation analysis and how each can be recognized and/or
corrected to obtain accurate and reproducible DPM values must
be considered. Six major counting interferences exist in the
scintillation counting of samples: (1) background radiation, (2)
quench (color, chemical, and ionization), (3) multiple radio-
nuclides in the same sample, (4) luminescence, (5) static, and
(6) wall effect. Each of these interferences will be considered
here and in other parts of this chapter with special attention
given to their identification, elimination, or means of correcting
for any errors that these may generate.

A. Background

Background is defined as counts arising from sources external to
the sample, such as cosmic or environmental radiation, and
from instrument noise and PMT crosstalk. When determining
sample count rates (CPMj) from which sample disintegration
rates (DPM;) will be determined according to procedures
described previously in Section V, it is necessary to obtain an
accurate measure of the background count rate (CPMypg,)
whenever background counts are significant relative to the
sample counts. Background count rates are determined by
counting a blank counting vial containing the scintillation
cocktail plus all other chemical constituents used in the prep-
aration of samples with the exception of the radionuclide of
interest. In other words, the blank should have the same quench
level as the radioactive samples to be analyzed. For example, if
the radioactive samples are measured in a sample—scintillation
cocktail mixture of 50% water (1:1 water load), the background
count rate should be determined in the blank sample 1:1
water—scintillation cocktail mixture. Ideally, any other
quenching agents that may be present in the sample should also
be present in the background blank counting vial. Such a blank
can be obtained by preparing a sample containing no radionu-
clide of interest in a fashion similar to the preparation of the
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experimental samples. Once a blank is prepared, it must be
counted for a sufficient period of time to get an accurate
measurement of its count rate. The time required for counting
background blanks can be decided by using statistical criteria
presented in Chapter 2, and this is discussed in the later part of
this chapter concerning measurements of lower limits of
detection (LLD).

Once the background count rate is determined, most
modern liquid scintillation analyzers store the background
pulse-height spectrum in computer memory. The background
counts for any given counting region of the pulse-height
spectrum can then be subtracted automatically from the sample
count rates to provide a net count rate according to the
following equation:

CPMyet = CPM; — CPMig (7.30)

If the background count rate (CPMyyg) is significant compared
to the sample count rate (CPMj), it is necessary to subtract the
background contribution according to the above equation. The
net count rate (CPM) is then used to determine disintegration
rates according to Eqn 7.7 described in Section V.B. The
majority of the background counts are found in the low end of
the liquid scintillation pulse-height spectrum, such as 0—5.0
keV for instruments that have pulse-height spectra calibrated
over the energy range of 0—2000 keV.

Methods of reducing background to optimize instrument
performance are provided in Section XX.

B. Quench

Color, chemical, and ionization quench are described in detail in
Section IV. In brief, quench affects the scintillation photon
intensity and efficiency of detection of radionuclides in the
liquid scintillation cocktail. The lower the radiation energy of
the radionuclide, the greater is the effect of quench on the
counting efficiency of the sample. Four common methods of
quench correction are (1) internal standardization, (2) sample
spectrum quench correction, (3) external standard quench
correction, and (4) direct DPM methods. The mechanisms of
quench and methods of quench correction are treated in detail in
Section V.

C. Radionuclide Mixtures

Multiple radionuclides in samples can present an interference
when the pulse-height spectra of the two radionuclides over-
lap. In the case of beta-particle-emitting nuclides, this is due
to the fact that all beta-emitting radionuclides produce
a continuous spectrum of beta-particle energies from zero to
the Epax, as illustrated in Fig. 1.30 of Chapter 1. If two beta-
emitting radionuclides are present in the same sample (e.g., °H
and 'C of En.x 18.6 and 156 keV, respectively), the pulse-
height spectrum produced by the beta-particles of one of the
radionuclides (e.g., tritium) produces a broad spectrum of
pulse heights created by a broad range of beta-particle ener-
gies from zero to the most energetic 18.6 keV beta particle, as
illustrated in Fig. 7.33. The magnitude and shape of the
spectrum will also depend upon the level of quench in the
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FIGURE 7.33 Overlapping liquid scintillation pulse-height spectra of *H
(beta-particle Epax = 18.6 keV) and '“C (beta-particle Em,y =156 keV).
The composite spectrum is that produced by the two radionuclides as a mixture.
(© 1998 PerkinElmer, Inc. Printed with permission)

sample. The second radionuclide '*C, which has a higher
decay energy than tritium, emits beta particles of higher
energy maximum (Ep.x), produces a pulse-height spectrum
overlapping that of tritium, and the spectrum of pulse heights
produced by the beta particles emitted by '*C extends from
zero to a maximum produced by the most energetic '“C beta
particles of 156 keV. Figure 7.33 is a graphic composite
spectrum of a sample with both *H and '"C. In order to
quantify the separate radionuclide activities (DPM) of
a mixture of two beta-emitting nuclides in a sample, the count
rates and counting efficiency of each radionuclide must be
determined. Several methods may be employed for the
measurement of two, three, or even more beta-emitting
radionuclides in a mixture by liquid scintillation analysis.
These methods are described in detail in Section VIII.

D. Luminescence

Luminescence in liquid scintillation fluor cocktails or in
aqueous buffer media refers to the emission of light photons as
a consequence of energy absorption and concomitant molecular
excitation from origins other than nuclear radiation. Lumines-
cence can be a practical tool in the study of biochemical reac-
tions or an interference in liquid scintillation analysis. This
section will provide a treatment of the various types of lumi-
nescence encountered in liquid scintillation analysis and
recommendations on how to avoid or minimize any interference
that some types of luminescence can present.

1. Bioluminescence

Bioluminescence occurs when a biochemical reaction
produces photons, which is a desirable reaction when used as
a tool to study certain biochemical assays. Some examples are
the biochemical reactions catalyzed by avidin—alkaline phos-
phatase, horseradish peroxidase, (-galactosidase, luciferase,
xanthine oxidase, and ATP assays via luciferin-luciferase. The
liquid scintillation analyzer can be utilized to count all lumi-
nescent events when these are used to study certain
biochemical reactions. Under such circumstances, the LSA
counting protocol should be set to count the experimental

samples in the single-photon counting (SPC) mode. In this
counting mode, only a single PMT is used without the coin-
cidence counting circuitry. SPC is used, because all lumines-
cent events are single photon in nature and would be
eliminated by the two PMTs and the coincidence counting
circuitry. Therefore, in the SPC mode the coincidence counting
circuit is disabled and only one PMT is operational. In addi-
tion, because bioluminescence normally produces a higher
intensity of light compared to a radioactive event, the high
voltage on the PMT is automatically lowered in the SPC mode
to prevent saturation of the PMT. The counting region for
bioluminescent samples in the liquid scintillation analyzer is
generally 0—10 keV for pulse-height scales calibrated in keV
energy equivalence.

2. Photoluminescence and Chemiluminescence

There are primarily two types of luminescence, which can
interfere in the assay of radioactive samples in scintillation
cocktail. These are photoluminescence and chemiluminescence.

Photoluminescence is the result of the exposure of the
sample—scintillation cocktail mixture to ultraviolet light. Pho-
toluminescence is normally single photon in nature and decays
in a matter of minutes. Therefore, letting freshly prepared
samples in scintillation cocktail remain in the dark of the liquid
scintillation analyzer for 10—15 minutes completely eliminates
any photoluminescence that may occur. A precount delay time
can also be used with counting protocols of certain liquid
scintillation analyzers.

The second type of luminescence, chemiluminescence, is
a frequent interference in the liquid scintillation assay of
radioactive samples. This is the production of light within the
scintillation cocktail due to a chemical reaction. Chemical
reactions that cause chemiluminescence often occur when
scintillation cocktail is added to the sample solution in the liquid
scintillation counting vial. A chemical reaction can occur, for
example, when scintillation cocktail is added to a basic sample
solution (pH 8—14) or when a chemical substance, such as
hydrogen peroxide, is present in the sample. The pH effects and
chemical interactions with some component of the scintillation
cocktail can cause molecular excitation and light emission.
Some types of samples that can produce a considerable
chemiluminescence are tissue or cell digests with inorganic
bases (e.g., NaOH, KOH, Solvablem) or organic bases (e.g.,
Soluene 350™).

During the chemiluminescent reaction, single photons are
produced in the scintillation cocktail and, because of their large
number, they may bypass the coincidence circuit and be regis-
tered as counts together with counts produced by the radionu-
clides in the sample. The counting of single-photon
chemiluminescence events by the coincidence (dual PMT)
circuitry can be demonstrated from the equation of Horrocks
and Kolb (1981), which is written as

Nc = 2‘L'R(N]N2) (731)

where N¢ is the coincidence count rate, g is the coincidence
resolving time (e.g., 30 ns), and N and N, are the single-event
count rates from photomultiplier tubes 1 and 2, respectively. As
the single-photon events from chemiluminescence increase in
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FIGURE 7.34 Pulse-height distributions of *H and '*C scintillation pulses and
of chemiluminescence pulses, and channel settings for the analytical measure-
ment of each activity and chemiluminescence count rate. (From Takiue et al.,
1985, reprinted with permission from Elsevier ©1985)

frequency, the probability that they produce a coincidence count
rate correspondingly increases according to Eqn 7.31. Horrocks
and Kolb (1981) calculated the coincidence count rate, N, that
would be measured by a liquid scintillation analyzer with
a resolving time of 30 ns for various single-photon event levels
according to Eqn 7.31. For example, they demonstrated that, if
photomultiplier tubes 1 and 2 measured the same number of
single-photon events to be 50,000 (i.e., N; = N;), the coinci-
dence count rate, Nc, would be calculated to be

Ne = [2(30 x 107%)/60](N1N2) = 107?(N\N,) = 2.5 CPM

They elaborate further that, if Ny =N, =500,000, the coinci-
dence count rate, Nc, would calculate to be 250 CPM, and for
N = N, =15,000,000, the coincidence count rate, N, would
calculate to be 25,000 CPM. Thus, it is obvious from the
above calculation, that if sample count rates are low, lumi-
nescence can be a source of serious error. Luminescence count
rates can be very high, depending on the chemical constituents
and/or pH of the sample. In any event, luminescence should be
identified, if it occurs, and it should be eliminated before
counting to avoid error in the activity determinations of
experimental samples.

Luminescence, which may occur in sample—scintillation
cocktail mixtures, can be detected easily when counting rela-
tively high-energy (-emitting radionuclides (Epax > 70 keV).
For example, Fig. 7.34 illustrates the pulse-height spectrum of
a luminescent sample, a tritium sample, and a '*C sample. As
illustrated in Fig. 7.34, the luminescence spectrum occurs at
the very low-energy portion of the pulse-height spectrum
occurring generally in the 0—6-keV region for pulse-height
spectra on an energy equivalent scale. Luminescence in
a sample can be recognized easily by one of three methods,
namely (1) spectral display, (2) counting region settings, and
(3) instrumental detection and measurement. As illustrated in
Fig. 7.34, a sample containing appreciable chemiluminescence
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produces a pulse-height spectral peak in the 0—6-keV region
on top of (overlapping) the main radioactivity pulse height
peak. The figure illustrates the chemiluminescence pulse-
height spectrum overlapping with *H and '*C pulse-height
spectra. When counting single-radionuclide samples, two
counting regions can be used to detect luminescence. For
example, when counting '*C the following counting regions
may be used: region A: 0—156 keV and region B: 4.0—156
keV. If the counts in these regions are similar, then little, if
any, luminescence would be expected. If, on the other hand,
the counts in region A (0—156 keV) are much higher
(25—500%), luminescence may be predicted. In addition,
many modern liquid scintillation analyzers are able to deter-
mine the magnitude of luminescence in a sample and print the
percent luminescence on the same page as the CPM and DPM
values of each sample. The percent luminescence is calculated
by the instrument according to the equation

chance coincidence events

% luminescence — x 100

true coincidence events
(7.32)

When luminescence is detected or even suspected in
experimental samples, it can be controlled, corrected for, or
even eliminated as discussed subsequently.

3. Luminescence Control, Compensation, and Elimination

Once luminescence is recognized as a problem with a particular
set of samples, it can be controlled by using proper sample
preparation procedures and even eliminated or compensated for
by certain liquid scintillation counter controls. The five most
common methods of reducing or correcting sample luminescence
are (1) dark adaptation of samples, (2) chemical methods, (3)
temperature control, (4) counting region settings, and (5) delayed
coincidence counting also referred to as random coincidence
counting. A liquid scintillation analyzer equipped with three
photomultiplier tubes (e.g., Hidex 300 SL), which can operate in
coincidence, is reported to avoid sample luminescence (Haas-
lahti, 2010).

a. Dark adaptation of Samples

The most straightforward method of removing luminescence
from liquid scintillation sample—cocktail mixtures is to dark-
adapt the samples overnight or until the luminescence decays to
the point of not contributing to erroneous sample activities
(Warwick et al., 2010; Wiesenberg et al., 2010; Cheng and
Wong, 2008; Ren and Mahon, 2007; Warwick and Croudace,
2006; and Groppi et al., 2005a). Photoluminescence generally
decays rapidly, and dark adaptation of the samples for an hour or
two should suffice for photoluminescence to disappear. The
liquid scintillation analysis of samples of low activity require
low background counting, and dark adaptation of samples
overnight or for more than a day is a practice. Chem-
iluminescence has a much slower decay rate, and significant
levels may persist beyond a day depending on sample temper-
ature (Kessler, 1989). Dark adaptation of samples for three days
in the liquid scintillation analyzer was reported by Yamada et al.
(2004) to suppress chemical luminescence. Some liquid
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scintillation cocktails are manufactured to be resistant to
chemiluminescence (see Part b. Chemical Methods discussed
subsequently and Chapter 8). Dark adaptation of samples
exhibiting chemiluminescence, together with other methods
described subsequently, may be used to eliminate interference
from this phenomenon.

b. Chemical Methods

Chemical methods used to avoid or suppress chemiluminescence
are reviewed by Peng (1976). Among these, neutralization of
alkaline sample solutions with a nonoxidizing acid is recom-
mended, as basic sample solutions are often the main cause of
chemiluminescence. This can be accomplished by (1) adding 10
mL of acetic acid to a gallon (3.8 L) of scintillation cocktail
provided this does not alter the performance of the fluor cocktail,
(2) neutralizing the basic sample solution before adding the
scintillation cocktail to the sample counting vial, or (3) using
a special scintillation cocktail designed to reduce or suppress
luminescence such as Insta-Fluor, which contains a chem-
iluminescence inhibitor or Hionic-Fluor, which displays a very
fast chemiluminescence decay property. See Chapter 8§ for scin-
tillation cocktail properties and characteristics. This normally
reduces the amount of chemiluminescence. A problem associated
with sample neutralization may occur when counting large
macromolecules found in certain biological samples, in which
acidification of samples may cause precipitation. Precipitation of
sample most often includes precipitation of the radioactive
material and, therefore, loss of counting efficiency and incorrect
DPM values.

¢. Temperature Control

Acidification of sample solution, as already described, fol-
lowed by heating to 40°C is often recommended to reduce
chemiluminescence, or acidification may be omitted when it
causes precipitation and the sample solution only heated.
Heating the sample to 40°C helps drive the chemiluminescence
reaction to its endpoint. This is possible because the reaction is
a chemical reaction and every 10°C increase in temperature
doubles the reaction rate. Another procedure, alternative to
heating, is to cool the reaction using a liquid scintillation
analyzer with temperature control. Cooling slows the reaction
rather than accelerating its termination. Cooling reduces
counts from chemiluminescence. In addition, chem-
iluminescence can be eliminated altogether by counting-region
setting or by delayed-coincidence counting, discussed subse-
quently in this section.

d. Counting-Region Settings

This is the recommended method for all radionuclides with
the exception of tritium and some nuclides that decay by
electron capture (EC) to stable daughter nuclides with the
emission of X-rays and Auger electrons. The use of “count-
ing-region settings” to remove pulse events from lumines-
cence is not possible in the measurement of tritium or EC
nuclides emitting only X-rays and Auger electrons (e.g., 3 Ar,
49V, 68Ge, and 131Cs), because their liquid scintillation pulse-
height spectra overlap significantly with that of luminescence
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(see Fig. 7.34 for the case of tritium.). Auger electrons and X-
rays following electron capture are of low energy, as noted in
Chapter 1, and the liquid scintillation pulse heights from the
monochromatic Auger electrons or from X-ray Compton
electrons would occur in the same counting region as tritium
(Takiue and Ishikawa, 1979). Nuclides that decay by electron
capture with the emission of gamma radiation from unstable
daughter nuclei emit also internal conversion electrons that
produce generally pulse heights significantly higher than that
of tritium. Consequently, the method of “counting-region
settings”, which is described in the following, could be
applicable in these cases.

The method of “counting-region settings” to remove erro-
neous luminescence pulse events from the sample count rate is
relatively simple, but not often used. If the counting region for
a mid- to high-energy @-emitting radionuclide (e.g., '*C and
higher energy ( emitters) is set at approximately 10 keV or
above, no luminescence of any kind will be observed in the
sample counts and, therefore, no correction will be necessary.
The only precaution when performing DPM determination is to
set the same counting region for the quench-correction curve
and for the experimental samples. A counting region for '“C to
avoid error from luminescence would be, for example,
10.0—156 keV for lower-level and upper-level discriminator
settings when using instruments that have pulse-height
discriminator settings calibrated to keV energy equivalence. In
the case of tritium, a counting region cannot be set to avoid
luminescence, because tritium emits very low energy beta
particles (Ep.x = 18.6 keV) producing a pulse-height spectrum
that greatly overlaps that of luminescence. In the case of tritium,
chemiluminescence must be eliminated or measured and sub-
tracted from the sample counts for accurate activity calculations
(Takiue et. al., 1984). Fig. 7.34 illustrates other discriminator
settings to define three counting regions, proposed by Takiue
et al.,, (1985), which permit the simultaneous counting of
chemiluminescence, 3H, and 14C, when the DPM analysis of
dual-radionuclide samples containing chemiluminescence is
required. Equations for calculating the activities (DPM) of the
dual-radionuclide samples and the count rates due to chem-
iluminescence are given by Takiue et al., (1985, 1986). Detailed
information on multiple-radionuclide analysis is provided in
Section VIII.

e. Delayed Coincidence Counting

Most modern liquid scintillation analyzers are equipped with
delayed coincidence counting, also referred to random
coincidence counting, as a method for the elimination of
error resulting from luminescence, that can be applied to the
liquid scintillation analysis of all radionuclides including
tritium (Varlam et al., 2009, and Palomo et al., 2007). For
this method to work, a delayed coincidence circuit with a 20-
ns delay is added to one of the two PMTs. The sample
containing the radioactivity is counted simultaneously with
and without the delay coincidence circuit enabled. If the
coincident circuit is used without the delay or random
coincidence circuit, both the luminescence and radioactive
decays will be detected. The radioactive decay events are
accepted by the coincidence counting circuit, because they



are isotropic multiphoton events, and luminescent single-
photon events are also accepted by the coincidence counting
circuit, because they occur at a high count rate in the sample
and are detected within the resolving time of the counting
circuit. Now, if the coincident circuit is used with a delay
mode added to one of the PMTs, only the single-photon
luminescence events will be detected, because of their high
count rate of occurrence. Radioactive decay, which produces
isotropic multiphoton events, will not be detected by the
coincidence circuit due to a 20-ns delay in one of the two
PMTs. Finally, the counts collected from the two readings
with and without the delay circuit enabled are subtracted
channel by channel of the MCA over the pulse-height region
equivalent to 0—6.0 keV. The resultant spectrum will be
a product of the actual nuclear decay events without chem-
iluminescence. This special delay method is known as the
luminescent detection and correction method. It can be
applied to all radionuclides independent of radioisotope
decay energy. Luminescence detection and correction are
available with most state-of-the-art liquid scintillation
analyzers (Kessler, 1989); however, caution is recommended
in the application of this instrumental method of correction.
The user should confirm that the luminescence subtraction is
working properly for their samples. For example, Warwick
and Croudace (2006) confirmed that the delayed coincidence
counting option was not reliable for their particular samples,
and they decided that dark adaptation of the samples was
necessary to ensure against erroneously high activities due to
chemiluminescence-derived scintillations.

E. Static

Electrostatic discharge is a photon-producing interference in
liquid scintillation counting. Static electricity may be generated
by friction or pressure between two materials. When noncon-
ductive materials are separated, one material develops a positive
and the other a negative charge. Static consists of charged ions,
positive or negative, which are atoms electrically out of balance
due to the removal or addition of electrons. The intensity of
static electricity can be measured as positive or negative voltage
on the surface of matter in magnitudes of tens of thousands of
volts. The discharge of static electricity is a random event; but
the phenomenon commonly occurs with many materials we
may come into contact with when preparing samples for
counting, including scintillation counting vials. Static elec-
tricity is produced easily in low-humidity rooms during the time
of the year when dry heat is used to warm laboratories. A
common characteristic of static electricity is its stability; it can
remain on the surface of scintillation counting vials for rela-
tively long periods of time. When the scintillation vial is placed
in the counting chamber and electrostatic discharges occur, it is
like an electrical lightning storm occurring in or on the surface
of the scintillation vial producing random pulse events. The
static charge buildup can have many causes, including shipping,
handling, use of plastic gloves, and low humidity in the sample
preparation area. Plastic vials tend to build up more of a static
charge than glass vials.
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There are primarily four methods of reducing or eliminating
static from sample vials for liquid scintillation counting: (1) the
use of an electrostatic controller, (2) selection of vial type, (3)
antistatic wipes, and (4) humidification of the sample prepara-
tion and counting area. A brief description of each method is
given.

The electrostatic controller is a circular donut-shaped device
located in the elevator tube through which the counting vial
must pass before it is moved into the counting chamber. In
certain instruments it contains eight geometrically located
electrodes, which generate a 360° field of electrically produced
ions. When the counting vial passes through the electrostatic
controller it enters the field of electrically produced counterions,
which can neutralize static electricity on the counting vial
surface in a matter of 2 seconds. This process occurs just before
the robotic positioning of the vial into the counting chamber
located between the two PMTs. Contemporary state-of-the-art
liquid scintillation analyzers are equipped with an electrostatic
controller (e.g., Mendonga et al., 2006). Although the electro-
static controller offers no guarantee of removing all static from
the counting vial surface, there may be no need to take any other
steps to control static on the surface of counting vials before
placing them in the LSA sample changer.

Further measures may be taken to guard against static charge
collection and discharge from counting vial surfaces. One step
is to select a type of counting vial that would tend to collect less
static electricity. Because plastic tends to hold a static charge
more than glass, the use of glass vials helps to reduce the static
charge for most samples. The disadvantages of using glass vials
are that they are more expensive, more difficult to dispose of,
and can yield higher background count rates. The alternative to
glass vials is to use special “antistatic” plastic vials (Nakanishi
et al., 2009). These vials are manufactured with a special plastic
treatment that greatly reduces the amount of static on the vial
surfaces compared with standard plastic vials. Yamada et al.
(2004) reports that the use of Teflon counting vials with acryl
resin caps with the inside wall of the caps lined with aluminum
foil could suppress effectively the static electricity. Yoon et al.,
(2010) took the added precaution of locating the liquid scintil-
lation analyzer 30 cm. away from any other electrical devices,
ventilation ducts, or air conditioner. Another technique is to
wipe each vial with an “antistatic” wipe or with a moist cloth
just before placing the vial into the sample changer of the liquid
scintillation counter. This readily removes the static charge on
the surface of the vial just before counting. The final step
that may be taken to reduce static is to increase the humidity in
the room where the samples are prepared as well as in the
counting area.

F. Wall Effect

The ‘wall effect’ can be classified into two types, namely (1) the
effect of certain traditional organic solvents that penetrate into
the walls of plastic counting vials and (2) a loss of detection
efficiency in the liquid scintillation standardization of radio-
nuclides due to the interaction of beta particles with the glass
walls of the scintillation counting vial. These two types of ‘wall
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effect’ are encountered only in unique modes of liquid scintil-
lation analysis and are thus treated separately as follows:

1. Wall effect from solvent penetration into plastic counting
vial. When samples are counted in plastic vials with
traditional cocktails, the organic scintillator from the
cocktail can penetrate the wall of the plastic vial. Tradi-
tional cocktails are those made with solvents such as
toluene, xylene, and pseudocumene. This can cause
a problem when external standard quench-correction
methods are used, because certain plastic vials with solvent
penetration can scintillate causing a distortion of the
external standard pulse-height spectrum. The result would
be inaccurate quench-indicating parameters, which would
give erroneous counting efficiencies and, as a consequence,
error in the DPM measurements of samples. This problem
can be overcome easily by always using environmentally
safer cocktails. The newer environmentally safer cocktail
solvents, such as diisopropylnaphthalene and linear alkyl-
benzene will not penetrate into the wall of the plastic vial
and cause the wall effect. As a general rule, always use
glass vials when using traditional scintillation cocktails,
and use either plastic or glass vials with the environmen-
tally safer cocktails.

2. Wall effect in the liquid scintillation standardization of
radionuclides. In the liquid scintillation standardization of
radionuclides, discussed further on in this chapter, calcula-
tions may include a wall effect, that is, a reduction in
detection efficiency due to nuclear decays that occur at the
walls of the scintillation vial (Cassette, 2003). In the wall
effect, it is assumed that a 10-um layer next to the vial wall
will have only a 50% counting efficiency, as electrons interact
with the glass envelope of the counting vial (Jaubert and
Cassette, 2004, Johansson et al., 2003, Cassette, 2003). The
influence of this wall effect is considered negligible in the
standardization of high-energy beta-emitting radionuclides
le.g., St (Emax = 1490 keV) or P°Y (Epax = 2280 keV)] by
the CIEMAT/NIST or TDCR methods, if the source is
unquenched or only moderately quenched (Jaubert and
Cassette, 2004 and Cassette, 2003). For lower-energy beta-
emitting radionuclides and for alpha-emitting nuclides, the
wall effect must be corrected for in the standardization of
radionuclides (Cassette, 2003). In the liquid scintillation
standardization of ***Pu an uncertainty of 0.25% on the
efficiency was attributed to the wall effect (Johansson et al.,
2003). A similar uncertainty to the detection efficiency of
0.2% for *'°Po was attributed to the wall effect (Laureano-
Pérez et al., 2007). The significance of the wall effect was
demonstrated by Hurtado et al. (2009) by their comparison of
the theoretical beta spectrum of °°Y with the spectrum that is
produced by the *°Y beta-particle energy deposited in a liquid
scintillator (see Fig. 7.35). The comparison was made using
a Monte Carlo simulation using GEANT4 code, as a tool for
efficiency calculations in radionuclide standardization and
stopping power calculations, etc. Figure 7.35 illustrates how
the low-energy portion of the beta spectrum is distorted by the
wall effect, as the low-energy beta particles are absorbed in
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FIGURE 7.35 Theoretical and wall-effect-distorted beta spectra of *°Y. (From
Hurtado et al., 2009, Reprinted with permission from Radiocarbon, the
University of Arizona, © 2009 Arizona Board of Regents on behalf of the
University of Arizona)

the walls of the liquid scintillation counting vial. DeVries and
Griffen (2008) point out that the high LET of alpha particles
in the scintillation cocktail reduce the wall effect, and
assigned a liquid scintillation alpha detection efficiency of
100% in the measurement of *>'Np.

VIII. MULTIPLE RADIONUCLIDE ANALYSIS

There is a wide-ranging need in the scientific community to
analyze multiple radionuclides as mixtures. These include dual-
, triple-, and multiple radionuclide mixtures stemming from
research in the chemical, biological, nuclear power, and envi-
ronmental sciences, among others, as reviewed by L’ Annunziata
(1984b), Bukowski et al. (1992), Takiue et al. (1991b,c, 1992,
1995, 1999), Toribo et al. (1995, 1996, 1997, 1999), Fujii et al.
(2000), Kashirin et al. (2000), Nayak (2001), and Reddy et al.
(2009). Several methods are available for analyzing the activity
of more than one $-emitting radionuclide in the same sample.
Because of the broad spectrum of G-particle energies emitted by
any given radionuclide anywhere between zero and Ep ., We
always observe a broad pulse-height spectrum in the liquid
scintillation analyzer from zero to a maximum pulse height.
Therefore, all liquid scintillation pulse-height spectra from
different (-emitting radionuclides overlap to some degree.
Because of this spectral overlap and the very broad character-
istics of (-particle pulse-height spectra, it was traditionally
considered feasible to analyze by LSA at most three §-emitting
radionuclides in the same sample provided their -particle energy
maxima differed by a factor of three or four (L’ Annunziata, 1979,
1984, and 1987). However, advances in LSA have revealed new
regionless spectral unfolding and deconvolution methods capable
of analyzing several $-emitting radionuclides in the same sample
with the aid of computer processing. Even radionuclide mixtures
of "C (Epax = 156 keV) and S (E = 167 keV), which for
decades were thought to be impossible to resolve by LSA,
because of their similar §-particle energies, can now be identified
and quantified as mixtures. A description of the techniques used
to resolve and quantify mixtures of -, and a-emitting radionu-
clides by LSA is provided in this section.



A. Conventional Dual- and Triple-Radionuclide
Analysis

The conventional methods described in detail in this section
refer, for the most part, to the analysis of two (-emitting
radionuclides in a mixture. However, the same principles can
apply to the analysis of three beta-emitting radionuclides as
a mixture, which is included in this section.

1. Exclusion Method

The exclusion method is one of the original methods applied to
the analysis of a dual-radionuclide mixture by liquid scintilla-
tion analysis. It is described in detail by Okita et al. (1957),
Kobayashi and Maudsley (1970), and L’ Annunziata (1979). The
technique is rarely used today, because of the availability of
more efficient methods of dual- or triple-radionuclide analysis.
Nevertheless, it is presented briefly here, as the reader will
encounter occasional reference to this method in the current
literature.

The dual-radionuclide mixture of *H (Emax = 18.6 keV) and
4¢c (Emax = 156 keV) will be taken as an example to describe
this method, which requires a relatively large difference in (-
particle energies between the two radionuclides. It is recom-
mended generally that the E .« of the two radionuclides differ
by a factor of 3 or 4. Two counting regions or windows are
defined using lower-level (LL) and upper-level (UL) pulse-
height discriminators such that in counting region 1, also
referred to as counting region A and in this case, we can refer to
it as the tritium region (e.g., LL =0.0 and UL = 18.6 keV),
where both the tritium spectrum and the spilldown of the
carbon-14 spectrum into the tritium region are found. In this
example, the pulse-height analyzer is one that utilizes a multi-
channel analyzer with channel numbers calibrated to approxi-
mate keV energy of the *H and '*C beta particles (see Fig. 7.36).
In such a case, a nonquenched sample of *H will not produce
calibrated pulse heights beyond 18.6 keV. In counting region 2,
also referred to as region B and in this case the carbon-14
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FIGURE 7.36 Typical component and composite liquid scintillation analyzer
pulse-height spectra produced by approximately equal activities of *H and .
Two counting windows (counting regions) are illustrated, namely, window A (or
region A), which registers count rates originating from beta emissions of *H and
14C, whereas window B (or region B) registers a count rate originating only from
beta emissions of '*C. (© 1998 PerkinElmer, Inc. Printed with permission)
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region, pulse-height discriminators are set (e.g., LL = 18.6 and
UL = 156 keV) to allow only pulses from the carbon-14 spec-
trum. The name exclusion method is derived from the fact that
region 2 excludes all tritium pulses. When counting a mixture of
*H and '*C, count rates (CPM) will be collected in each region,
and the following equations are used to calculate the activity or
disintegration rate (DPM) for *H and "C:

N
g = M-Ce (7.33)
h
N,
and C = -2 (7.34)
1)

where H and C are the activities or DPM of *H and '“C,
respectively, in the mixed radionuclide sample, N; and N, are
the net count rates (CPM), i.e., background-subtracted count
rates, in regions 1 and 2 of the liquid scintillation analyzer, h;
and ¢ are the counting efficiencies of *H and '*C in counting
region 1, and ¢, is the counting efficiency of '*C in counting
region 2.

From these equations it is clear that five parameters are
needed to calculate the DPM for both the tritium and '*C dual-
labeled samples. The net CPM in regions 1 and 2 are determined
automatically by the LSC. The three efficiency factors are
determined using three quench-correction curves, which consist
of plots made from a series of tritium and "*C quenched stan-
dards. The three curves are constructed by plotting % counting
efficiency for tritium and '*C in region 1 and "*C in region 2
versus an external standard quench-indicating parameter.

This method is less commonly used today for low-energy
beta emitters, such as 3H-14C, because scintillations from beta-
particle emissions from both nuclides are highly quenchable,
and the counting region of the higher-energy beta emitter (e.g.,
'“C in the above example) is restricted to include only pulse
events from that nuclide. Under high levels of quench, the
detection efficiency of '“C drops significantly, and the pulse
events can spill down excessively from region B to region A.
This can yield very low detection efficiencies for the '*C in
region B; however, modern liquid scintillation analyzers
equipped with automatic efficiency control (AEC) or automatic
quench compensation (AQC) can automatically shift counting
region settings according to quench level. With respect to
relatively high-energy beta emitters, such as *°Sr (Epay = 546
keV) and Dy (Emax =2280 keV), which are less easily
quenched, the exclusion method is more easily utilized.
Eikenberg et al. (In Press) report the successful application of
this technique for the analysis of *H and '*C mixtures. They
report the use of one of the internal standards to determine the
detection efficiencies of *H and '*C or quench-correction
curves. Eikenberg et al. (2011) found the use of internal stan-
dards to yield more precise results (see Section V.A for the use
of internal standards.). Xiques Castillo et al. (2009, 2010)
applied the exclusion method for the analysis of *°Sr(*°Y) for
clinical applications. They used counting regions defined by
channels 5—700 for region A and 701—1014 for region B of
a Wallac (PerkinElmer) 1029 Rackbeta™ liquid scintillation
analyzer. The upper region (region B) registers pulse events
arising exclusively from °°Y beta-particle interactions with
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liquid scintillator, and these interactions with such a very-high-
energy beta emitter are not easily quenched and any spilldown
of pulse events from region B to region A would be minimal.
Another application of the exclusion method is reported by
Huntington et al. (2008) for the dual-nuclide liquid scintillation
analysis of %7n and **™Zn. The inclusion method, which is
described subsequently, is the most popular method, as it
assures, particularly with low-energy beta emitters, a less
variable detection efficiency for both nuclides over a wide range
of quench.

2. Inclusion Method

In this method, the counting regions are set such that there are
spillup and spilldown of pulse events in each region from both
of the radionuclides when two beta-emitting radionuclides are
analyzed as a mixture. When three beta-emitting radionuclides
are analyzed, three counting regions are employed.

a. Dual-Radionuclide Analysis

Again, we will use *H and '*C as an example of a typical dual
mixture, keeping in mind that the procedure presented here and
equations used will work for any dual mixture of §-emitting
radionuclides, provided the B-particle energies (E . values) of
the two radionuclides differ significantly. Also, in this discus-
sion we will refer to lower-energy and higher-energy radionu-
clides to distinguish between nuclides that differ in their beta-
decay energies. In this example, *H (Emax = 18.6 keV) is the
lower-energy radionuclide and 4C (Epax = 156 keV) the
higher-energy radionuclide of the mixture.

For this method to work it is necessary that two counting
regions (regions A and B) are established by setting the lower-
level and upper-level pulse-height discriminators to assure that
there will be significant spillup of pulse events from *H into
region B and the unavoidable spilldown of pulse events from
'“C into region A. An illustration of pulse-height discriminator
settings, which establish the counting regions for the analysis of
two radionuclides by this inclusion method, is given in
Fig. 7.37.

Some modern liquid scintillation analyzers are available
with preset dual counting regions for the activity analysis of
dual mixtures such as 3H—14C, 3H—32P, and *H—"?°1. For other
radionuclide combinations, it is necessary to establish the LL
and UL discriminators settings for the appropriate spillup and
spilldown of pulse events from the two radionuclides. The
procedure used to establish these regions will be discussed later
on in this section. For the case of the *H—'*C mixtures, counting
region A is normally set by discriminators LL = zero and
UL = 12.0 keV, while region B is defined by the discriminator
settings LL. = 12.0 and UL = 156 keV, when the pulse height
spectra are displayed on a linear scale in (-particle energy
equivalents (e.g., Fig, 7.37). Some liquid scintillation analyzers
simply make use of channel numbers, and the counting regions
are defined by the channel numbers (see Fig. 7.42 further on in
this section).

After the two counting regions are defined, it is necessary to
prepare quench-correction curves, which can be used to deter-
mine the counting efficiencies of the *H and '*C (or lower-
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FIGURE 7.37 Typical component and composite pulse-height spectra
observed for two @-emitting radionuclides (e.g., °H and '*C) in an approxi-
mately 1:1 mixture and having significantly different G-particle energy maxima.
The pulse-height spectra are plotted as dN/dE, i.e., the number of events or
counts per energy channel versus channels of a multichannel analyzer calibrated
in keV. Two counting regions are illustrated (regions A and B also referred to as
windows A and B) for use in the inclusion method, which are set to allow spillup
of the lower energy radionuclide from region A into region B, whereby counts
from both radionuclides appear in both counting regions. (© 1998 PerkinElmer,
Inc. Printed with permission)

energy and higher-energy radionuclides) in the two counting
regions. Two sets of quench standards are required, one set of
*H and one set of "*C quenched standards. If two other radio-
nuclides need to be analyzed, a set of quenched standards of the
lower-energy radionuclide and a set of quenched standards of
the higher-energy radionuclide are required. The procedure
for preparing a series of quenched standards was given in
Section V.D. Each series of quenched standards is counted in
regions A and B and, as a result, four quench-correction curves
are created, as illustrated in Fig. 7.38.

When using quench-curve correction, determination of the
radionuclide activities becomes more difficult as spillover of
'4C into the tritium region (region A) increases with quench or,
in other words, when the ratio of C to tritium increases in
region A. If the number of counts from '*C into the tritium
region becomes large, the correction of the tritium counts can
result in a small number that is less accurate. Likewise, as
quench increases, the spillover of *H pulse events into region B
(14C region) diminishes and can even disappear, which makes
the calculations for the *H and '*C activities invalid. Therefore,
to maintain optimal counting conditions, it is necessary to keep
the amount of spillover of the '*C pulse events in the tritium
region A at a fairly constant level as well as the spillup of tritium
events into region B. This is accomplished using an automatic
windows tracking method called AEC (automatic efficiency
control) or AQC (automatic quench compensation). As the
sample is counted, the liquid scintillation analyzer determines
the level of quench of the experimental sample using a quench-
indicating parameter (e.g., H#, or tSIE), and the counting
regions are adjusted automatically so that the spillover of the
'C into the tritium region (region A) is kept at a fairly constant
level (10—15%), and the spillup of *H into the *C region
(region B) is also preserved. Fig. 7.39 illustrates that the liquid
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FIGURE 7.38 Quench-correction curves of counting efficiency versus tSIE/AEC for *H and '*C in region A (LL—UL: 0—12.0 keV) and region B (LL—UL:
12.0—156 keV) for the dual-radionuclide analysis of SH—'4C. The notations Epa, ELp, Ena, and Eyp are the counting efficiency factors defined in Eqns 7.35 and 7.36.
The quench-correction curves were obtained with *H and "*C quenched standards counted in regions A and B with a PerkinElmer 2770TR/SL liquid scintillation

analyzer.
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FIGURE 7.39 Illustration of automatic region tracking. Using automatic
efficiency control (AEC), the liquid scintillation analyzer automatically moves
the upper-level discriminator of a counting region from pulse heights of higher
magnitude to those of lower magnitude (right to left of the pulse-height spec-
trum) according to the degree of quench in a sample. The pulse-height spectra of
five samples are illustrated, each at different levels of quench. The samples of
higher quench level are those of smallest pulse number and magnitude. (© 1998
PerkinElmer, Inc. Printed with permission)

HHW

scintillation pulse-height spectrum of a radionuclide diminishes
as quench increases, and AEC automatically moves a discrimi-
nator setting according to the degree of quench in the sample.
If dual-radionuclide samples of tritium and '*C are counted

using quench curves and automatic window tracking methods
(e.g., AEC or AQC) are employed, the resultant quench-
correction curves shown in Figure 7.38 can be used to determine
the counting efficiency of each radionuclide in each counting
region. As illustrated, four curves are created, one for each of
the two nuclides in each of the two counting regions. The major
feature to note is that the amounts of spilldown of '*C into the
3H region and the spillup of *H into the '*C region are kept
constant.

The equations used to calculate the DPM for each radio-
nuclide are derived from the following equations, which
describe the count rate in the two counting regions:

CPMy = DiEjas + DyEga (7.35)

and CPMp = D Ep + DyEyp (7.36)

where CPM, and CPMp are the net (background-subtracted)
count rates of a dual-radionuclide sample in regions A and B,
respectively; Dy and Dy are the disintegration rates (DPM) of
the lower-energy radionuclide (e.g., *H) and higher-energy
radionuclide (e.g., 14C), respectively; Er4 and Epp are the
counting efficiencies of the lower-energy radionuclide in
regions A and B, respectively; and Egy4 and Epp are the counting
efficiencies of the higher-energy radionuclide in regions A and
B, respectively. The four counting efficiency factors in Eqns.
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7.35 and 7.36 are obtained automatically by the liquid scintil-
lation analyzer from the four quench-correction curves
(Fig. 7.38) stored in the computer memory of the LSA.
Therefore, the preceding two equations still have two
unknowns, namely, Dy and Dy, which are solved for simulta-
neously to obtain

CPMyEpp — CPMgEpns
D, =

(1.37)
EraEnp — ErpEpa

_ CPMgE;s — CPMAEp
EraEnp — ErpEpa

and Dy (7.38)
For the activity determinations of a dual nuclide mixture, the
liquid scintillation analyzer determines the net count rates of the
sample in regions A and B, and the quench-indicating parameter
of the sample. From the value of the quench-indicating
parameter, the LSA automatically extracts the needed four
counting efficiency factors from the quench-correction curves
(e.g., Fig. 7.38) and then automatically calculates the disinte-
gration rates of the two radionuclides in the mixture according
to Eqns 7.37 and 7.38. All of the calculations are performed by
the software of the liquid scintillation analyzer.

Because the discriminator settings defining the counting
regions A and B will move automatically according to the
amount of quench in the sample, as measured by the QIP, it is
important to note that varying the counting region settings
changes the quench-correction curves (efficiency versus QIP).
This is generally of little concern to the analyst, because most
modern liquid scintillation analyzers save, on the hard disk of
the computer, the entire pulse-height spectra of the quenched
radionuclide standards. Consequently, as the counting regions
are changed automatically by the instrument according to
quench level, so are the resultant new quench-correction curves
automatically determined by the instrument.

Often it is necessary to analyze radionuclide mixtures
for which no preset counting regions have been established
in the liquid scintillation analyzer. In such a case, it is
necessary to find and select the optimum LL and UL
discriminator settings to define counting regions A and B.
The procedure used to obtain the proper discriminator
settings is as follows, using the **P—>?P dual-radionuclide
mixture as an example:

1. To find the appropriate LL and UL discriminator settings for
the inclusion method for dual-radionuclide activity analysis,
we must count first a known activity (DPM) of the lower-
energy radionuclide (e.g., 3p, Enmax =249 keV) as a pure
radioisotope sample in a wide range of counting regions
starting at an LL discriminator setting of zero and progres-
sively increasing the UL discriminator in small increments
(e.g., 10 eV). Certain liquid scintillation analyzers (e.g.,
PerkinElmer Tri-Carb) display the pulse-height discrimi-
nator settings in units of eV (0—2000 eV); others (e.g.,
PerkinElmer Quantulus) display the discriminator settings in
channel numbers (0—1024). A net count rate (CPM) for each
region setting is recorded.

2. This procedure is repeated with a known activity (DPM) of
the higher-energy radioisotope (e.g., *°P, Epax = 1700 keV),

which is counted in the same regions selected in the above
step 1. The net count rates (CPM) of the higher energy
radionuclide in the counting regions are recorded. Both
samples of the low-energy radionuclide (e.g, *°P,
Emnax =249 keV) and the higher-energy radionuclide (e.g.,
3P Eax = 1700 keV) used for this exercise should be at
similar and low levels of quench, that is, the lowest level of
quench expected for any given unknown mixture.

3. The counting efficiencies of the separate low- and high-
energy radionuclides (e.g., >°P and *’P) standards in the
various counting regions are then calculated according to the
equation %E = (CPM/DPM)(100).

4. The counting efficiencies of the low-energy radionuclide in
the individual counting regions are plotted against the
counting efficiencies of the high-energy radionuclide in the
same counting regions as illustrated in Fig. 7.40.

5. The objective of this exercise is to find discriminator
settings at which there will be significant overlap (spill-
over) of counts from both radionuclides in the two
counting regions required for the inclusion method. These
conditions are found in the “knee” section of the curve.
Hence, a counting region is selected arbitrarily from the
knee section of the curve as the counting region A for the
dual-radionuclide analysis. In the example using the **P
and *?P radionuclide standards a counting region
(LL—UL) of 0—100 keV from the knee of the curve was
selected from the eighth data point counting from left to
right of Fig. 7.40.
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FIGURE 7.40 Effect of region settings on **P and *’P counting efficiencies
over the range of LL—UL, 0—30 to 0—220 keV. The data points represent
increasing counting region widths in increments of 10 keV. (From L’Annunziata,
1997b, © 1997 PerkinElmer, Inc. Printed with permission)
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6. Having defined in this way one of the counting regions
(region A), we can then proceed to select the discriminator
settings for the second counting region (region B). The
discriminator settings for region B are defined by selecting
its LL discriminator setting to be equivalent to the upper
limit of region A (e.g., 100 keV for the 3p_32p double
label) and selecting the UL discriminator setting to
encompass all pulses of highest magnitude arising from the
higher-energy radionuclide. In this example, the UL
discriminator setting of 1700 keV was selected, because no
pulses from this double-radionuclide mixture can reach
beyond 1700 keV. The second counting region (region B) for
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FIGURE 7.41 A composite pulse-height spectrum of a **P—>?P dual-

radionuclide sample as displayed on the computer screen of a PerkinElmer
Tri-Carb 2300TR liquid scintillation analyzer. Counting regions A and B are set
for the dual-radionuclide analysis by the conventional inclusion method.
(L’Annunziata, M.F., 1996, unpublished work)
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the case of the **P—*?P dual radionuclide was therefore
defined by the LL and UL discriminator settings of
100—1700 keV.

Figure 7.41 illustrates the composite pulse-height spectrum of
a dual-isotope sample of **P—*?P with an approximate 1:1
activity ratio as seen on the LSA computer screen. The
discriminator settings established for regions A and B, as
required for the analysis of these two isotopes in the same
sample, are also seen in the figure. Data illustrating typical
recoveries obtainable by this inclusion method for the analysis
of a dual nuclide combination of **P—*?P are provided in
Table 7.6. The inclusion method has been found to provide
excellent recoveries of the 3H—14C, 3H—45Ca, 14C—36Cl,
3 3P—32P, 35 Fe—59Fe, 9()Sr—90Y, and other double radionuclide
mixtures, for a wide range of activity ratios of the two radio-
nuclides (Hui et al., 2012, Nebelung et al., 2009, Nakanishi
et al.,, 2009, Reddy et al., 2009, Shaffer and Langer, 2007,
Rodriguez et al., 2006, Zheng and Bobich, 2004, Zheng et al.,
2004, Lee et al., 2002b, Benitez-Nelson and Buesseler, 1998,
L’ Annunziata, 1984b, 1987, 1997b, Viteri and Kohaut, 1997,
and Kessler, 1989). Reddy et al., (2009) made extensive tests of
this dual nuclide analysis method for *H—"C combinations at
low-activity levels. They obtained minimum detectable activi-
ties of 2100 DPM/L for *H and 1200 DPM/L for "*C with
a counting time of 300 minutes and found the accuracy of
results to be within = 10% for *H:'*C activity ratios ranging
from 1:1 to 1:18. Fujii and Takiue (2001) report the unique
analysis of airborne *H and '*C in activity concentrations as low
as 0.01 Bg/cm® by suspension of the radionuclides in a “foggy
scintillator” created with an ultrasonic wave generator. The
radionuclides could be analyzed as single- or dual-radionuclide
mixtures. Nebelung et al. (2009) evaluated this dual-radionu-
clide analysis technique with activity ratios of up to 1/50 for

KTABLE 7.6 DPM Recoveries for **P—**P Dual-Nuclide Combinations® by the Dual Region Inclusion Method

~

Qrom L’Annunziata, 1997b © 1997 PerkinElmer, Inc. Printed with permission)

Sample® Ratio® % Recovery®
3pA2p 3p:2p SIS tSIE DPM (*°P) DPM (*P) DPM (°P) DPM (**P)
1.0 mL: 0.0 mL 1:0 130 470 63056 188 99.5 0.3
0.0 mL: 1.0 mL 0:1 1039 476 28 63047 0.0 98.1
0.5 mL: 0.5 mL 1:1 589 472 32426 32867 102.2 99.1
1.0 mL: 0.5 mL 2:1 419 444 63311 32602 100.0 98.3
0.5 mL: 1.0 mL 1:2 707 445 31699 65550 100.1 98.8
1.0 mL: 0.2 mL 5:1 279 457 65012 13352 102.6 100.7
0.2 mL: 1.0 mL 1:5 869 460 12744 65011 100.6 98.0
1.0 mL: 0.1 mL 10:1 215 464 63499 6613 100.2 99.7
0.1 mL: 1.0 mL 1:10 936 466 6770 65194 106.9 98.3
Activity of *P= 63361 DPM/mL, activity of *’P= 66328 DPM/mL. Instrumentation: PerkinElmer TriCarb 23007TR liquid scintillation analyzer.

bTriplicate samples were counted for a duration of ten minutes or until a % 2 sigma standard deviation of 1.0% was reached.

“Ratios listed are only approximate. The exact ratios can be calculated from the isotope activities (DPM/mL) and sample sizes (mL) of each isotope.

9The standard deviation of the mean of all triplicate measurements ranged from 0.13% to 2.77%.




Liquid Scintillation Analysis: Principles and Practice

several combinations of nuclides and, including *H/ 14C,
4c/co, CSr, 'C/Te, 'P7Sc/Co, FFel’H, and
2Tc/*°Co with good accuracy. They used a PerkinElmer Tri-
Carb 3100 TR liquid scintillation analyzer, which requires the
establishment of quench-correction curves using the quench-
indicating parameter, tSIE, with automatic efficiency control
(tSIE/AEC), as described previously.

b. Dual-Radionuclide Analysis with Daughter Ingrowth

When two beta-emitting radionuclides are analyzed in two
counting regions or windows, and there occurs ingrowth of
a radionuclide daughter during the analysis, we have essentially
the need to analyze simultaneously three radionuclides in the
two counting windows. An excellent example is that of the
liquid scintillation analysis of *Sr (Epax = 1490 keV) and *°Sr
(Emax = 546 keV) in two counting windows after the separation
of ®Sr and *°Sr from other nuclides in the sample by chemical
means, such as ion exchange. When the strontium is separated
from other nuclides on an ion-exchange column, activity of the
%Y daughter of *°Sr will appear immediately after the isolation
of strontium, and the *°Y activity will increase with time due to
daughter nuclide ingrowth until the *°Y activity reaches the
activity of the *°Sr parent nuclide, i.e., secular equilibrium
(L’ Annunziata, 1971 and Fig. 1.97 of Chapter 1). Thus, the
liquid scintillation analysis of radiostrontium, i.e., 89Sr and 9OSr,
in two counting windows must also include the measurement of
the high-energy *°Y (Epa.x =2280 keV) daughter activity,
which will produce liquid scintillation events in the same
counting windows within which the %°Sr and *Sr events are
counted. Thus, in this case, there is the need to analyze the
activities of three beta-emitting radionuclides in two counting
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regions. The measured activity of the *°Y will be a function of
the *°Sr parent nuclide activity and the time in hours since the
time of isolation or separation of the strontium from other
nuclides (#p) and the time of measurement or counting (¢;). The
recorded time of separation of strontium from other radionu-
clides and the time of counting will provide the duration in
hours during which °°Y ingrowth would have occurred. The
calculated ingrowth of °°Y allows for the mathematical
correction of the contribution of °°Y to the sample count rates in
the two counting windows and permits the final calculated
activities of **Sr and °Sr.

An excellent example of the dual counting region method
with correction for daughter nuclide ingrowth, described
previously, was reported by Kim et al. (2009) for the analysis of
898r and *°Sr in milk, which is based on the method of Eiken-
berg et al., (2006). The method of Eikenberg et al., (2006)
utilized three counting windows to include the simultaneous
analysis of an additional radionuclide, 85Sr, which is used as
a tracer nuclide to calculate the chemical recovery of strontium.
Kim et al. (2009) isolated strontium including the %*Sr and *°Sr
from milk using a column of ion-exchange resin that removed
all other radionuclides including the *°Y daughter nuclide of
%0Sr. The time of collection of the radiostrontium was taken as
tp, which is the time that the Oy daughter nuclide of gr is
removed and when ingrowth of °°Y with its parent will begin.
The isolated radiostrontium was counted in a liquid scintillation
analyzer in two counting windows illustrated in Fig. 7.42. When
counting a sample of radiostrontium, i.e., 898t and 90Sr, isolated
from other nuclides in the counting windows, illustrated in
Fig. 7.42, window A will yield a total count rate, which will
be sum of count rates from pulse events arising from beta
emissions of **Sr 4+ *°Sr 4 ingrown *°Y + background events,
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FIGURE 7.42 The liquid scintillation beta pulse-height spectra of %°Sr, °°Sr, and °°Y. Two counting regions or windows are illustrated, namely, window A defined
by lower-level (LL) and upper-level (UL) discriminator settings set at channel 120—710, respectively, and window B with LL and UL discriminator settings at
channel 711—910, respectively. A relatively weak and broad peak of pulse events due to °°Y ingrowth with *°Sr parent can be seen in window B. For the color version
of the figure, the reader is referred to the online version of the book. (From Kim et al., 2009, reprinted with permission from Elsevier © 2009)
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whereas window B will yield a summed count rate arising from
beta emissions from *’Sr + ingrown *°Y + background events.

Using the notation of Eikenberg et al., (2006), Kim et al.
(2009) calculated the net (background-subtracted) count rates in
the two counting windows A and B, which are defined as

Nt = N(t)§_go + N(0);_o0 + N(1)y_op
and N(1)® = N(1)$ g0 + N(1)§ o0

where in Eqn 7.39, N(0™* is the net count rate (CPS) in window
A, N(1)4._go is the net count rates in window A due to *Sr at the
time 7 of counting (**Sr can undergo appreciable decay from the
time of separation from the other nuchdes to the time of
counting; half-life of ®Sr is 50.5 days), N(0)4 Sr_op is the count
rate due to *’Sr in window A at the time of counting and the time
of separation from other nuclides (*°Sr undergoes no observable
decay; half-life of *°Sr is 28.8 years), and N (t)é_gois the count
rate in window A due to ingrowth of *°Y at the time ¢ of
counting. Also in Eqn 7.40, N(#)? is the net count rate (CPS) in
window B, N(¢ )Sr g9 1s the net count rate in window B due to
89Sr at the time ¢ of counting, and N(t )Y g0 18 the count rate in
window B due to ingrowth of *°Y at the time ¢ of counting.
According to Eqn 7.7 it is obvious that the count rate (e.g., CPS)
of a radionuclide is the product of the activity or disintegration
rate (DPS) and detection efficiency € of the nuclide, where
0 < e <1 for detection efficiencies in the range of 0 and 100%.
Thus, Kim et al. (2009) expressed Eqns. 7.39 and 7.40 as

(7.39)
(7.40)

A A A
N(t)" = A(t)s_g9° €589 T A(0)gr_90* €500
+A(0)s,_09°/1€¢ 00 (7.41)
and N(1)° = A(t)s;_g0° €859 + A(0)5;_90*fi ¥ g9 (7:42)

where A(1)g,_go* €4 gois the product of the activity in disinte-
grations per second (DPS) of *'Sr at the time ¢ of counting and
the detection efficiency of *Sr in counting window A,
A(0)g,-90* €4 _gois the product of the activity of *°Sr at the time
of its separation from °°Y and other radionuclides and the
detection efficiency of °°Sr in counting window A, and
A(0)g,-90°f1+€4.9y represents the contribution to the count
rate in window A arising from the ingrowth of *°Y from the
time #o of separation of the *°Sr from yttrium to the time 7 of
counting and

(7.43)

fl _ (1 e*/‘\yff)ofl)
where Ay.gq is the decay constant of 20Y and 7,is the interval of
time from the time of separation of 208t from 90Y, 19, and the
time 7 of counting, i.e., f; =t — fp. Thus, the term A(0)g,_qo*f1 Of
Eqn 7.42 represents the activity of the *°Y ingrown with the
isolated “°Sr, and the activity of the **Y will grow according to
the time interval #; to a maximum activity (Any,x) equivalent to
that of isolated *°Sr (I’ Annunziata, 1971), or

—Ay_oot
Ay_90 = Ay—90, max(1 —e™ V="

= A(0)g,_gp(1 — e~ Hr-oo) (7.44)

Eqn 7.44 is equivalent to that expressed by Eqn 1.442 of
Chapter 1.
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From Eqns 7.41 and 7.42, Kim et al. (2009) arrive at the final
expressions for calculating the activities of *°Sr and *Sr in units
of Bg/L when the strontium recovery, 7, and sample volume, V,
are included, which are

(V@) *A(I)Sr 896180
A0 = 7.45
Osi-s0 (€800 T /165 _g9)*rsx*V 74
of) 0B
A(t)sr_gg _ N(t) ( )Sr—90 fl £Y790) (746)

B .
€g_g9 Tsr*V

Quench-correction curves are not needed in this case to deter-
mine the detection efficiencies of 9OSr, 89Sr, and °°Y in the two
counting windows, because all samples are prepared uniformly
with the same level of quench, and minor variations of quench
level have negligible effect on the detection efficiencies of these
relatively high-energy beta emitters. The determination of the
detection efficiencies by the use of internal standards of 90Sr,
SQSr, and QOY, as carried out by Kim et al. (2009), does suffice in
this case.

c. Triple-Radionuclide Analysis

In triple-radionuclide analysis (e.g., a mixture of *H + '*C +
3P or *H + "*C + "*'T), three counting regions and three sets
of quench standards would be required to prepare quench-
correction curves for each radionuclide in each counting region.
Consequently, three CPM values, one for each of the three
counting regions, are obtained and three equations solved to
calculate the DPM of each of the three radionuclides. For
example, Bukowski et al. (1992) describe the liquid scintillation
analysis of mixtures of *H, '*C and "'I in three counting
windows, namely, window 1 defined by channel numbers
5—300, window 2 defined by channel numbers 300—550, and
window 3 defined by channel numbers 550—800. The channel
numbers (LL and UL discriminator settings) are selected by
determining the pulse-height spectra of the lowest-quenched
sample of each individual radionuclide with the LSA multi-
channel analyzer, as illustrated in Fig. 7.43. The upper limits of
the pulse-height spectra of the lowest-quenched samples were
selected as the upper-level (UL) discriminator settings for each
counting window, as illustrated in Fig. 7.43. Modern liquid
scintillation analyzers equipped with automatic efficiency
control (AEC) or automatic quench compensation (AQC) will
automatically shift the upper-level discriminator setting
to lower channel numbers according to the level of quench in
the sample, as the uppermost levels of the spectra shift with
quench.

When three sets of quenched standards, i.e., quenched stan-
dards for each radionuclide, are counted in each of the three
counting windows, separate quench-correction curves of %
detection efficiency versus a quench-indicating parameter for
each radionuclide in each counting window are obtained, as
illustrated in Fig. 7.44. In the example given here the detection
efficiency of *H in windows 2 and 3 are zero, and the detection
efficiency of '*C in window 3 is zero. This is so, because there is
no spillover of *H into window 2 or 3 as well as no spillover of
14C into window 3. However, other counting windows can be
selected to permit some spillover of pulse events from the *H into
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FIGURE 7.43 Liquid scintillation pulse-height spectra of *H, '*C, and "*'I at
low and high quench levels. As quench increases, the pulse-height spectra are
reduced in intensity (fewer counts/per channel) and pulse height (shift from
higher to lower channel numbers). (From Bukowski et al., 1992. Reprinted with
permission from Elsevier © 1992)

window 2 or the '*C into window 3, as the three equations used to
calculate the radionuclide activities can be solved with spillover.

For the analysis of experimental samples the liquid scintil-
lation analyzer (LSA) will determine the count rate in each
counting window, the quench-indicating parameter [e.g., H#,
tSIE, SQP(E)] of that sample and then determine the nine
detection efficiencies for the three radionuclides in each
counting window. The LSA will also determine the background
count rate in each counting window. With these data collected
by the LSA, the follow equations can be analyzed according to
the notation used by Bukowski et al. (1992) to calculate the

100 1 1 1 1
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activity or disintegration rate of each of the three radionuclides
in the sample:

Wi = e 1Dy + ejnDy + e;3D3 + By
Wy = e1D1 + exnDy + ex3D3 + By (7.47)
W3 = e31D1 + e32D; + e33D3 + B3

Bukowski et al. (1992) used a standard Gaussian elimination
matrix inversion method to solve the above three equations for
D;j, which is the activity (DPM) of radionuclide j, where Wi is the
count rate (CPM) in window i, e;; is the counting efficiency of
radionuclide j in window i, and B; is the background count rate
(CPM) in counting window i. For the calculation of the activities
of three radionuclides utilizing three counting windows accord-
ing to Eqn 7.47, there is the need for 9 counting efficiency values,
one for each of the three radionuclides in each counting window
(Nebelung et al. 2009). Fig. 7.44 illustrates 8 of the 9 quench-
correction curves, the missing 9" curve is that of '*C in window
3; this curve would be similar to that of *H in window 3, when
there is no spillover of pulse events from '*C into window 3.

For another excellent example of a triple-radionuclide
analysis (*H, *Na, and *°Cl) of this type and the calculations
and quench curves involved, the reader should refer to
Schneider and Verbrugge (1993). Nebelung et al. (2009) tested
the above method of triple-radionuclide analysis with a Perki-
nElmer TriCarb 3100 TR liquid scintillation analyzer requiring
the preparation of quench-correction curves based on the
quench-indicating parameter tSIE/AEC. They obtained excel-
lent recoveries from the following combination of radionu-
clides with activity ratios of up to 1/50: >°Fe/°H/'*C,
>Fe/'*C/*Tc, *H/**C/*°Co, *H/™*C/*Cs, *H/™C/*Sr, and
C/Te/*Co.

Triple-radionuclide liquid scintillation analysis is utilized
for the analysis of radiostrontium, because 898r and *°Sr are
encountered generally together, and with that comes the
unavoidable *°Y daughter nuclide of *°Sr. An exception would
be pure 295r(°°Y), which is used in nuclear medicine free of 3°Sr
as a source of °Y for clinical applications. The liquid scintil-
lation analysis of %°Sr and *°Sr(*°Y) utilizing three counting
regions or counting windows was studied in detail by Chobola
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FIGURE 7.44 Quench-correction curves of % detection efficiency versus the quench-indicating parameter, H #, for *H, '*C, and "' in three counting windows
defined by LL and UL discriminator settings at channel numbers 5—300 for window 1, 300—550 for window 2, and 550—800 for window 3. The detection efficiency of
*H is zero in windows 2 and 3, and the detection efficiency of '“C is zero in window 3. (From Bukowski et al., 2009. Reprinted with permission from Elsevier © 1992)
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et al. (2006). They calculated the theoretical beta distributions
for 2°Sr (Emax = 546 keV), %St (Epax = 1490 keV), and °Y
(Emax = 2280 keV) and compared these with the experimental
pulse-height spectra produced by the three radionuclides with
a PerkinElmer TriCarb 2275 liquid scintillation analyzer. They
found the composite pulse-height spectrum provided by the
LSA to approximate closely to the calculated beta distributions
of each radionuclide. Figure 7.45 illustrates the approximate
beta distributions of equal activities of each radionuclide, and
a composite spectrum, as depicted by the writer from their work.
For the precise spectral distributions, see Chobola et al. (2006).
They selected three counting windows, as depicted in Fig. 7.45,
to be defined by lower-level (LL) and upper-level (UL)
discriminator settings of channel 23—200 for window A,
201—800 for window B, and 801—4000 for window C. They
counted the radiostrontium after passing the sample to be
counted through a strontium-specific ion-exchange column
(SrSpec™, Eichrom Technologies) that would remove all
radionuclides other than strontium including the *°Y daughter
nuclide of *°Sr.

As depicted in Fig. 7.45, window A registers pulse events
from 90Sr, 89Sr, and QOY, window B registers pulse events from
8Sr and *°Y, and window C register pulse events from °°Y.
Chobola et al. (2006) defined three equations for the net
(background-subtracted) count rates in each counting window
using the matrix

Iy A Naa MBaA Nca
Ig | = | B |*| nap BB NcB (7.43)
Ic C Nac MBc Nce

where 14, Ig, and Ic are the net intensities or net count rates
(CPM) obtained in counting windows A, B, and C, and the
sample activities (DPM) of each radionuclide are A = 0gr
activity, B="Sr activity, and C =Y activity. Within the
matrix are the detection efficiencies of each radionuclide in the
three counting windows or counting regions where 7y denotes
the counting efficiency of radionuclide X in counting region Y.
Chobola et al. (2006) solved for activities A, B, and C including
the constraint imposed by the *°Y ingrowth. The activity C, that
is the activity of °°Y, will depend on the activity of *’Sr in the
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FIGURE 7.45 Approximate relative beta distributions of equal activities of
2Sr, #9Sr, and *°Y and the approximate composite spectrum resulting from
a mixture of equal activities the three radionuclides. Sketched from the work of
Chobola et al. (2006). See reference for more precise distributions. (Reprinted
with kind permission from Springer Science + Business Media © 2006 Akademiai
Kiadd Budapest)
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sample and the time interval in hours from the time of isolation
of strontium from the ion-exchange column to the time of
sample counting, which would govern *°Y ingrowth according
to the following:

OYpem = PStppum[l — e 4] = A[1 _ w0 (7.49)

The above Eqn 7.49 is identical to Eqn 7.44 discussed previ-
ously in this chapter and that expressed by Eqn 1.442 of Chapter
1. The various detection efficiencies of the three radionuclides
required to solve the radionuclide activities need not be deter-
mined by quench-correction curves, as the radiostrontium
nuclides as well as °°Y are not easily quenched and the samples
do not vary significantly in their chemistry or quench level.
Internal standards can be used conveniently to determine the
detection efficiencies, and internal standards can yield very
precise detection efficiencies, if utilized properly, as described
in Section V.A.

Eikenberg et al. (2006) included a ®’Sr yield tracer in the
three-window approach to the simultaneous liquid scintillation
analysis of *Sr—?Sr(®’Y). Like most analytical preparations
for radiostrontium analysis, they separated the radiostrontium
from other radionuclides (including °Y) in the sample by use of
cation exchange with a column of SrSpec’ resin (Eichrom
Technologies). Ingrowth of the °°Y daughter nuclide of *°Sr
would begin immediately after the radionuclide separation
(L’ Annunziata, 1971). During the radiostrontium separation
process, Eikenberg et al. (2006) allowed for the isolation of the
%Y from the sample for subsequent Cherenkov counting and
extrapolation of the %0y curve to time to, the time of separation
of the *°Y from the sample when it was in secular equilibrium
with the *°Sr.

For liquid scintillation analysis, Eikenberg et al. (2006)
selected a three-window counting arrangement in a PerkinElmer
TriCarb 2270TR/AB liquid scintillation analyzer, which is
equipped with a pulse-height analyzer calibrated in keV (See
Fig. 7.46). The counting regions were window A: 0—12 keV,
window B: 12—300 keV, and window C: 300—1200 keV.
Window A would register pulse events mostly from the ®Sr yield
tracer. The ®Sr, which decays by electron capture, will produce
abundant relatively low-energy Auger and conversion electron
interactions with the liquid scintillation fluor cocktail, and there
are, in addition, X-ray and gamma photon Compton electron
interactions. Window B would register mostly **Sr and *°Sr beta
emissions in addition to °°Y ingrowth.

Eikenberg et al. (2006) expressed the count rates (CPM) in
the three counting regions as

A
N(t), = A(t)gs=egs + A(1)go 8o + A(0)ggg; * €505
+A(0)ggs; *f1 '£§0Y
B
N(t),, = A(1)gs*e8s + A(1)go* 8y + A(0)ogg, * €505y
+A(0)ggs; */1* €50y
c
N(1), = Alt)go" 8o + A(0)gqs, *f1 * €50y

where N(t)‘::l, N(t)ﬁ, and N(t)i are the net (background-

subtracted) count rates at time #(m), i.e., time of measurement,

(7.50)
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distributions. (Reprinted with permission of Radiocarbon, University of Arizona,
©2006 Arizona Board of Regents on behalf of the University of Arizona)
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in counting regions A, B, and C, respectively, A(f)gs, A(f)g9, and
A(0)ggs; are the activities (DPM) of the added ®Sr tracer at the
time of measurement, the activity of 896r at the time of
measurement, and the activity of *’Sr at the time of its sepa-
ration from *°Y on the ion-exchange SrSpec™ column, respec-
tively, €35, €39, €90sr, and eggy are the detection efficiencies of
85Sr, 898r, 90Sr, and *°Y in counting windows A, B, or C, and f] is
the *°Y ingrowth term described previously (see Eqn 7.43).
From the three equations describing the count rates in each
counting region (Eqn 7.50), Eikenberg et al. (2006) derived the
equation for calculating the activities of ®°Sr, **Sr, and *Sr.
They obtained highly accurate *°Sr activities by collecting the
%Y extracted from the original sample during the ion-exchange
separation of radiostrontium from °°Y and other nuclides on the
SrSpec™ exchange column. By Cherenkov counting of the °Y
in a counting window of 0—25 keV, they could follow the *°Y
decay over a few half-lives and extrapolate the decay curve back
to the time of separation from °°Sr to determine the equal
activities of *°Sr and 9OY, which were at secular equilibrium at
the time of their separation (see Section XV.C and Fig. 1.97 of
Chapter 1.).

B. Three-Over-Two Fitting and Digital Overlay
Technique (DOT)

The three-over-two method and the digital overlay techniques
are described by Kouru and Rundt, (1991). The three-over-two
method, as noted in a previous paper by the writer (Noor et al.,
1995), involves the counting of samples containing two radio-
nuclides with three counting regions or windows. The count rate
of each radionuclide is determined by solving a set of three
equations for the two unknowns. By this technique, three and
even more radionuclides in composite samples could be deter-
mined by using the number of counting windows greater than
the number of radionuclides. This three-over-two fitting method
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FIGURE 7.47 Pulse-height spectra (counts per channel vs. channel number)
of I and '*I obtained with a PerkinElmer Quantulus 1220 liquid scintillation
analyzer. (From Kim et al., 2006, reprinted with permission of Radiocarbon,
University of Arizona, ©2006 Arizona Board of Regents on behalf of the
University of Arizona)

was applied by Kim et al. (2006) to determine the activities of
29T and '®I, which display closely overlapping liquid scintil-
lation pulse-height spectra (see Fig. 7.47). Iodine-125 decays by
electron capture with the emission of 23-keV Auger electrons
(20% intensity), 30-keV conversion electrons (13% intensity),
as well as 30-keV X- and 35-keV gamma radiations of the
daughter nuclide. Iodine-129 undergoes beta decay with an
endpoint energy (Emax) of 154 keV and mean beta energy of
40.9 keV, 40 keV gamma, and 30-keV X-radiation (NNDC,
2011). The beta emissions of '*°I (average 40 keV) are slightly
higher than the Auger and conversion electron emissions of '*°I
producing a '*°I liquid scintillation pulse-height spectrum with
a peak at higher channel numbers illustrated in Fig. 7.47. Kim
et al. (2006) were able to accurately determine the activities of
both nuclides in a mixture using the three-over-two fitting
method included with the EasyVieWlM software (Wallac, Per-
kinElmer) installed in a PerkinElmer Quantulus 1220 liquid
scintillation analyzer.

The three-over-two fitting method developed into the digital
overlay technique (DOT) whereby, in principle, the number of
windows approaches the resolution of the multichannel analyzer
of the liquid scintillation counter. This digital overlay technique
uses an external standard to measure quench and a specimen
overlay to obtain the DPM for single or multiple-radionuclide
samples. The shape of the sample spectrum is used to resolve
dual or triple radionuclide samples by fitting the spectrum of
each component to the measured composite spectrum. The
fitting of a reference spectrum to the sample spectrum can give
a measure of the level of quench. Spectral fitting is accom-
plished by the instrument (e.g., Wallac RackBeta PerkinElmer,
Inc.), which maintains a spectrum library that covers a large
quench region of both chemical and color quench for the
radionuclides. The technique is reviewed and tested by Kouru
and Rundt (1991) and described in patents by Rundt and Kouru
(1989, 1992). They demonstrate the method to perform as well
as the counting region method previously described. The
method is applied also in very specific models of Wallac
(PerkinElmer, Inc.) liquid scintillation analyzers for quench
correction and activity measurements of samples containing
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only one beta-emitting radionuclide. Kouru (1991), Leppinen
and Kukkonen (2006), Wiegand et al. (2007), and Hueber-
Becker et al. (2007) report the use of DOT for quench correction
and activity analysis of "*C.

C. Full Spectrum DPM (FS-DPM)

Full Spectrum DPM is a user-friendly method available with
PerkinElmer TriCarb liquid scintillation analyzers for the
measurement of many dual-radionuclide combinations
including *H-'*C, *H-?P, *H-"%s, "“c-*?p, ¥p-?p,
35g_32p 3125 125|131 Slop Mo 67Ga_ %8Gy,
Spe—3 9Fe, 1251 _14¢ Fpe—° lClr, and 89Sr—QOSr, among others.
The analysis protocol for FS-DPM is easy to set up, because no
counting regions need to be defined. The full-spectrum DPM
method utilizes the spectral index of the sample (SIS) of the
double radionuclide sample to “unfold” the separate pulse-
height spectra of the composite spectrum. This is possible
because the SIS of the composite spectrum is a function of the
individual distributions and the fractional counts of each
radionuclide as well as the level of quench in the sample. The
direct proportionality of SIS to the radionuclide composition in
the sample was demonstrated by L’ Annunziata and coworkers
(see Noor et al., 1995, 1996b), who determined the activity
ratios of *H:'*C and **S:*P from only the spectral index of
the sample.

The key to spectrum unfolding used in the full-spectrum
DPM method is the SIS. At a given level of quench, each
radionuclide has a defined pulse-height-energy distribution and
hence a unique SIS value. When two radionuclides are
combined into a single sample, the resultant pulse height is the
sum of the two individual distributions. The SIS of the total
distribution is a function of the SIS of the individual distribu-
tions and the fractional counts of each radionuclide. If the SIS,
and the SISy are the spectral index values of the low- and high-
energy radionuclides of a dual-radionuclide sample, then the
SIS of the total distribution SISt can be calculated as

(SISL)(>_ NLE + SISy)(>_ NyE)
D> NLE + > NyE

where Y N E = accumulated counts from the low-energy
radionuclide (e.g., 3H) and >~ NyE = accumulated counts from
the high-energy radionuclide (e.g., "*C).

From Eqn 7.51 the following equations are derived, which
define the count rates of the low-energy radionuclide (CPM;)
and the high-energy radionuclide (CPMpy) of a composite
sample:

SISt =

(7.51)

SISy — SISy
CPM; = 22H — 22T (cpym 7.52
L= s18, — SISL( ) (7.52)
SISy — SIS,
PMy = ~—L 2L (cpm 7.
and CPMy SISy — SIS, (CPM7) (7.53)

For a detailed treatment on the derivation of Eqns 7.52 and 7.53,
the reader may refer to Kessler (1989) and van Cauter and
Roessler (1991).

To determine the count rates and disintegration rates of
unknown dual-radionuclide samples, four quench-correction
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curves must be prepared with two sets of quenched standards.
Quenched standards of the low-energy radionuclide and of the
high-energy radionuclide are needed. The quenched standards are
counted in a regionless environment, that is, no counting region
discriminator settings need to be established. The data collected
by the liquid scintillation analyzer from the counting of each of
the quenched standards are the quench-indicating parameters
(tSIE), the SIS values of the low- and high-energy radionuclide
standards (SIS;) and (SISg), respectively, and the percent
counting efficiency of the low- and high-energy radionuclide
standards. The LSA then plots automatically the four quench-
correction curves such as the curves illustrated in Fig. 7.48.

For the analysis of unknown activities of the radionuclide
components of a dual-radionuclide sample, the liquid scintil-
lation analyzer will first determine the total count rate (CPMy)
and the tSIE of the sample. From the one value of tSIE, the
instrument extracts automatically the values of SIS; and SISy
for the composite sample using two of the quench-correction
curves (Fig. 7.48), which are maintained in computer memory.
The LSA then calculates the count rate values of the low- and
high-energy radionuclides CPM; and CPMpy respectively,
according to Eqns 7.52 and 7.53. The instrument then auto-
matically converts these count rates to the disintegration rates of
the low- and high-energy radionuclide DPM; and DPMpy
respectively, according to the equations

DPM; = CPM,/E;
and DPMH = CPMH/EH

(7.54)
(7.55)

where E; and Eg, the counting efficiencies of the low- and high-
energy radionuclides, respectively, are obtained from the
respective quench-correction curves illustrated in Fig. 7.48.

This DPM method provides accurate DPM values for dual
radionuclides when the endpoint energies (E,x) of the two
radionuclides differ by a factor of 3 and the activity ratios are in
the range of 1:25 and 25:1. For additional information on this
technique, see Kessler (1989), De Filippis (1991), van Cauter
and Roessler (1991), and L’ Annunziata (1997b). The method
was utilized for the analysis of **Sr—°°Sr mixtures by Hong
et al. (2001) within 4 hours after strontium separation from
liquid waste. For low-level counting they report a counting
efficiency of 95% for **Sr and 92% for *°Sr with the full-
spectrum DPM method and lower limits of detection of 37 mBq/
L for *°Sr and 32 mBg/L for **Sr with a 60-minute counting
time. An excellent illustration of the spectral unfolding power of
the full-spectrum DPM method is provided in Fig. 7.49 using
the ¥Sr—?°Sr combination as an example.

Altzitzoglou et al. (1998) and Lee et al. (2002a,b) also report
the use of the method for the analysis of *Sr with its *°Y
daughter. Lee et al. (2002b) compared the full-spectrum DPM
method and inclusion method (Section VIIL.A.2) for the
208r—2°Y analysis and found equal performance for both. The
full-spectrum DPM method is easier to carry out for the less
experienced analyst, as no counting regions need to be estab-
lished. Lee et al. (2002b) tested the FS-DPM method for the
analysis of °°Sr in liquid waste, and the method should also be
applicable to the analysis of trace activities of *’Sr in samples of
0y, that are used in clinical applications where *°Sr would be an
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FIGURE 7.48 Quench-correction curves for full-spectrum DPM (FS-DPM) analysis of *H and '"C mixtures. From the tSIE of a given sample, the liquid scin-
tillation analyzer obtains from these curves the SIS of the lower- and higher-energy radionuclides, SIS; and SISy, respectively, and the percent counting efficiency of
the lower- and higher-energy radionuclides, E; and Ey, respectively. The above curves were obtained from *H and '*C quenched standards with a PerkinElmer

TriCarb 2770TR/SL liquid scintillation analyzer.

undesirable contaminant. Fig. 7.50 illustrates the *°Sr and *°Y
spectra in the FS-DPM counting mode at various times after the
separation of “°Sr. The figure illustrates the potential of this
counting mode at any stage of *°Y ingrowth, or for the analysis
of traces of “°Sr activity in isolated *°Y.

Excellent recoveries were reported by Lee et al. (2002b) for
the determination or *°Sr activities. The measured activities in
DPM were within 5% from the expected values with ingrowth
of °°Y measured over intervals from 0 to 15 days following the
separation of *°Sr. Reddy et al., (2009) made extensive tests of
this FS-DPM analysis method for *H—'*C combinations at low-
activity levels. They obtained minimum detectable activities of
2100 DPM/L for *H and 1200 DPM/L for "*C with a counting
time of 300 minutes and found the accuracy of results to be
within + 10% for *H:'"*C activity ratios ranging from 1:1 to
1:18. Also, good recoveries of 3p_—32p combinations were
obtained by the writer using the FS-DPM method, and these are
illustrated in Table 7.7.

D. Recommendations for Multiple Radionuclide
Analysis
The following are a few suggestions to follow when performing

DPM determinations for multiple- radionuclide samples by one
of the methods previously described: (1) for the preparation of

quench-correction curves, prepare the sets of quenched stan-
dards in the same cocktail, vial size, and total sample volume as
the samples to be analyzed; (2) use of automatic region tracking
(AEC or AQC) is recommended for dual- or triple-radionuclide
analysis when using the counting-window inclusion methods of
DPM analysis to maintain constant spillover of the radionu-
clides in the required counting regions; and (3) DOT or full-
spectrum DPM methods require an accurate measurement of the
sample pulse-height spectra by the instrument pulse height
analyzer following automatic subtraction of the background.
When sample counts are low, long counting times will be
needed to obtain well-defined sample pulse-height spectra. As
noted previously, Reddy et al., (2009) made extensive tests of
the FS-DPM as well as the dual-window inclusion method of
analysis for *H—'*C combinations at low-activity levels. They
obtained minimum detectable activities of 2100 DPM/L for *H
and 1200 DPM/L for '*C with a counting time of 300 minutes
and found the accuracy of results to be within 4 10% for *H:'*C
activity ratios ranging from 1:1 to 1:18.

E. Complex Spectral Analysis

The multiple-radionuclide analysis methods previously dis-
cussed are limited to the analysis of not more than three
B-emitting radionuclides in the same sample. From the
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FIGURE 7.49 Unfolded spectrum of °°Sr and *'Sr (b) from mixture spec-
trum (a) by full-spectrum (FS-DPM) method with a PerkinElmer TriCarb
2770 TR liquid scintillation analyzer. The pulse-height spectra are plotted as
counts versus pulse heights calibrated on a liquid scintillation keV scale. The
unfolded spectrum of 89Sy is illustrated in the rear of (b) and the unfolded
20Sr spectrum in the front of (b). A very weak peak of *°Y is seen together
with the strong *°Sr spectrum. The *°Y peak was due to the ingrowth of *°Y
two hours after the separation of °°Y from the sample using an SrSpec”™ ion-
exchange column. (From Hong et al., 2001. Reprinted with permission from
Elsevier © 2001)

Handbook of Radioactivity Analysis

beginning of liquid scintillation analysis in the 1950s up to
about 1990, the regionless analysis of more than three §-emit-
ting radionuclides in the same sample was considered to be
impracticable or not feasible. The broad pulse-height spectra
produced by (-particles made the task of deconvoluting the
pulse-height spectra of more than three radionuclides in the
same sample appear daunting. However, with the advent of
technological advances including applications of multichannel
analyzers in liquid scintillation analysis and direct computer
processing of LSA data, it has become possible to analyze
simultaneously numerous o-, (-, and a—@-emitting radionu-
clides in a mixture, including nuclides decaying by electron-
capture emitting relatively low-energy Auger electrons and
X-rays. This was evidenced by the early research reported by
Takiue et al. (1990b, 1991b,c, 1992, 1995, 1999), Matsui and
Takiue (1991), and Fujii et al. (1999, 2000) on the application of
the most-probable-value theory to simultaneous multiple-
radionuclide (as many as seven) analysis and the work of Grau
Carles et al. (1993c), Grau Malonda et al. (1994), and Grau
Carles (1996) on the use of spectral deconvolution and inter-
polation methods to multiple radionuclide (as many as six)
activity analysis. These techniques can be applied also to
mixtures of a- and G-emitters in one multichannel analyzer by
spectral unfolding without o/f discrimination as demonstrated
by Grau Carles et al. (1996). Subsequent research advances in
liquid scintillation spectral deconvolution for multiple radio-
nuclide analysis were reported by Heilgeist (2000), Kashirin
et al. (2000), Verrezen and Hurtgen (2000), Malinovsky et al.
(2002a,b), Nebelung (2003), Nebelung and Baraniak (2007),
Nebelung et al. (2001, 2009), Ermakov et al. (2006),
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FIGURE 7.50 Spectra of *°Sr and *°Y in FS-DPM counting mode with time after the separation of *’Sr obtained with a PerkinElmer TriCarb 2770 liquid scin-
tillation analyzer. (From Lee et al., 2002b. Reprinted with permission from Elsevier © 2002)
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Qrom L’Annunziata, 1997b, Printed with permission. © 1997 PerkinElmer, Inc.).

BLE 7.7 DPM Recoveries for **P—*?P Dual Nuclide Combinations® by the FS-DPM Method

Sample® Ratio® % Recovery*
3p2p 3p2p SIS tSIE DPM (**P) DPM (*?P) DPM (**P) DPM (*?P)
1.0 mL: 0.0 mL 1:0 130 472 72167 47 99.5 0.06
0.0 mL: 1.0 mL 0:1 1043 476 28 82686 0.04 98.2
0.5 mL: 0.5 mL 1:1 612 472 37184 41596 102.7 98.6
1.0 mL: 0.5 mL 2:1 441 445 72493 41615 100.2 98.7
0.5 mL: 1.0 mL 1:2 729 449 36400 83117 100.6 98.5
1.0 mL: 0.2 mL 5:1 292 458 74487 16912 102.9 100.2
0.2 mL: 1.0 mL 1:5 885 462 14521 82860 100.3 98.2
1.0 mL: 0.1 mL 10:1 234 465 72319 8584 99.9 101.8
0.1 mL: 1.0 mL 1:10 951 469 7777 82708 107.4 98.0
aActivity of **P= 72373 DPM/mL, activity of *?P= 84357 DPM/mL. Instrumentation: PerkinElmer TriCarb 2300TR liquid scintillation analyzer.

Triplicate samples were counted for a duration of ten minutes or until a % 2 sigma standard deviation of 1.0% was reached.
“Ratios listed are only approximate. The exact ratios can be calculated from the isotope activities (DPM/mL) and sample sizes (mL) of each isotope.
9The standard deviation of the mean of all triplicate measurements ranged from 0.085% to 2.97%.

)

Altzitzoglou (2008), Remetti and Sessa (2011), and Dobrin
et al. (2011).

It was traditionally believed that '*C (Emayx = 156 keV)
and S (Emax = 167 keV) in the same sample could be
neither identified nor analyzed by liquid scintillation count-
ing, because of the very close similarities of the (-particle
endpoint energies (Epn.x) of these two radionuclides.
However, work first reported by Grau Carles and Grau
Malonda (1991) demonstrated the accurate analysis of these
two radionuclides in a mixture using spectral dilata-
tion—interpolation and least-squares fitting. Activity ratios of
4C/*S were analyzed with an accuracy within about 3%.
Grau Carles with Rodriguez Barquero and Grau Malonda
(1993a) reported further improvements to this methodology,
and Malinovsky et al. (2002a) demonstrated the deconvolu-
tion of 1:8 ratios of '*C:*’S.

Another advancement is the application of chemometrics
including multivariate calibration (MVC) to the deconvolution
of a-, 8-, and a—@-emitting radionuclides (without the need for
a/( discrimination) in the same sample including nuclides
decaying by electron capture, as reported by Toribio et al.
(1995, 1996, 1997, 1999), Mellado et al. (2005), and Khayat-
zadeh Mahani et al. (2008, 2009). These techniques were
successfully applied to the analysis of a—@-emitting radionu-
clide mixtures using plastic scintillator microspheres in an LSC
(Bagan et al., 2011a).

These advances in the development of techniques for the
analysis of several radionuclides in the same sample will be
discussed here. The reader is invited to refer to the literature
cited for more details on the techniques involved.

1. Most-Probable-Value Theory

Takiue et al. (1990a,b) and Matsui and Takiue (1991) repor-
ted the application of the most-probable-value theory as

a new technique applied to the simultaneous liquid scintilla-
tion analysis of four B-emitting radionuclides in the same
sample. This technique was expanded to the simultaneous
analysis of six @-emitting radionuclides by Takiue et al.
(1991c, 1992) and even seven (- and (—y-emitting radio-
nuclides (Takiue et al., 1995).

The technique requires only a contemporary liquid scin-
tillation analyzer equipped with a multichannel analyzer, sets
of quenched standards for the radionuclides to be measured,
and a personal computer for data processing. The approach
to this technique, as it was first devised for the analysis of
samples containing mixtures of 3H, 14C, 32p and 45Ca, calls
for more counting regions than the number of nuclides to be
measured. According to Takiue et al. (1990b) and Matsui and
Takiue (1991) the method may be described using the four
radionuclide composite sample consisting of “H, '*C, **P,
and *°Ca, as an example. The count rates of a sample
observed in each counting region are defined by the
following equations:

ny = Aa; + Bby + Ccy + Dd,

ni = Aa; + Bb; + Cci + Dd; (7.56)

Ny = Adyy + By, + Cem + Dy,

where np, ---n;, --n,, are the count rates of a sample in different
counting regions (/n > number of nuclides in the sample), A, B,
C, and D are the activities of 3H, 14C, 32P, and 45Ca, respectively,
and a;, b;, c¢;, and d; are the respective counting efficiencies in the
i th counting region.

The counting efficiencies of a radionuclide in each counting
region are determined by means of external standard quench-
correction curves plotted using sets of quenched standards for
each radionuclide. Sets of quenched standards are not
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commercially available for many radionuclides. These can be
prepared in the laboratory in advance by first determining the
activities of separate pure - and f—y-emitting radionuclides
using a direct DPM method, such as efficiency tracing DPM
(ET-DPM) as described in Section V.F or a more precise
radionuclide standardization according to the techniques
described in Section IX. Even radionuclides procured
commercially should be analyzed to confirm their exact activ-
ities by a direct DPM method. Once the DPM values of the
separate radionuclide standards are known, sets of quenched
standards can be prepared according to the procedure described
in Section V.D.

From the series of equations listed in Eqn 7.56 and
following the derivations of Takiue et al. (1990b) and Matsui
and Takiue (1991), the most probable values of A, B, C, and
D, that is, the activities of 3H, 14C, 32P, and *Ca must be
determined, and the following equation is derived to search
a minimum value (S):

m
S =Y wi{n - (Aa; + Bb; + Cci + Dd;)}?
i=1

(7.57)

where w; is the arithmetic weight of the measurement in the ith
counting region, which is calculated by 1/N; where N; is the
total number of counts in the ith counting region.

The most probable value, that is, the activities of each
radionuclide A, B, C, and D should satisfy the following
condition:

as s _as _as

At 7.58
0A 0B 0C 0D ( )
The following normal equations are then derived:
A Z wiaiz + B Z wia;b; + C Z wia;c;
(7.59)
+D Z wia;d; = Z w;ain;,
A Z wibiai +B Z Wl'bl-2 +C Z w;b;c;
(7.60)
+D Z wibid; = Z wib;n;,
A Z wicia; + B Z wicib; + C Z wici2
(7.61)
+D Z wicid; = Z wicin;,
A Z wid;a; + B Z widib; + C Z wid;c; (7.62)

+D Z W,’dl-2 = Z Widil’l,'.

These equations can be solved for radionuclide activities A, B,
C, and D, i.e., the disintegration rate (DPM) of 3H, 14C, 32p and
“5Ca, respectively, using the determinant calculated by
a personal computer. For example, as given by Matsui and
Takiue (1991), the determinant for the calculation of the *H
activity from the above equations is the following:

Yowiain; Yy wiaibi Y wiaici Y wiad;
1 Swibing S wib? S wibici Y wibid; 7.63)
K Z wicin; Z W,‘C,’b,’ Z W,'Ci2 -

> wicid;
Z wd;n; Z w;d;b; Z widici Z Widiz

H
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where

> wiaf
Z W,'b,'al'

E wiaib,- Z wia;c;
Z W,'biz Z W,'b,'C,'
Z wicia; Z W,'Cl‘bl' Z Wl'CiZ Z W,’Cid,'
Z widiai Z W,’dibi Z w,-dic,- Z Wl‘diz

For this case, six counting regions were used in the multi-
channel pulse-height analyzer for the measurement of the four
nuclides. The discriminator settings of counting regions 1, 2, 3,
and 4 are set to receive significant pulses from *H, '*C, *°Ca,
and *?P, respectively, with overlapping pulse-height distribu-
tions. Channels 5 and 6 were set to receive pulses mostly from
the medium-energy (-emitting radionuclides '*C and **Ca,
as the use of double channel settings for the medium-energy
B-emitters produces more accurate data. The counts of the
quenched standards collected in the various counting regions
should exceed 10* to keep error at a minimum. The mean
percent recovery was 2.4 % for eight samples containing
different proportions of 3H, MC, 45Ca, and 2P at different
quench levels, which represent 32 radionuclide analyses
(8 samples x 4 radionuclides). Matsui and Takiue (1991)
modified the technique by using only three counting regions for
the analysis of the four radionuclides in a mixture. This required
counting the unknown sample at two quench levels determined
by the quench-indicating parameter tSIE. The sample was
counted twice, that is, before and after the addition of quenching
agent. Mean recoveries by this modified approach for 28
radionuclide analyses (7 samples x 4 radionuclides) was 3.6 %.

The approach described above can be applied to the simul-
taneous liquid scintillation analysis of six different §-emitting
radionuclides in a mixture as demonstrated by Takiue et al.
(1991c, 1992). They demonstrated the activity analysis of
*H—%Ni—'*C—*Ca—°C1—**P by application of the most-
probable-value theory. A PerkinElmer Tri-Carb Model 4000
was used, and the samples were counted in 12 counting regions
as illustrated in Fig. 7.51. Thus, the measurement of an
unknown sample requires 12 observation equations of the
general type described in Eqn 7.56. The series of 12 equations
are written according to the following:

> wiaid;

> wibid;

K = (7.64)

n; = Aa;j + Bb; + Cc;i + Dd; + Ee; + Ff; (i = 1—12),
(7.65)

where n; is the count rate of a sample in the i th counting region. A,
B, C, D, E, and F are the activities of the six radionuclides, namely
3H, Ni, '*C, *Ca, *°Cl, and **P, and a;, b;, ¢;, d;, e;, and f; are the
respective radionuclide counting efficiencies in the ith channel.
Because six radionuclide activities must be determined simulta-
neously, a six-by-six matrix is derived and written similarly to the
case of a four-by-four matrix (Eqn 7.63) written for the analysis
of four radionuclides. The mean recovery for 60 analyses (i.e.,
10 samples x 6 radionuclides per sample) was 3.9 %.

The technique can be applied to the liquid scintillation
analysis of low-level 8—y-emitting radionuclides together with
B-emitters as demonstrated by Takiue et al. (1995). In this case,
mixtures of the following seven radionuclides were determined
by application of the most-probable-value theory:
Slor—3H—"121-14C—*Ca—?*Na—>?P. In this case, 14 counting
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FIGURE 7.51 Liquid scintillation pulse-height distributions of six pure beta emitters and region settings for analytical measurements. (From Takiue et al., 1992,

reprinted with permission from Elsevier © 1992)

regions were used. The lower limits of detection based on the
analysis of 30 samples were calculated as 0.01 Bg/mL for
higher-energy radionuclides and 0.05 Bg/mL for lower-energy
radionuclides in the mixtures.

A further development of this technique is its application to
the analysis of radionuclide combinations with similar pulse-
height distributions, such as SH—'?T and 3H—51Cr, regardless
of the different decay modes of these radionuclides, that is,
@ decay with *H and electron-capture (EC) decay with '*°I and
>ICr. Takiue et al. (1991b) demonstrated the successful appli-
cation of this procedure to the analysis of combinations
*H—"4C—'?°T and *H—"*C—"'Cr in a wide range of activity
ratios and quench levels.

Subsequent work by Takiue et al. (1999) and Fujii et al.
(1999, 2000) included the combined use of liquid scintillation
and Nal(Tl) spectrometers to permit the simultaneous deter-
mination of the activities of many more nuclides in only one
calculation process and, at the same time, enhance the accuracy
of the radionuclide activity determinations. This method is
referred to as a hybrid radioassay technique, because both liquid
and solid scintillation spectrometers are used for a given
sample. The Nal(Tl) solid scintillation detector provides addi-
tional sensitivity, as it would be particularly sensitive to X- and
gamma-ray-photon emitters and high-energy beta emitters,
which produce considerable Bremsstrahlung radiation. For
example, Takiue et al. (1999) and Fujii et al. (2000) analyzed
a mixture of seven radionuclides (i.e., 34, "C, Na, 3P, ¥Ca,
>ICr, and "*I) using 12 counting regions defined, as illustrated
in Figs. 7.52 and 7.53. The hybrid radioassay technique was
applied by Fujii et al. (2000) to the analysis of the seven
radionuclides in waste solutions with a detection limit of
approximately 0.005 Bg/mL.

The procedures outlined in this section are carried out easily
with any liquid scintillation analyzer equipped with an MCA or,
for the hybrid radioassay, data provided by conventional liquid
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FIGURE 7.52 Liquid scintillation pulse-height distributions of seven nuclides
and channel settings for analysis. (From Takiue et al., 1999, reprinted with
permission from Elsevier © 1999)

and solid scintillation analyzers without any modification of the
equipment and with a personal computer for data processing. If
the counting protocols of the LSA allow for only three counting
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FIGURE 7.53 Nal(TI) scintillation pulse-height distributions of '*I, *'Cr,
22Nal, and *?P and channel settings for analysis. (From Takiue et al., 1999,
reprinted with permission from Elsevier © 1999)

regions with upper- and lower-level discriminator settings, more
counting regions can be established by using additional count-
ing protocols. However, this calls for counting the samples in
more than one protocol. The liquid scintillation analyzer
is classified as a radionuclide spectrometer, because numerous
X-ray, 8- and S—y-emitting radionuclides can be identified and
analyzed simultaneously. Beta spectrometry applications of the
liquid scintillation analyzer currently play a role of increased
importance in the analysis of radionuclides.

2. Spectral Fitting, Unfolding, and Interpolation

Over the period of 1991—1996, a new technique was reported
and developed by researchers at CIEMAT, Madrid, which is
a powerful spectral unfolding method for the simultaneous
activity analysis of numerous (-emitting radionuclides,
including B-emitting nuclides of very similar energy maxima
(e.g., "*C and *S) and even some o/B-emitting radionuclides in
the same MCA without o/ discrimination. A description of
these techniques is provided here. References are cited for
additional information.

The procedure involved, as described by Grau Carles (1993),
for two types of liquid scintillation analyzers, namely, the LSA
that analyzes pulse-height spectra on a logarithmic scale and the
LSA that uses a linear pulse-height scale. As explained by Grau
Carles (1993), the method has three key components: spectral
fitting, spectrum unfolding, and spectral interpolation. These
components to the analysis are described next.

a. Spectral Fitting

As noted by Grau Carles and Grau Malonda (1991), pulse-
height spectra are generally defined in terms of discrete pulse
heights or energy values; however, they are histograms. It is
therefore necessary to have a continuous mathematical function
defining the spectra. For pulse-height spectra on a logarithmic
scale, the spectral function is obtained by fitting Fourier series
to the experimental spectra according to the following function:

N k .
a+bw+ > cksinﬂ 0 < w<w*

=, Sl 166)

frlw) =
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where w = 0 and w = w* = M are the first and the last values of
the spectrum and N is the number of harmonics. The coefficients
a, b, and ¢y, are:
a = yo
p — YM =)o
M

2 A, whey
Cr = —Zyjsm
M~ M

(7.67)

where yi = y; — (a + bwy)
wi=j=12,..M.

For the case of a liquid scintillation analyzer that uses a linear
pulse-height scale the spectral function is obtained by fitting the
Chebyshev series to the experimental spectra determined by the
following:

0 < w<w*

e (7.68)

{ g: Ckal(w)] _%01

felw) = k=1
where w =0 and w = w* = M are the first and the last values of
the spectrum, Ty(w) are the Chebyshev functions defined in the
interval [0,w*] and ¢y are the coefficients given by

2 N
o = > )T () (7.69)

j=1
where the values A; are the zeros of the function Tx(w).
b. Spectrum Unfolding

According to descriptions by Grau Carles (1993) and Grau
Carles et al. (1993b), the spectral deconvolution method is
a simultaneous standardization technique, providing radionu-
clide activities, based on spectral shape analysis of the
component nuclides in the mixture. The spectrum unfolding is
based on minimizing the expression:

min{ Z(y,-(X +7Y) —ayi(X) — b}’i(Y))z}

For a dual-radionuclide mixture, where y; is the number of
counts in channel i for the nuclide in brackets, X and Y are the
two radionuclides, and a and b are the parameters obtained from
the least-squares fit. This minimum condition, as explained by
Grau Carles (1993) and Grau Carles et al. (1994a), can be
applied only when all spectra y;(X+7Y), yi(X), and y;(¥) have the
same quench value, that is, the same quench-indicating
parameter. Therefore, it is necessary to obtain the spectra y;(X)
and y;(Y), at the same quench value of the radionuclide mixture.
This is achieved by the spectral interpolation described subse-
quently in the next part of the analysis procedure. The activities
in DPM for the two nuclides X and Y are obtained from the
following:

(7.70)

A(X) = ‘Z((XX)) (7.71)
and A(Y) = byi(Y) (7.72)
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where ¢ is the counting time in minutes and &(X) and &(Y) are the
counting efficiencies of radionuclide X and Y, respectively.

When a mixture of more than two radionuclides is analyzed,
Eqn 7.70 is written as

{slo(5) g} o

i

where X; are the component nuclides, a; the coefficients that
make the condition minimum, and y; the number of counts in
channel i.

c. Spectral Interpolation

Spectra at different quench levels have different endpoints or
maxima. Therefore, as noted earlier, all spectra are interpolated
to the same endpoint and maxima to validate the application of
Eqns 7.70 or 7.73 for spectral unfolding of dual or multiple
(three or more) radionuclides, respectively. Interpolation of
spectra, as explained by Grau Carles et al. (1993c), is carried out
in the following steps: (1) a mathematical transformation is
found that makes all spectra pass through common maxima,
inflection, and endpoints; (2) the transformed spectra are then
interpolated channel by channel; and (3) the required spectrum
is found by inverse transformation.

As explained by Grau Carles (1993), the spectral function,
such as the Chebysheyv fitting described previously by Eqn 7.68,
is a mathematical manipulation of the spectra that smoothes
the spectra and eliminates all superfluous statistical fluctuations.
If flw) (i=1, 2, 3) are the spectral functions, these may be
divided into two regions, such as

gilw) 0 < w<wiy

filw) = {hi(w) wia < 0 < g 779

where wj, is the position of the maximum and w;s is the
endpoint for spectrum i. As explained by Grau Carles (1993),
the following mathematical transformation:

o = aw (7.75)
a =2 (7.76)
Wiq

allows the transformation of all g;(w) functions, making them
pass through the maximum of the spectral function fj(w). In the
same way, the transformation

/

w = bw+c (7.77)

where b = Zle— @18 (7.78)
Wiqy — Wig

¢ = WigW16 — WiaWig (7.79)

Wig — Wjg

takes the maximum and the endpoint of the function fj(w) as
common points for each function 4;(w).

When the spectral functions are transformed, a channel-
by-channel interpolation provides a spectrum y;. As explained
by Grau Carles (1993), the following step determines the
inverse equation, which transforms the spectrum y; into the
spectrum y;:
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Let f;(w) be the spectral function for y; distribution and
divide the function into the two regions:

. _ [g(w) 0<w<w,
fp(w) - {h;(w) wia <0 < wig

The positions of the maximum w),, and the endpoint w,z of the
spectrum y; for Q,, (quench value or quench-indicating param-
eter) can be found by interpolation in quench-correction curves
of channel number versus quench-indicating parameter, such as
one illustrated for '*C in Fig. 7.54. An example of interpolated
spectra of '*C and *°S with overlapping spectral maxima,
inflection points, and endpoints, is illustrated in Fig. 7.55.
Then the inverse transformation

(7.80)

/ /

W =adw (7.81)
where o = ¢ (7.82)
W]y
transforms g, (w) into g,(w), and
o = b(w)+c (7.83)
where b — 2pe b (7.84)
Wig — W16
o = L1alph T Opals g g5y

Wig — W16

transforms h;(w) into 71,(w). The functions g,(w) and h,(w)
define the spectral function f,(w), the spectrum y; for the
particular quench level Q,,.

The power of this method can be evidenced in the spectral
deconvolution of '*C (Emax = 156 keV) and 39 (Emax = 167
keV), which have very close (-particle energy maxima with
a ratio of the energy maxima of only 1.07. The spectral
unfolding of a 2.2:1 mixture of '*C and *S is illustrated in
Fig. 7.56. The difference spectrum illustrated is a result of
subtracting the actual '*C—S pulse height spectrum from the
fitted Fourier spectral function fr(w). As explained by
Grau Carles (1993), the difference spectrum shows that the
fluctuations are statistical, that is, Fourier spectral function fits
the empirical data well. For the deconvoluted '*C—*S sample
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FIGURE 7.54 Fitted curves of '*C local parameters versus quench: (a)
endpoints of the spectra, (b) inflection points, and (c) position of the spectral
maxima. The quench-indicating parameter is SQP(E). (From Grau Carles et al.,
1993a, reprinted with permission from Elsevier © 1993)
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spectrum illustrated in Fig. 7.56, Grau Carles et al. (1993b)
determined the '*C and *’S activities with a 1.3 and 3.6 %
discrepancy, respectively, from the true DPM values. The
14C—338 dual mixture was considered traditionally inseparable
spectrometrically by liquid scintillation analysis. Another
radionuclide pair with very similar pulse-height spectral
endpoints is SH—>Fe. Grau Carles et al. (1993c) again
demonstrated the potential of this spectrum unfolding method
with this nuclide pair. The power of the method is also
demonstrated in the analysis of the traditional '*C—'H
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radionuclide mixtures, as low discrepancies from the true
activity values are reported by Grau Carles et al. (1991) at
various levels of quench and high-count-rate ratios of '*C—>H
up to 100:1. Grau Carles et al. (1993f) demonstrated that this
spectral deconvolution method will also provide good recov-
eries for multiple-radionuclide activity determinations in scin-
tillation cocktails consisting of aqueous gel suspensions, such as
aqueous 45Ca—*$ in Insta-Gel. Mean recoveries expressed as
percent discrepancy between computed and actual radionuclide
DPM values for a wide range of **Ca—>°S activity ratios from
10.3:1 to 1:8.1 were 2.3 and 3.1% for *>Ca and *°S, respectively.

In addition to dual-radionuclide mixtures, this spectral
unfolding method is applicable to the activity analysis of
numerous (-emitting radionuclides. When numerous radionu-
clides are in the mixture, the previously described Eqn 7.73 is
the general expression upon which spectrum unfolding is based.
The spectral unfolding and activity analysis of up to six
different B-emitting radionuclides in the same mixture are
reported by Grau Carles et al. (1993d,e), Grau Malonda et al.
(1994), and Grau Carles (1996). Among the radionuclides
analyzed by this technique are mixtures of **Sr, *°Sr, and *°Y
even before secular equilibrium was reached between the *°Sr
and °Y. The percent recoveries, that is, percent discrepancy or
uncertainty, of the analyzed activities are amazingly low in
many circumstances. An example is given in Fig. 7.57, which
illustrates the spectral unfolding of a *H—'*C—'>1-13!-%?p
mixture and the computer output with activity analysis and
percent uncertainties of the activity determinations for each
radionuclide.

The spectrum unfolding technique has been tested by Grau
Carles et al. (1996) with a mixture of a- and $-emitting radio-
nuclides consisting of >*Th + 2**™Pa + *°Th. The activities of
the o- and B-emitting radionuclides could be determined by the
spectrum unfolding method without pulse shape analysis (PSA)
for a/@ separation. Percent discrepancies for activity determi-
nations of the radionuclides in the mixture by spectrum
unfolding were much lower than discrepancies obtained by the
traditional PSA method.

The computer program MLOG is described by Grau Carles
(1996) for the spectrum unfolding methods previously
described. The MLOG program was applied by Grau Carles
et al. (1998) to determine the separate activities of the paren-
t—daughter nuclides, 1258h and '*™Te and, thereby, determine
the '*°Sb to '*™Te beta branching ratio.

3. Spectral Fitting and Subtraction

Early work by Heilgeist (2000) applied a spectral-subtraction
method to resolve mixed liquid scintillation spectra of ®Sr,
89r, and *°St/*°Y with a PerkinElmer Quantulus 1220 liquid
scintillation analyzer. Strontium-85 was included in these
measurements, as it is commonly used as a tracer nuclide in the
determination of chemical recoveries of strontium. The cali-
bration of the liquid scintillation spectrometer and the evalua-
tion of the sample spectrum required the measurement of the
pulse-height spectra from reference standards of the separate
nuclides 85Sr, 8QSr, and 9OSr/90Y, and isolated °°Y. The reference
standards are prepared at the same quench level as the experi-
mental samples.
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FIGURE 7.57 Separated components of a mixture of *H+ '#C+ %1+
13[4 32P by spectrum unfolding and the underlying computer output of activity
analysis. (From Grau Carles, 1996, reprinted with permission from Elsevier ©
1996)

Pulse-height spectra from the separate reference standards
permit a determination of the spectral endpoints corresponding
to the beta-energy maxima of each radionuclide as illustrated in
Fig. 7.58. Window discriminators (pulse-height discriminators)
are defined, namely, E1, E2, and E3, which are set at the
endpoints of the abundant low pulse-height events from *Sr,
and the endpoints of the pulse events from “°Sr and ®Sr,
respectively. The *°Sr endpoint (E2) was set at channel 690, and
the ¥'Sr endpoint at channel 815. Pulse events originating from
Y extend beyond channel 815 (E3) to channel 950. The 83,
which decays by electron capture produces a large peak of low
pulse heights due to Auger, conversion-electron, and X-ray
Compton electron interactions with scintillation cocktail. It also
produces a very weak smear of events at higher pulse heights
up to discriminator E2 due to gamma—photon Compton
interactions.
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FIGURE 7.58 Spectra deconvolution: 85 Sr, 8(’Sr, and °°Sr in model waste. The
solid line is the smoothed sample spectrum, Bkg, is the background spectrum.
El, E2 (channel 690), and E3 (channel 815) are the energy limits of the
component spectra. Pulse events arising exclusively from °°Y beta emissions
(not identified in the figure) occur beyond E3 in channels 816—950. (From
Heilgeist, 2000. Reprinted with kind permission from Springer Science + -
Business Media © 2000 Akademiai Kiado Budapest)

Background events are automatically subtracted by the
liquid scintillation analyzer. A computer evaluation program
adjusts the reference spectra to the positions of the measured
sample composite spectrum and optimizes the positions of the
window discriminators of *°Sr/*Sr at E2 and *Sr/*°Y at E3.
The contribution of *°Y to the composite spectrum is calculated
first on the basis of its share in channels 816—950, which is
a counting region free of any pulse events from other radionu-
clide emissions. Once the contribution of *°Y is subtracted from
the composite spectrum, the contribution from *Sr is deter-
mined from its share in the region defined by channels 691 to
815. Finally, the 90Sr share is obtained after the deduction of the
%Y and ®Sr contributions. The contribution of *Sr due to its
overlapping spectrum with %Sr was eliminated by spectral
subtraction using a reference spectrum of ®°Sr. Quench effects
are avoided by the constant composition of the scintillator
solutions. Heilgeist (2000) reported recovery rates of 93.8% and
a limit of detection of 0.1 Bg/kg.

Mietelski and Gaca (2002) separated numerically *°Sr and
0¥ spectra using a fitting function with a PerkinElmer/Wallac
Guardian liquid scintillation analyzer. The analysis could be
performed after the separation of strontium on a column of Sr-
Spec™ (Eichrom Industries) resin. There was no need to wait for
secular equilibrium to be achieved. The overlapping spectra of
%0Sr and *°Y are deconvoluted by the fitting function within 2%
error, and the integrals of the *°Sr and *°Y parts of the combined
spectrum would provide their count rates.

Nebelung et al. (2009) applied spectral peak functions with
a PerkinElmer 1414 Liquid scintillation analyzer to deconvolute
dual-, triple-, and multiple- (up to seven) radionuclide combi-
nations for activity determinations. They used the peak fitting
module of the graphic program Origin 5.0 (originally Microcal
Inc., now OriginLab Corp.), which contains several internal
peak fit functions (Nebelung and Baraniak, 2007 and Nebelung
et al., 2009). Radionuclide standards of each nuclide were used
to determine the spectral shape of each nuclide, which was
required for the spectral fitting and analysis of multinuclide
samples. The results of activity determinations of combinations
of only two or three radionuclides by the curve fitting and
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FIGURE 7.59 Liquid scintillation spectrum of a mixture of 5 radionuclides
and the spectra deconvolution measured with a PerkinElmer 1414 liquid scin-
tillation analyzer. (From Nebelung et al., 2009. reprinted with permission from
Radiocarbon, University of Arizona, © 2009 Arizona Board of Regents on behalf
of the University of Arizona)

deconvolution method yielded similar results obtained by the
conventional two- and three-window counting method with
a PerkinElmer TriCarb 3100 liquid scintillation analyzer. The
uncertainty for activity measurements of 3 or more nuclides in
one sample was < 10%. An example of the deconvoluted
spectra of a mixture of 10 Bq each of *H/'*C/"*""Cs/*°Sr/*°Y is
illustrated in Fig. 7.59.

A spectral deconvolution method was applied by Altzitzoglou
(2008) to the activity analysis of radionuclides from liquid
scintillation spectra of two or more radionuclides. The spectral
deconvolution method is based first on the mathematical
expression for the count rate y in each channel i of the LSA
multichannel analyzer for the measured spectrum of n radio-

nuclides or
i = § Cn'Sn,i
n

where ¢, is the unknown count rate of the radionuclide » in the
sample, and S, ; is the content of the corresponding channel i of
a pure reference spectrum of radionuclide #. In other words, S,
is the normalized spectrum of radionuclide n, whereby the total
number of counts in the spectrum for radionuclide n would
equal unity. Thus, for a complete spectrum of m number of
channels, there would be m number of equations similar to Eqn
7.86.

The spectrum deconvolution described by Altzitzoglou
(2008) utilizes the shape of the sample spectrum on resolving its
components by fitting a pure reference spectrum for each
component to the measured composite spectrum. This was
performed by a least-squares fitting, whereby the unknown
count rates ¢, for each radionuclide n were found by minimizing
the sum of the squared differences between the measured (y;)
and predicted (y}) rates for all channels of the spectra, or

(7.86)

m m

D0i=y)? =D i= > cnSui)’

i i

(7.87)

Altzitzoglou (2008) applied an iterative fitting using the
Levenberg—Marquardt algorithm, which is a nonlinear least-

Handbook of Radioactivity Analysis

squares fitting. The radionuclide activities (DPM) were calcu-
lated by ¢, /&, where ¢, is the count rate of nuclide n and ¢, is its
detection efficiency. Eqns 7.86 and 7.87 are valid when the pure
and composite spectra have the same quench levels. Altzitzoglou
(2008) applied the method to the logarithmic spectra as deter-
mined with a PerkinElmer Quantulus 1220 liquid scintillation
analyzer; but the method is also applicable to the linear pulse-
height spectra as provided by the PerkinElmer TriCarb liquid
scintillation counters. Figure 7.60 is an example of a typical
measured liquid scintillation composite spectrum of *°Sr (°°Y) at
secular equilibrium and the component spectra as calculated by
the deconvolution method. The deconvolution method was
demonstrated to yield satisfactory results with low-activity
samples as tested with the measurement of 208r (°°Y) in milk and
soil samples. The advantages over traditional methods of multiple
radionuclide analysis are no counting windows need to be set, the
method is rapid and straightforward and, in the case of *°Sr/*"Y, it
is not necessary to attain parent—daughter equilibrium for the
activity analysis.

A method was developed by Remetti and Sessa (2011) that
is capable of deconvoluting complex liquid scintillation pulse-
height spectra without any preliminary knowledge of the peak
shapes of the component radionuclides. They used a Perki-
nElmer Quantulus 1220 liquid scintillation analyzer with
spectral deconvolution by Fourier series fitting with MATLAB
software (The MathWorks Inc., version R2009B) according to
Eqns. 7.65 and 7.66 described earlier. The calculation algorithm
was structured according to the following path:

i. Identification of the portion of the pulse-height spectrum that
is due to the radionuclides of highest E,,x, and the selection
of a group of channels for interpolation.

The radionuclide that possesses the highest energy emission
will yield a pulse-height spectrum where a limited portion of the
upper (highest pulse heights) part of the spectrum will be free of
any overlap of pulse events from lower-energy-emitting
nuclides. Once the channels are identified, that contain pulse
events (counts) attributable only to that radionuclide, the algo-
rithm can proceed with the next step, that of the interpolation of
its contribution to the entire complex spectrum.

ii. Interpolation of the high-energy radionuclide contribution
with the model “Cubic Spline.”

The model “Cubic Spline,” as described by Remetti and Sessa
(2011), is a nonparametric interpolation model available among
the functions of MATLAB. The interpolation of the high-energy
radionuclide contribution to the spectrum is obtained by
imposing the condition of passage of the function through the
group of points of the above Step i and through zero in the first
channel.

iii. Subtraction of the contribution by the high-energy radio-
nuclide to the entire spectrum, and repetition of the
procedure (steps i and ii) for the remaining radionuclide
contributions to the spectrum.

Once the shape of the spectrum, attributed to the radionuclide of
highest E,x, is obtained, it can be subtracted from the entire
composite spectrum. This leaves behind a spectrum of the
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FIGURE 7.60 Typical composite spectrum of *°Sr (**Y) at equilibrium as measured with a liquid scintillation analyzer, and the component spectra as calculated by
the deconvolution method. The upper spectrum is the plot of the residuals of the fit. (From Altzitzoglou, 2008, reprinted with permission from Elsevier © 2008)

remaining radionuclides of lower E,.x. Then steps i and ii are
repeated by subtracting singularly, i.e., the pulse-height spec-
trum of one nuclide at a time, until all of the contributing pulse-
height spectra of each radionuclide are unfolded from the
composite spectrum.

iv. Activity calculation.

A simple integration of the unfolded pulse-height spectra of
each radionuclide provides the counts attributable to each
radionuclide. The count rate (CPM), of course, will depend on
the time needed to achieve the composite pulse-height spec-
trum. The disintegration rate (DPM) of each radionuclide can
easily be calculated with a measurement of the detection effi-
ciency, which would be characteristic of the radionuclide
emissions, quench level, and counter.

Figure 7.61 provides an example of the spectral deconvo-
lution obtained by this technique. The discrepancies of the
deconvoluted activities of the *°Sr, °°Y, and **'Am from the
expected values were reported to be within 5%.

4. Modeling from Spectral Library

A different approach to multiple radionuclide analysis involves
the establishment of a library of radionuclide spectra consti-
tuting different mixtures of radionuclides at varying levels of
quench. The spectral library, which is stored as computer data,
must be prepared from radionuclide standards in various
mixtures and activity ratios including also spectral distortions
caused by the wall effect. Kashirin et al. (2000) describe this
approach, which they have tested for complex mixtures of up to
eight radionuclides including *H, "*C, ®°Co, ®Ni, *°Sr + *°Y,
1251 137Cs, and 2*'Am. They applied algorithms described in
patents by Belanov et al. (1997, 1998) to minimize deviations

between real and model spectra regardless of linear or loga-
rithmic scales used for the presentation of spectra.

Continued research along these lines reported by Malinov-
sky et al. (2002a,b), Kashirin et al. (2003), and Ermakov et al.
(2006) has culminated in the establishment of a software
package RadSpecDec for the deconvolution of complex pulse-
height spectra consisting of combinations of numerous (six or
more) alpha- and beta-emitting radionuclides. As described by
Ermakov et al. (2006), the deconvolution algorithm is based on
the modeling of spectra, which are transformed when convo-
luted by the superposition of individual reference spectra taken
from a previously created radionuclide library of spectra. The
spectra library consists of at least 10 spectra at different quench
levels. The model spectrum is calculated as a sum of the indi-
vidual radionuclide spectra with weight coefficients (c;) that are
adjusted during the modeling procedure with the objective that
the model spectrum coincides with the sample composite
spectrum to a maximum degree.

The model method was proposed by Malinovsky et al.
(2002a,b) to be based on the modeling of spectra that are trans-
formed when convoluted into a group by the superpositioning of
individual radionuclide spectra taken from the spectral library. As
described by Ermakov et al. (2006), the model spectrum is
created from a linear combination of normalized spectra of
various radionuclides according to the equation

J
Mi = Z Cle'J(T)

i=1

(7.88)

where M; is the model spectrum, M, ;(T) is the library spectra of
each radionuclide as a function of the quench parameter 7, and
¢;j is the proportion or weight coefficient of each radionuclide
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FIGURE 7.61 (Upper graph) Fourier series fitting of a composite spectrum
(°°Sr 4 °°Y + 2! Am). The continuous line represents the fitted function. (Lower
graph) Total unfolding of the shapes of 0Sr, ?°Y, and **'Am. For the color
version of the figure, the reader is referred to the online version of the book.

(From Remetti and Sessa, 2011. Reprinted with kind permission from Springer
Science + Business Media © 2011 Akademiai Kiado, Budapest)

specie. The weight coefficients, c¢; of each radionuclide are
adjusted to make the model spectrum coincide with the sample
spectrum to a maximum degree. Ermakov et al. (2006)
describes the solution to the model as generated by a recursive
minimization of a function representing the difference between
a model spectrum and the real sample composite spectrum.
The modeling is carried out with groups of channels rather
than the individual channels. For liquid scintillation spectrom-
eters equipped with a logarithmic analog-to-digital converter
(e.g., PerkinElmer Quantulus or Hidex Triathler), a combination
of 10 channels forms a group. Thus, the composite sample
spectrum and the deconvoluted spectra are depicted as plots of
counts versus group number or relative activity versus group
number, rather than the conventional counts versus channel
number, as illustrated in Fig. 7.62. Liquid scintillation spec-
trometers equipped with a linear analog-to-digital converter
(e.g., PerkinElmer TriCarb) have channel numbers grouped by
means of an arithmetic progression. Both logarithmic and linear
pulse-height spectra are resolved by the modeling technique,
whereby the spectral channels become “channel groups”. The
activity in disintegrations, A; of the jth radionuclide in
the composite spectrum will be a function of the total counts, N,
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FIGURE 7.62 The spectrum decoding of a mixture (3H, 63Ni, 358, GOCo,
9°Sr/90Y, and l37Cs) measured with a PerkinElmer Quantulus liquid scintillation
analyzer. (From Malinovsky et al., 2002, reprinted with permission from
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where T¢; is the detection efficiency of the jth radionuclide at
quench level 7. Malinovsky et al. (2002a) and Ermakov et al.
(2006) report tests on this deconvolution method with a wide
variety of sample types and radionuclide combinations including
low-level mixtures with good recoveries of the deconvoluted
activities compared to the known radionuclide activities.

5. Spectral Unfolding by Region Count Ratios

Often the LSA of radionuclide mixtures is complicated by the
need to analyze low-energy beta-emitters, such as *H, contami-
nated by much greater activities of high-energy beta impurities.
Verrezen and Hurtgen (1996, 2000) describe a multiple-window
spectrum unfolding technique for the analysis of low-energy *H
in the presence of up to 10-fold higher activities of high-energy
beta emitters over a wide range of quench (e.g., tSIE > 100). The
method is based on the fact that the ratio of the net count rates in
two fixed counting regions for a single radionuclide is a constant
at a given quench level. Consequently, any spectral shape (e.g.,
impurity spectrum) can be reconstructed using the established
ratio and a pure reference spectrum. On the basis of this
hypothesis, Verrezen and Hurtgen (2000) calculate the spectral
contribution of the impurity in the low-energy part of the liquid
scintillation pulse-height spectrum and correct for the impurity
interference on the measured low-energy sample spectrum. The
method was demonstrated successfully over a wide range of
quenching and activity ratios with mixtures of **Tc and ®*Ni
contaminated with ®°Co and '*’Cs, respectively (Verrezen and
Hurtgen, 1996), mixtures of NiH, "“CrH, *°Tc/PH, and
0Co/Tc (Verrezen and Hurtgen, 2000), and mixtures of
3H/°St/*°Y (Dobrin et al., 2011).



Liquid Scintillation Analysis: Principles and Practice

The spectral deconvolution method described here is
particularly useful for the analysis of a low-energy beta-emit-
ting nuclide that is contaminated with a higher-energy beta
emitter. Verrezen and Hurtgen (2000) and Dobrin et al. (2011)
demonstrate that the method is particularly useful in the analysis
of nuclear waste streams of pressurized water reactors where
activity ratios of 10°—10° are encountered between impurities
and the nuclide of interest. The overlapping character of liquid
scintillation pulse-height spectra can mask the presence of
contaminating radionuclides low in activity relative to the
nuclide of interest. The method is based on the hypothesis that
the activity ratios of a beta-emitting radionuclide in two
counting regions of the liquid scintillation pulse-height spec-
trum is a constant at a constant level of quench regardless of the
total activity of the radionuclide. This was demonstrated to be
true by Verrezen and Hurtgen (2000) and Dobrin et al. (2011) by
counting various activities of a beta-emitting radionuclide in
two counting regions at identical quench levels. At a given
quench level, the ratio of count rates in two counting regions
due to the beta emissions of a radionuclide is a constant.

As described by Verrezen and Hurtgen (2000), the method is
based on the following deconvolution algorithm:

NOI(net, low) = SMP(net, low)
n
- K;(Q, high)+REF(net, low)
k=1
(7.90)

where
_ SMP(net, high)

K high) = ———————=
«(Q, high) REF (net, high)

(7.91)
In the above equations, SMP(net, i) represents the net contri-
bution calculated as the difference between the gross contribu-
tion SMP(gross, i) and the background contribution BGD(7) of
a sample in a specified counting region of interest ROI(i) as
obtained from the spectral data. NOI(net, i) and REF(net, i) are
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the net contributions of the nuclide of interest and that of
a reference spectrum of an impurity k to the beta spectrum in the
same region of interest (7). The variable n refers to the number of
radionuclide impurities in the sample. The term low represents
a region of interest (ROI) in the low-energy range of the spec-
trum, whereas the term high represents a ROI in the high-energy
range, set behind or beyond the endpoint of the spectrum on the
nuclide of interest in such a way that NOI(net, high) =0, or in
other terms SMP(net, high) = IMP(net, high). This is illustrated
in Fig. 7.63 where the pulse-height spectrum of *H, the nuclide of
interest (NOI), is found only in the ROI low, whereby NOI(net,
high) = 0 and SMP(net, high) = IMP(net, high).

As described by Verrezen and Hurtgen (2000), Eqn 7.91
relies on the fact that the ratio of the net count rate in two fixed
regions of the pulse-height spectrum for a single radionuclide is
a constant for a given level of quenching and that any spectral
shape (in this case the spectrum of the impurity, IMP) can be
reconstructed using the established ratio and a pure reference
spectrum if both are at the same level of quench, that is, if both
possess the same quench-indicating parameter, or

IMP(net, low)  REF(net, low)
IMP(net, high) ~ REF(net, high)

Verrezen and Hurtgen (2000) and Dobrin et al. (2011) used the
above equations to recalculate the spectral contribution of the
impurity in the low-energy region of the spectrum (ROI, low),
thereby correcting for the impurity in the measured sample
spectrum. The technique is not confined to resolving the inter-
ference caused by only one radionuclide impurity. Samples
containing n impurities require n 4 2 pulse-height spectra to
solve Eqn 7.90, namely, the background spectrum, the sample
spectrum, and n reference spectra (one for each radionuclide
impurity). Thus, the analysis of the contaminated samples by
this method requires the preparation of the following counting
vials: a background vial, a sample vial, and one internal refer-
ence vial for each radionuclide known to be present in the
sample. The final mixtures in the counting vials must possess

K(Q) (7.92)

FIGURE 7.63 Effect of contamination of a *H sample with **Tc
on the spectral shape as measured with a logarithmic amplifier

(PerkinElmer/LKB Quantulus 1200, above) and a linear amplifier

(PerkinElmer/Packard TriCarb 2200CA, below). Two regions of

interest (ROI low and ROI high) are illustrated defined by
a discriminator setting behind or beyond the endpoint of the
nuclide of interest (*H) pulse-height spectrum. (From Verrezen

and Hurtgen, 2000, reprinted with permission from Elsevier ©
2000)
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identical chemistry to assure that they all are characterized by
the same quench-indicating parameter. To assure this was ach-
ieved, Dobrin et al. (2011) analyzed the nuclide of interest
(NOI) *H contaminated with the impurity (IMP) *°Sr/*°Y by
preparing the following counting vials with identical chemistry:
(1) a background vial containing 10 mL of distilled water and
10 mL of Ultima Gold XR cocktail; (2) a sample vial containing
1 mL of sample (aqueous), 9 mL of distilled water, and 10 mL
of Ultima Gold XR cocktail; and (3) reference vials, each
containing 1 mL of sample, 1 mL of aqueous reference solution
of the appropriate radionuclide present in the sample, 8 mL of
distilled water, and 10 mL of Ultima Gold XR cocktail. For the
analysis of *H contaminated with the impurity *°Sr/*°Y Dobrin
et al. (2011) corrected all spectra for the contribution due to
background. They subsequently reconstructed the spectrum of
the impurity (°°Sr/°’Y) in the lower-energy range using the
spectral shape of the reference spectrum and the calculated ratio
K (Q, high)of Eqn 7.91. Lastly, the net spectrum of the nuclide
of interest, i.e., °H, in the lower energy range of the spectrum
(ROI low) was restored by subtracting the net spectrum of the
impurity from the net sample spectrum. If the reference vials
were prepared with known activity concentrations of the
radionuclides, the detection efficiencies can be obtained for
each radionuclide, and the count rates converted to disintegra-
tion rates.

6. Multivariate Calibration

The application of multivariate calibration for the determina-
tion of "C activities was discussed in Section V.F4. It has
been applied by Toribio et al. (1995, 1996) in the liquid
scintillation analysis of mixtures containing the three main
o-emitting isotopes of plutonium, 238Pu, 239Pu, and 2*°Pu. The
multivariate methods used were principal component regres-
sion (PCR) and partial least-squares regression (PLSR). As
explained by Toribio et al. (1995), these methods can estimate
the concentration of radionuclide of interest without the need
to consider the other radionuclides present in the system that
affect the experimental signal, provided the isotopes are
present in both the unknown samples and the calibration set.
The advantage here is that the methods are suitable for the
analysis of samples with unknown interferences, thereby
avoiding the need of a separation step.

For the PCR and PLSR analysis Toribio et al. (1995) used
a program written in FORTRAN 77 run on a personal computer
with a DOS operating system described by Tauler et al. (1991),
and the programs were validated by comparison with the PLS-
Toolbox package for MATLAB written by Wise (1992). The
a-emissions of ***Pu and **°Pu have overlapping energies, and
the predicted error for the PCR or PLSR separation of these two
nuclides was about 35%. These two nuclides are determined
together as one component or analyte, 2*****°Pu | which is
similar to other established procedures using surface barrier
detectors. Samples containing standards and unknowns of low-
level activity (3.42—174 DPM) were counted for 5 hours and
data analyzed by relating known plutonium activities to alpha
disintegrations registered in energy channels of a PerkinElmer
Tri-Carb CA/LL liquid scintillation analyzer. Relationships
were sought between two matrices R(M,N) and C(M,K). Matrix
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R(M,N) contained the instrumental responses, number of counts
at N measuring channels for M calibration samples, and the
other matrix C(M,K) contained the activities of the K analytes in
the M samples. The important step in the data treatment in PCR
and PLSR models, emphasized by Toribio et al. (1995), is the
number of factors chosen as noted previously in Section V.F.4.
When the number is chosen correctly, the data compression step
filters out noise and useless data without sacrificing significantly
the desired information. One approach to the proper selection of
factors is to start with a probable number of factors. The anal-
ysis is repeated using a different number of factors until the
optimum number that fits the data is found. The optimum
number of factors in this case was found to be four, all attrib-
utable to sample activities. No factor was attributed to back-
ground, as predictions did not improve when background was
subtracted.

The values obtained for ******°Pu and **®Pu activities for
samples containing varying amounts of these radionuclides in
mixtures over the range of 2.43—174 DPM had errors of about
7% and 10% for the high- and low-activity samples, respec-
tively. Background (blank) subtraction is not required. This
approach to radionuclide analysis is still at its early stages of
development; however, Toribio et al. (1995) conclude that the
multivariate calibration technique provides a detection limit one
order of magnitude higher than that obtained with a surface
barrier detector. However, the detection limit would be expected
to drop with the use of a/3-discrimination and active shielding
in LSA. With o/@-discrimination in many liquid scintillation
analyzers the G-emitting isotope *'Pu could also be included in
the mixture, and activity measurements of mixtures containing
the a- and B-emitting isotopes of plutonium in the same sample,
as 2**Pu 4 22729y 4+ 24'py, would be possible.

Organic extracting agents are often used to improve the
alpha spectral resolution in the liquid scintillation analysis of
alpha emitters. However, subsequent to extraction, alpha peaks
are reported to display a continuous shift along their axis with
time for periods in excess of 200 hour. (Toribio et al. 1997). To
overcome error due to the instability of alpha spectral peak
positions, Toribio et al. (1997, 1999) report the application of
moving curve fitting (MCF) to the multivariate calibration
analysis of mixtures of the four alpha-emitting isotopes ***Pu,
239+240Pu, and 2*®Pu with <15% relative errors of predicted
values and an activity quantification threshold of 15 DPM.

Mellado et al. (2005) applied multivariate calibration, which
constitutes a set of chemometric techniques, to the activity
analysis of various combinations, quench levels, and ratios of
QOSr/goY, 99Tc, 63Ni, 137Cs, and >°Fe within 15% relative error
within the range covered by the calibration matrix. Chemo-
metrics including artificial neural network (ANN) and partial
least squares (PLS) as complimentary tools are reported by
Khayatzadeh Mahani et al., (2008, 2009) for the analysis of
22°Ra and uranium as well as thorium and uranium in aqueous
samples. Relative errors of prediction for PLS and ANN in
synthetic mixtures of **°Ra and uranium were 18.0 and 24.8%,
respectively.

Now that the application of plastic scintillator microspheres
to LSC is making rapid development (see Section XVI), Bagan
et al. (2011a) report the use of plastic scintillator microspheres
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together with multivariate calibration (PLS) to detect and
measure the activities of a- and (-emitting radionuclides in
mixtures. They quantified mixtures of 241Am, 137Cs, and
2081/°°Y without the need of pulse-height discrimination with
errors under 10% in most cases. Measurement time is reduced,
as the counting of background blanks is not necessary. The use
of plastic scintillator microspheres also obviates the need for
liquid scintillation cocktail and thus reduces the disposal costs
that occur with mixed radioactive waste.

IX. RADIONUCLIDE STANDARDIZATION

Radionuclide standardization is included here as an altogether
different specialty of liquid scintillation analysis, as it pertains to
the purest form of measurement of the activity or disintegration
rates (DPM) of radionuclides. It includes the methods used for
the absolute activity of radionuclides as reference sources from
which other radionuclide activities may be calibrated. The
standardization of radionuclides is important in many fields,
among which one of the most demanding has been radionuclide
standardization for applications and research in therapeutic
nuclear medicine (Coursey et al., 1991, 1994 and Zimmerman,
2006b). This section will include some of the most popular
techniques applied to the standardization of radionuclides.

A. CIEMAT/NIST Efficiency Tracing

This method of radionuclide standardization, in its historical
context, was first conceived by Augustin Grau Malonda in 1978
with the objective of developing a model/procedure applicable
to any liquid scintillation analyzer, any scintillation cocktail,
and any radionuclide (Grau Malonda, 1999). As the procedure
could not be based solely on theoretical calculations of counting
efficiency, Grau Malonda devised a model that combined
theoretical calculations based on the radionuclide to be
analyzed and experimental data provided by the liquid scintil-
lation analyzer. Early descriptions of the method applied to the
activity analysis of pure beta-particle emitting radionuclides are
provided by Grau Malonda (1982a), Grau Malonda and Garcia-
Torafio (1982a,b), and Grau Malonda et al. (1985), and for
radionuclides decaying by electron capture by Grau Malonda
(1982b).

The name CIEMAT/NIST currently attributed to the method
is the result of collaboration on the method that started in 1984
(Coursey et al., 1986 and Grau Malonda and Coursey, 1987)
between the Centro de Investigaciones Energéticas Medi-
oambientales y Tecnoldgicas (CIEMAT) in Madrid (the affili-
ation of Agustin Grau Malonda) and the National Institute of
Standards and Technology (NIST), Gaithersburg, which at that
time was called the National Bureau of Standards (the affiliation
of Bert M. Coursey). Collaboration between the two institutions
was intended to develop the method into one that could be used
as a reference method for the standardization of radionuclides
by any laboratory in the world with a conventional liquid
scintillation analyzer. The principles of the method and many of
the major references to this technique will be presented here.
Comprehensive treatments on the procedures and calculations
involved are available from books by Grau Malonda (1995,

1999). A paper by Garcia-Torafio et al. (1991) also provides
a good summary of the method. Excellent reviews on this liquid
scintillation radionuclide standardization method as well as
other related methods of standardization by liquid scintillation
are provided by Grau Malonda (1999), Giinther (2002a,b),
Zimmerman (2006b), Broda et al., 2007, Collé, 2009, and Grau
Carles and Grau Malonda, 2010.

1. Theory and Principles (*H as the Tracer)

As noted by Grau Malonda (1995, 1999) the original plan,
conceived in 1978, was to develop a procedure for the stan-
dardization of radionuclides, which is applicable to any
commercial liquid scintillation analyzer available in most
laboratories, any liquid scintillation cocktail, and any radionu-
clide. To achieve this goal the method had to be based on
a combination of theoretical calculations related to the partic-
ular radionuclide under measurement and its emissions as well
as theoretical calculations related to a primary standard tracer
nuclide (e.g., *H) and its emissions together with experimental
data from the liquid scintillation analyzer which provides
information concerning the instrument, scintillation cocktail,
and radionuclide (e.g., count rate and quench-indicating
parameter).

The method is centered on the theoretical computer-based
calculations of the counting efficiency of the radionuclide to be
analyzed and that of a reference primary standard, such as
tritium, for different values of figure of merit (M) and an
experimental quench-correction curve obtained from a set of *H
quench standards. The figure of merit (M) is a term used in this
technique, which is defined as the (-particle energy in keV
required to produce one photoelectron by the photocathode or,
in other words, one photoelectron that reaches the first dynode
of the photomultiplier tube. The relationship of radionuclide
counting efficiency and figure of merit for pure S-emitters and
liquid scintillation systems comprised of two photomultiplier
tubes in coincidence is defined by

T v {1- o[22 Ve
0

where Ep.x is the maximum @-particle energy, N(E) is the
theoretical @-particle energy distribution, X(E) is the correction
for ionization quenching and wall losses (wall effect), and
M is the figure of merit (Grau Malonda, 1982b; Grau Malonda
and Garcia-Torafio, 1982a,b; Grau Malonda and Los
Arcos, 1983; Grau Malonda et al., 1985; and Coursey et al.,
1986, 1989).

The objective of the method is to obtain the counting effi-
ciency of a nuclide under investigation (e.g., '*C) from the
counting efficiency of an absolute or primary standard of *H.
Hence, the term ‘efficiency tracing’ is used in naming the
technique. Because the *H is a primary standard, its efficiency is
taken as experimental data, while that of the nuclide under
measurement (e.g., 14C) is obtained via a theoretical calculation
and experiment. It was essential, therefore, that the calculation
model for the counting efficiency, as envisaged by Grau
Malonda, be so complete and accurate that the final results of

(7.93)
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the counting efficiency of the nuclide under investigation would
be better than the precision limits of the experiment and
instrumentation.

The term ‘figure of merit’ in this section has a totally
different meaning than that used in other parts of this book,
where the reader will find reference to figure of merit relating
counting efficiency to background in low activity samples. In
this section, figure of merit refers exclusively to the quantitative
yield of the photomultiplier dynode and its relation to counting
efficiency. To avoid confusion, the term ‘free parameter’ or A
has been adopted instead of figure of merit (M) when relating
photomultiplier dynode yield and counting efficiency in this
radionuclide standardization technique. Consequently, Eqn 7.93
for the expression of the theoretical counting efficiency is often
written as

[ wier{1 - o225 Ve

where Q(FE) is the ionization quenching correction factor or
X(E) of Eqn 7.93, and A is the free parameter or figure of merit
M of Eqn 7.93.

The calculation model relies on the decay schemes of the
nuclide of interest, and for this purpose, tables of beta-particle
and positron spectra were published by Grau Malonda and
Garcia-Torano (1978 and 1981a) from which the spectral area
over any given energy range may be obtained. Also, tables of
calculated counting efficiencies as a function of the free
parameter were published for numerous radionuclides
decaying by pure beta-particle emission (Grau Malonda and
Garcia-Torafio, 1981b, Grau Malonda et al., 1985), electron
capture decay (Grau Malonda, 1982b), positron emission (Grau
Malonda and Garcia-Torafio,1982b), beta—gamma-ray emis-
sion (Garcia-Torafio and Grau Malonda, 1988), and electron
capture decay with gamma-ray emission (Grau Malonda and
Fernandez, 1985).

As the calculation of the theoretical counting efficiency
must account for all beta transitions, Eqn 7.94 is modified
accordingly. For example, '*°Sb undergoes 8 beta-decay tran-
sitions to the daughter nuclide '*™Te. Consequently, to account
for all beta-decay transitions, Grau Carles et al. (1998) used the
following expression, according to Grau Malonda (1995, 1999),
for the calculation of '*Sb counting efficiency:

i~ /’"”’ oo 2O i oy

where p;, (E,,);, and N;(E) are respectively the eight beta-particle
transition intensities, endpoint energies (Eyy,x), and Fermi (beta-
particle energy) distributions; E, Q(E), and A are as previously
described. The calculated counting efficiency of '*°Sb as
a function of the free parameter is, therefore, a sum of the
calculated efficiencies for each of the eight beta-decay
transitions.

The calculation of the theoretical counting efficiency can be
yet more complex when numerous beta- and gamma transitions
are part of the radionuclide decay scheme. The standardization of

(7.94)
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1OmA o described by Garcia-Torafio et al. (2000) is an interesting
example. Itdecaysto ' '°Cd by 8~ emission (98.65%) and isomeric
de-excitation by y emission (1.35%) to ' '’Ag. The decay scheme
comprises more than 12 8 branches and 50 gamma rays. Garcia-
Torafio et al. (2000) used the CIEMAT/NIST method to stan-
dardize samples of ''“Ag, which required the calculation of the
Fermi spectra of all 8 branches, as well as the Compton spectra
produced by the y-ray interactions with the scintillator. A total of
128 decay pathways are possible, and the researchers calculated
their probabilities and counting efficiencies to obtain the overall
counting efficiency. The expression used for the calculation of the
theoretical counting efficiency, in this case, was that described by
Garcia-Torafno et al. (1991) for a radionuclide that undergoes
@ decay followed by a cascade of n vy transitions:
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(7.96)

where N(E) and S;(E) are the 3 spectrum and Compton spectrum
of a given y transition, respectively, Q(F) is the ionization
quenching factor, 2 is the free parameter or figure of merit, and
Eg, Ey1, ... Ey, are the maximum energies of the 8 and vy
transitions, respectively. Garcia-Torafio et al. (2000) factorized
the integral expressions of Eqn 7.96 so that single integrals
could be solved and the results combined to yield the complete
counting efficiency.

Computer programs or codes have been developed for the
rapid computation of counting efficiency as a function of the
figure of merit (i.e., free parameter) as described by Grau
Malonda (1995, 1999) and Grau Malonda et al. (1987). The
computer programs BETA (Garcia-Torafio and Grau Malonda,
1985), BETA3 (Grau Malonda, 1999), EFFY (Garcia-Torafio
and Grau Malonda, 1981, 1985), and PTB code (Physikalisch-
Technische Bundesanstalt), which is a modified EFFY4 code
(Kossert and Schrader, 2004), have been written for computa-
tions involving pure beta (negatron or positron) emitters, and
the programs EFFY2, EFFY4 (Garcia-Toraiio and Grau
Malonda, 1981, 1985 and Kossert, 2003), and CN2001A
(Giinther, 2001 and Zimmerman et al., 2002) are available for
the computation of counting efficiency as a function of free
parameter for complex-decay beta emitters, and CN2004 code
for a positron emitter (Cessna et al., 2008) and for series of beta
and alpha decays (Cessna and Zimmerman, 2010). The
programs calculate the beta spectra using the theory of radio-
active beta decay, taking into account the shape factors (e.g.,
Grau Carles, 1995, 2005; Grau Carles and Kossert, 2006, 2007;
Grau Carles et al. 2008; and Kossert, Nihle and Grau Carles,
2011a). The total detection probability is obtained by dividing
the spectrum into bands, calculating the partial detection
probabilities of each of them, and summing. The average and
mean energies in the spectra are also calculated. Because of the
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different decay processes involved, special programs have been
written to compute the counting efficiency as a function of free
parameter such as EFYGA for X-ray and gamma emitters
(Garcia-Torano and Grau Malonda, 1987), EBEGA for beta-
gamma emitters (Garcia-Torafio et al., 1988), and VIASKL (Los
Arcos et al., 1987) and VIAS1 (Grau Malonda, 1999) for K-L
shell electron capture nuclides, and EMI (Grau Carles et al.,
1994b) and EMI2 (Grau Malonda et al., 1999) for electron
capture-gamma and isomeric transition nuclides, and EMIS
(Grau Malonda, 1999) for radionuclides decaying by electron
capture, electron capture coincident with a gamma transition,
and pure isomeric transition, and ADDI (Grau Malonda, 1999)
computes the counting efficiency of a radionuclide decaying by
electron capture and beta-decay transition. An updated
program, EMILIA (Grau Carles, 2006a), is applied to counting
efficiency calculations for electron-capture and capture-
gamma-emitting nuclides. A paper by Los Arcos et al., (1991)
provides a detailed treatment of the method applied to multi-
gamma electron-capture radionuclides. The computer programs
are available from CIEMAT, Avda. Complutense 22, 28040
Madrid, Spain. Also, the program CIENIST99 written in Visual
Basic 5 reported by Giinther (2000) combines the CIEMAT/
NIST codes BETA, EBEGA, and EMI to accommodate multi-
beta/multi-gamma transitions.

The procedure integrates theoretical calculations with
experimental measurements. The free parameter (figure of
merit) is an essential component in the theoretical calculation of
the counting efficiency, while the quench-indicating parameter
(QIP) of a particular liquid scintillation analyzer (e.g., tSIE,
SQP(E), or H#) is required for the experimental aspect of this
method. However, as explained by Grau Malonda and Garcia-
Torafio (1982a,b), the figure of merit cannot be obtained directly
from experiment and the quenching parameter is not theoreti-
cally computable. Therefore, the method makes use of a plot
that relates the figure of merit (free parameter) with the quench-
indicating parameter. Such a plot is obtained by integrating an
experimental quench-correction curve of a primary standard,
such as *H (e.g., counting efficiency vs. a QIP), with a theoret-
ically computed curve of counting efficiency versus figure of
merit.

Tritium is the most suitable standard for this method when
the analysis of beta-emitters is required. It is readily available as
an absolute standard as tritiated water or in organic form, it has
a relatively long half-life and, as noted by Coursey et al. (1998),
it provides for more sensitive extrapolations to the low-energy
portions of the beta-particle spectra than higher-energy stan-
dards. Radioactive standards of tritiated water disseminated by
the Laboratoire Primaire des Ionizants (LPRI), France, and the
National Institute of Standards and Technology (NIST), USA,
were intercompared by Zimmerman and Collé (1997a) and
demonstrated an apparent mean disagreement between stan-
dards of <0.4% on a relative basis. As a standard for the CIE-
MAT/NIST method, *H has the advantage that any uncertainties
on the efficiency curve of this radionuclide are reduced for the
efficiency calculations of the more energetic (G-emitters. See
Grau Malonda and Garcia-Torafio (1982a,b) and Grau Malonda
(1995, 1999) for calculations demonstrating the uncertainty
propagations for tritium.
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The objective is to obtain a counting efficiency quench-
correction curve for any radionuclide, which may decay by
B-, B/, X-ray and y-photon emissions, EC decay, and isomeric
transition. The counting efficiency quench-correction curve is
then used to determine the absolute activity (DPM) of a radio-
nuclide sample under investigation from its experimental
quench-indicating parameter.

2. Procedure

The procedure for obtaining the counting efficiency quench-
correction curve for any nuclide under investigation with *H as
the standard is outlined next. The sequence of steps in
the procedure is illustrated in Fig. 7.64 and the curves estab-
lished as a result of each step are illustrated in Fig. 7.65:

a. A set of *H quenched standards is counted in the liquid
scintillation analyzer and a quench-correction curve of
tritium counting efficiency versus the quench-indicating
parameter is plotted. See curve (a) of Fig. 7.65.

The theoretical counting efficiency of 3H (ey) as a function
of figure of merit is computed. See curve (b) of Fig. 7.65.
c¢. From the preceding two relationships, the figure of merit as
a function of the quench-indicating parameter is obtained.
Although these two relationships are determined from *H
standards, the figure of merit as a function of quench-
indicating parameter is independent of any radionuclide. It
is a “universal” curve, which may be applied to any
radionuclide, but is suitable only for the particular liquid
scintillation analyzer and scintillator used. See curve (c) of
Fig. 7.65.

The theoretical counting efficiency of the nuclide under
investigation (en,c) as a function of figure of merit is
calculated. See curve (d) of Fig. 7.65.

Calculated Experimental
3H i 3y
Efficiency _E'lfgmu:'it Efficiency _(::rea::::ter
Figure ___ Quench
of merit parameter
Calculated /
14¢ Fi
Efficiency X o::',g::;
. 14¢ Quench
Efficiency — parameter

FIGURE 7.64 Outline of the CIEMAT/NIST *H efficiency tracing method of
radionuclide standardization. The diagram illustrates the sequence of calculated
and experimental relationships, which are defined to yield the quench-correction
curve of any radionuclide under investigation. Tritium is the standard (or tracer
nuclide) in all cases, while '“C, illustrated here as an example, is the radionu-
clide under investigation. (From Grau Malonda and Garcia-Torario, 1982a,
reprinted with permission from Elsevier ©1982)



FIGURE 7.65 Calculated and experimental calibration curves
obtained in the radionuclide standardization method of CIEMAT/
NIST °H efficiency tracing. The curves are described in the
sequence by which they are obtained as follows: (a) experimental
quench-correction curve of *H counting efficiency (er) vs.
quench-indicating parameter (Q); (b) computed *H counting effi-
ciency ( er) vs. figure of merit or free parameter (1); (c)
“universal” curve of figure of merit (free parameter, 1) vs. quench-

£ 3H
/
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indicating parameter (Q) derived from the above two relation-
ships; (d) computed curve of the counting efficiency of the nuclide
under investigation ( &y, €.8., 14C) vs. the figure of merit or free
parameter (4); and (e) quench-correction curve of counting effi-
ciency of the nuclide under investigation (&pyc, €.8., 14C) vs. the
instrumental quench-indicating parameter (Q) derived from curves
(c) and (d). (From Grau Malonda, 1995, 1999, reprinted with
permission from CIEMAT © 1995—1999)

N

M~ [/~

e. Consequently, the relationship between the counting effi-
ciency of the nuclide under investigation (en,.) and the
quench-indicating parameter can be obtained. This plot is
obtained from the two preceding relationships, that of the
universal curve of figure of merit versus the quench-indi-
cating parameter and the computed curve of ey, versus
figure of merit. See curve (e) of Fig. 7.65.

f. The final curve obtained in step 5 can be used to determine
the counting efficiencies of experimental samples. The
experimental sample of the nuclide under investigation is
counted and the count rate (CPM) and quench-indicating
parameter are recorded. From the quench-indicating
parameter and the quench-correction curve of e, versus
QIP [Curve (e) of Fig. 7.65], the counting efficiency of the
experimental sample &y, is obtained.

g. The activity (DPM) of the nuclide under investigation is
then calculated as

_ CPM

Enuc

A

(7.97)

The computer calculations of counting efficiency as a function
of figure of merit (M) were reported by Grau Malonda et al.
(1985) for 35 pure B-emitting radionuclides. These fitted data of
counting efficiency as a function of figure of merit are reported
as polynomial coefficients to the fifth degree according to the
equation

Ine = Ag+AIn M+ Ay(In M)* + ... (7.98)

The coefficients are listed in Table 7.8. The computer programs
for calculating these coefficients and those of many other
radionuclides are described in the publications cited in the
previous section under theory and principles, and the entire
programs are available from Grau Malonda (CIEMAT, Avda.
Complutense 22, 28040 Madrid, Spain) or Grau Malonda
(1999). The figure of merit of the standard *H is obtained from
the relationship of (et) versus M. The good fit for these data is
reported by Grau Malonda et al. (1985) according to the
following fifth-degree polynomial:

InM = By+Bi(In¢)+By(Ine)* + ..., (7.99)

where the values of B; for *H are reported to be By = 3.11669,
B1=-0.585619, B;=0.137378, B3z=—0.148844, B4=
0.0540364, and B5; = —0.00705037. Finally, the quench curve
of ey, versus a QIP for 34 of the radionuclides listed in Table
7.8 can be obtained from the experimental quench-correction
curve for *H (i.e., er versus QIP) and the data obtained using
Eqgns 7.98 and 7.99 and the respective polynomials.

An example of the CIEMAT/NIST method using *H as the
primary standard tracer nuclide can be taken from the work of
Capogni et al. (2006) on the standardization of ['®F]fluo-
rodeoxyglucose, a radiopharmaceutical used in positron emis-
sion tomography (PET). The procedure used by Capogni et al.
(2006) was the following:

1. The counting efficiency of the tracer nuclide, *H, as a func-
tion of the quench-indicating parameter, SQP(E), was
determined experimentally with a PerkinElmer “Wallac
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BLE 7.8 Polynomial Coefficients for Fitting Counting Efficiency as a Function of the Figure of Merit
Polynomial coefficients
Nuclide Ao Aq Ay Az Ay As Maximum disc (%)
3H 0.4052134+1  —0.519852 —0.238284 —0.542988 -1  0.233709—-1  —0.229258 —2 0.2
10Be 0.460257+1  —0.833326 -3  —0.14108 -2  —0.369043 —2  0.239038—-2  —0.675201 —3 0.07
Hc 0.456074+1  —0.498280—-1 —0.212707 —1 0.599262 —2  —0.114070—1  0.955890 — 3 0.3
31g; 0.4603864+1  —0.996311—-3  —0.651159—-3  —0.102653 —2  0.592699 -3  —0.174146 — 3 0.02
325 0.456478 +1  —0.405983 —1  —0.175982 —1 0.923926 —3  —0.493393 -2  —0.792020 — 4 0.1
32p 0.4604144+1  —0.759601 —3  —0.494713 -3  —0.795852 -3  0.460529 -3  —0.133668 — 3 0.01
33p 0.4572554+1  —0.319945—1  —0.144253 —1  —0.128012 -2  —0.230966 —2  —0.452069 — 3 0.07
333 0.4547594+1  —0.580615—1 —0.236917 —1 0.373332 -2  —0.928844—-2  0.654008 — 3 0.2
39Ar 0.4597124+1  —0.619246—2  —0.340035—-2  —0.367905—2  0.187337 -2  —0.608778 —3 0.06
*Ca 0.4570214+1 —0.338821—-1 —0.151187 -1 —0.174736 -2  —0.212018 -2  —0.456534—3 0.06
63N 0.4413614+1  —0.166749 —0.657592 -1  —0.176547 —1  —0.139047 —1  0.280594 —2 0.07
6ONj 0.4553874+1  —0.504729 -1  —0.212871 -1 0.588624 -3  —0.573001 -2  0.103022 —3 0.2
97n 0.459965+1  —0.455061 -2  —0.239135—-2  —0.231221 -2  0.110588—-2  —0.369529 — 3 0.03
79Se 0.4574894+1  —0.375947 -1 —0.161750 — 1 0.961543 —2  —0.109656—1  0.656409 — 3 0.3
85Ky 0.459722 +1  —0.682161 -2  —0.340506—2  —0.288481—2  0.123660—2  —0.433468 —3 0.04
57Rb 0.4595574+1  —0.777543 -2  —0.575931—2  —0.465487 —2  0.291824—-2  —0.128978 —2 0.06
895y 0.4602724+1  —0.237735—2  —0.119424—-2  —0.101322 -2  0.438239—-3  —0.154756 — 3 0.01
905y 0.4594294+1  —0.892563 -2 —0.451710—2  —0.390183 -2  0.172480—-2  —0.597759 —3 0.06
0y 0.4604134+1  —0.106759 —2  —0.558493 —3  —0.520378 —3  0.242267 -3  —0.808739 — 4 0.008
My 0.460279+1 —0.218860—2  —0.110022 —2  —0.945244 -3  0.409650—3  —0.143794 -3 0.01
9Tc 0.4572354+1  —0.312754—1 —0.140836 —1  —0.330923 —2  —0.891300—3  —0.555615—3 0.03
19%Ru 0.4263314+1  —0.279785 —0.120473 —-0.527075 -1 0.389097 —2 0.928245 — 3 0.4
109pq 0.446763 4+1  —0.156553 —0.109538 —0.755600 —1  0.902461 —2 0.629885 — 3 0.6
mcd 045921141 —0.114637 -1 —0.560371 -2  —0.371747 =2 0.133895—-2  —0.579840 —3 0.04
In 0.4600514+1  —0.234863 —2 —0.216760—2  —0.437909 -2  0.277809—-2  —0.799807 — 3 0.08
1215 0.458112+1  —0.214372—-1  —0.100221 -1  —0.422650 -2  0.702033 -3  —0.677667 —3 0.03
1235 0.4602294+1  —0.283529 -2  —0.139369 -2  —0.108105—-2  0.430745—3  —0.161408 —3 0.02
135Cs 0.457944+1  —0.268855 -1  —0.129479 — 1 0.900326 —3  —0.278706 —2  —0.546387 —3 0.1
143py 0.459885+1 —0.551151 -2  —0.275820—2  —0.223641—-2  0.930999 -3  —0.342315-3 0.03
185 0.458369+1 —0.191761 -1 —0.898716—2  —0.414450 -2  0.842663 —3  —0.645690 — 3 0.03
187Re 0.1677324+1  —0.165469+1  —0.152546 0.391800 — 1 —0.572250 -2  0.368647 —3 0.01
188y 0.4576814+1 —0.256581—1 —0.117439—-1 —0.394376 -2  0.558416 -4  —0.620994 —3 0.01
209pp, 0.4592994+1  —0.109936-1  —0.529640—2  —0.334930—2  0.112054—2  —0.511350—3 0.04
241py 0.3946234+1  —0.535624 —-0.217935 —-0.533980 -1  0.206078 —1  —0.184730—2 0.2
2498k 0.4507714+1  —0.938177 -1  —0.365791 — 1 0.258343 —2  —0.141435—1  0.176016 —2 0.3
(From Grau Malonda et al., 1985, reprinted with permission from Elsevier © 1985).




1414 WinSpectral” liquid scintillation counter using a set of
tritium standards at various quench levels. The plot of %
detection efficiency of the tracer nuclide versus SQP(E), i.e.,
er versus SQP(E) is illustrated in Fig. 7.66 [with the heading
*H (experimental)].

2. The counting efficiency of the tracer nuclide (*H) is calcu-
lated as a function of the free parameter (M), defined as the
effective energy necessary to create one photoelectron at the
photocathode. For this calculation, Capogni et al. (2006)
used the CN2001 code reported by Giinther (2002a). The
plot of M versus % detection efficiency of the tracer nuclide,
i.e., M versus e, is illustrated in Fig. 7.66 [with the heading
3H (theoretical)].

3. The independent nuclide relationship between the free
parameter (M) and the quench-indicating parameter
SQP(E) was then derived from the functions previously
determined in steps (1) and (2), that is, e7 versus SQP(E)
and M versus e7. The relationship is not illustrated as a plot
in Fig. 7.66, but it would be a plot analogous to curve c of
Fig. 7.65.

4. The counting efficiency of the nuclide of interest, &y, (in
this case '®F) as a function of the free parameter (M) was
calculated using the CN2001 code. The plot of % detec-
tion efficiency of the nuclide of interest (ISF) versus the
calculated free parameter (M), i.e., enyc versus M, is
illustrated in Fig. 7.66 [with the heading '°F
(theoretical)].

5. Finally, the counting efficiency of the nuclide of interest
("®F) as a function of the quench-indicating parameter
[SQP(E)], which is the curve illustrated in Fig. 7.66 [with
the heading '®F (experimental)], is obtained from the
calculated counting efficiency of &p,. versus M of the

*H (experimental)
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previous step (4) and the derived function or relationship
between the free parameter (M) and the quench-indicating
parameter [SQP(E)], determined in step (3).

6. From the quench-indicating parameter as measured by the
liquid scintillation counter, the detection efficiency is then
obtained directly from the derived curve illustrated in
Fig. 7.66, labeled '®F (experimental). The activity of the
nuclide of interest Ay, in DPM can then be calculated
according to the basic relationship Apyc = CPM/eyyc. In the
case of '®F and other short-lived nuclides, correction for
decay during counting is required.

The CIEMAT/NIST efficiency tracing with *H as the tracer
nuclide has become a very popular method for radionuclide
standardization, as no special equipment is required. A common
modern liquid scintillation analyzer and personal computer are
all that is needed. The principal advantage of the CIEMAT/NIST
efficiency tracing method is that only standards of *H are
required, that is, no standards of the nuclide under investigation
are needed. This is particularly relevant when the activities of
short-lived nuclides must be determined very accurately and on-
site, such as those utilized in nuclear medicine or radiotherapy.
Also, the calculated uncertainties reported in the activity analysis
of abroad range of radionuclides are low. The following are some
examples of radionuclides reported in the literature as stan-
dardized by this method with the unsurpassed calculated stan-
dard uncertainties of the determinations expressed as a percent in
parenthesis; the computer codes used for the calculations of the
detection efficiencies against the figure of merit can be obtained
from the references cited herewith: '°Be ( + 0.15%) reported by
Chmeleffetal., (2010); '*C ( & 0.20%) reported by Coursey et al.
(1986); 8F (£0.30%) reported by Capogni et al. (20006),
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FIGURE 7.66 CIEMAT/NIST method applied to the standardization of 8E_(From Capogni et al., 2006, reprinted with permission © 2006 IOP Publishing Ltd)
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Roteta et al. (2006), Schrader et al. (2007), Cessna et al. (2008),
and Nedjadi et al. (2010); **P (& 0.4 %) reported by Rodriguez
Barquero et al. (2004), da Cruz et al. (2004), and Cessna (2002);
38 (+ 1.0%) reported by Calhoun et al. (1991); *°Cl ( + 0.3%)
reported by Rodriguez Barquero et al. (1989); 40K (£0.1%)
reported by Grau Carles and Grau Malonda (1997) and Grau
Malonda and Grau Carles (2002); “1Ca (£ 0.38%) reported by
Kossert et al. (2009) and Rodriguez Barquero and Los Arcos
(1996); “*Ca (£ 0.4%) reported by Rodriguez Barquero et al.
(1994); ¥*Ca (£ 0.25%) and >>Fe (£ 0.6%) reported by Ortiz
etal. (1993); >*Mn (<0.7%) reported by Rodriguez et al. (1992),
Kossert and Grau Carles (2006), and Cassette et al. (2006); Fe
(40.4%) and "*'T (£ 0.4%) reported by Giinther (1994); °*Cu
(£0.01%) reported by Zimmerman and Cessna (1999); S3Ni
(% 1.1%) and >*'Pu ( £ 3.0%) reported by Coursey et al. (1989);
®Cu (4+0.49%) reported by Wanke et al. (2010) and
Bakhshandeiar et al. (2011); ®*Ge/®®*Ga ( £ 0.73%) reported by
Zimmerman et al. (2008); "°Se ( & 0.48%) reported by Bienvenu
et al. (2007) and Jorg et al. (2010); ¥Sr (£ 1.5%), '°Cd
(4 1.5%), and "I (+1.5%) reported by Grau Carles et al.
(1994¢); ¥Rb (4 0.64%) reported by Kossert (2003); *'Sr
(£ 0.23%) reported by Altzitzoglou et al. (2002), Coursey et al.
(1998), and Cruz et al. (2002); and **Sr (% 0.2%) reported by
Altzitzoglou et al. (2002); *°Sr (°°Y) ( + 2%) reported by Grau
Malonda and Los Arcos (1983); 0gr (£ 1.1%) reported by
Altzitzoglou et al. (1998) for low-level activities (~45 Bq/kg) in
dry bone ash and Spasova et al. (2008) for *°Sr in milk; *°Y
(£0.12%) reported by Kossert and Schrader (2004),
Zimmerman et al. (2004), Mo et al. (2005), Schultz et al. (2008),
and Xiques Castillo et al. (2010); PBMNb (£ 0.56%) reported by
Giinther and Schotzig (1992); B7r (+3.8%) reported by
Cassette et al. (2010); PTc (£0.02%) reported by Laureano-
Perez et al. (2010); 9mTe (£ 3.4%) reported by Grau Malonda
and Coursey (1987); '""™Ag (+0.29%) reported by Garcia-
Torafio et al. (2000); *™Cd ( £ 0.34%) reported by Kossert et al.
(2011b); "**Sb ( 4 0.37%) reported by Chauvenet et al. (2010);
1258b (1#>™Te) ( + 1.5%) reported by Grau Carles et al., (1997,
1998); 1*'T (4 0.22%) reported by Oropesa Verdecia and Kossert
(2009); **Cs (£ 0.19%) reported by Garcia-Torafio et al. (2002)
and Witjen et al. (2006); '*3Cs (£ 0.74%) reported by Wiitjen
et al. (2006); '*Sm (4 0.19%) reported by Schétzig et al.
(1999); 77 0 (£ 0.8%) reported by Zimmerman et al. (2001);
'8Re (4 1.61%) reported by Coursey et al. (1991); '#5W/'%¥Re
(£0.4%) reported by Zimmerman et al. (2002); 2**TI
(£ 0.24%) reported by Rodriguez Barquero et al. (2004), da
Cruz et al. (2004), Hult et al. (2000), Johansson, et al. (2002), and
Lee et al. (2004); 2'°Pb (4 2.4%) reported by Laureano-Perez
et al. (2007) and Collé and Laureano-Perez (2009); 223Ra
(£ 0.27%) reported by Cessna and Zimmerman (2010); 229Th
(4 0.65%) reported by Fitzgerald et al. (2010); *'Np ( & 0.2%)
reported by Giinther (2000); and **'Pu (4 1.06%) reported by
Kossert et al. (2011a).

3. Sample, Cocktail, and Spectrometer Stability

Liquid scintillation cocktail volume can have a significant effect
on the count rate of weak 8-emitters such as **Ni (Ep.x = 67 keV).
A study by Zimmerman and Collé (1997b) demonstrated that
a 7% variation in the liquid scintillation counting efficiency of
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®Ni can be observed over the scintillation cocktail volume
range of 1—20 mL. However, they demonstrate that
the CIEMAT/NIST method is able, nevertheless, to trace the
observed ®*Ni activity to about 0.1%. To assure precise
standardizations when employing the CIEMAT/NIST effi-
ciency tracing method some researchers will centrifuge the
liquid scintillation counting vial to assure that no significant
amount of nuclide and cocktail remain adhered to the inner
surface of the counting vial cap. Gravimetric dispensing of
radionuclide solutions is also a common practice.

The physical and chemical stability of samples in scintilla-
tion cocktail is a priority. Terlikowska et al. (1998) identified the
causes of instability of samples which include (1) degradation
of the scintillator or cocktail, (2) adsorption of the nuclide on
the walls of the counting vial, (3) settlement of the aqueous
phase of the nuclide source, (4) change in the physical char-
acteristics (e.g., size) of the aqueous micelles in cocktail
mixtures, and (5) evolution of quenching in the cocktail due to
a chemical change in its composition (e.g., an increase of dis-
solved oxygen in the cocktail with time). A quench-indicating
parameter measured with an external radiation source may not
provide any evidence of a problem in the cases of the above
instabilities 2 and 4. Consequently, the stability of cocktails
must be studied thoroughly for each nuclide standardized. It is
recommended also that standardizations of any particular
nuclide be carried out in accord with previously tested and
recommended cocktails and procedures cited in the literature.
Carrier is used by some researchers in radionuclide standardi-
zation to avoid error that might occur due to adsorption of
nuclide on the walls of counting vials. For example, the
following carriers have been added to nuclide samples for this
purpose: 0.25 mL of Sr carrier solution containing 4 mg Sr/g in |
mol/L HCl in the standardization of 3°Sr (Coursey et al., 1998),
0.1 mg Mn or Zn carrier in 1 mL of 0.05 mol/L of EDTA
solution (Giinther, 1998), vials previously saturated with
a carrier solution containing 100 pg/g of NiCl, in 0.1 M HCl in
the standardization of **Ni (Terlikowska et al., 1998), and T 0
solution in carrier containing approximately 0.06 g of LuCl; per
mL of 1 mol/LL HCI (Zimmerman et al., 2001).

Rodriguez Barquero and Los Arcos (2004) carried out
a thorough long-term study that monitored the stability of
samples and drift in electronic components of the spectrometer
over time intervals that extended to up to 4 years. The tests were
carried out with low-energy beta emitters, namely, *H, '*C, and
®Ni where detection efficiency could be more susceptible to
disturbing changes in sample and cocktail stability or spec-
trometer response. Their findings were that the CIEMAT/NIST
method can compensate for count losses and quench parameter
compensation values, provided the experimental quench curve
of the tracer nuclide, i.e., e versus QIP, is prepared close to the
time of nuclide measurements. If this requirement is not met,
significant discrepancies of up to 5.6% for *H, 1.5% for ®Ni,
and 0.35% for '*C can be obtained for a 1-year time difference.

4. Universal Application.

In the preceding treatment on the theory and experimental
procedure involved in the CIEMAT/NIST method, it was
established that the counting efficiency as a function of the
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‘figure of merit’ (M) or ‘free parameter’ (1), is found for both
the standard (tracer) nuclide (e7) and the radionuclide under
investigation (ep,c). Under such circumstances, as noted by
Grau Malonda et al. (1985), the ratio of the counting efficiencies
(e1/é€nuc) 1s also known as a function of M. Consequently, as the
counting efficiency of the tracer nuclide (e.g., *H) is known, the
other can be computed. Tritium is considered, therefore, not
only as a standard nuclide, but also as a tracer nuclide, because
the counting efficiency of the nuclide of interest is found against
that of the reference nuclide, *H in this case. (Most often *H
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0.87 F
0.86 F
0.85 |
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FIGURE 7.67 LSC detection efficiencies of &,,. versus er; that is, the
detection efficiencies of the nuclide to be analyzer 8’Rb versus the detection

efficiency of the tracer nuclide *H, referred to as the ‘efficiency curve’. (Curve
from Kossert, 2003, reprinted with permission from Elsevier © 2003)
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is used as the tracer for the standardization of beta-emitters,
but we will see in the next section that another tracer nuclide,
54Mn, may be used for the standardization of radionuclides
that decay by pure electron capture.) With this in mind and in
view of the curves illustrated in Fig. 7.65, we can see that the
curves e vs. QIP (obtained from a series of quenched stan-
dards of the tracer nuclide, e.g., 3H) and &, vs. QIP (obtained
from the relationships of ey vs. M, M vs. QIP, and &y, vs. M)
can be integrated to provide a curve directly relating the
counting efficiency of the nuclide under investigation (&qyc)
and that of the tritium standard or tracer nuclide (e7). Such
a curve is illustrated in Fig. 7.67. With this relationship, the
counting efficiency of a given nuclide (ep,c) at a certain QIP
could be determined from the counting efficiency of tracer
nuclide (e7) at the same QIP.

To facilitate the application of the CIEMAT/NIST efficiency
tracing method Giinther (1996) proposed the following
procedure:

a. Calculation of the efficiencies. Calculating the efficiencies
of radionuclides versus the corresponding tritium efficiency
can be done in a national standards laboratory. The results
should be parameterized as coefficients k; of the polynomial
in Eqn 7.100. Tables 7.9 and 7.10 summarize the results
obtained at the Physikalisch-Technische Bundesanstalt
(PTB) for a variety of pure $-emitters and S—y-emitters:

n
Enuc = Zking (7.100)
i=0

/TABLE 7.9 For B Emitters, Coefficients k; of the Polynomial Eqn 7.100 Correlating the Nuclide Counting Efficiencies (e, with\

Tritium Counting Efficiencies (e7), and a Comparison of the Standardization by Efficiency Tracing with Tritium to Other Methods.
Coefficients of the least-squares fit* Efficiency” (%) Comparison®
Nuclide ko kq ko ks ky (er=50%) Method A (%)
M 72.21 0.9538 — 1.4846E-2 0.917E—-4 0 94.25 | <0.5
32p 99.39 0.0145 —0.0102E-2 0 0 99.86 IC, B <0.5
3p 80.97 0.6279 —0.9657E-2 0.598E—4 0 95.70 —
S 69.35 0.9633 — 1.4284E-2 0.868E—4 0 92.65 —
*Ca 80.43 0.6377 —0.9737E-2 0.602E—4 0 95.50 —
&N 22.76 2.4709 —4.8562E-2 5.603E—4 —2.633E-6 78.48 —
895y 96.97 0.0685 —0.0472E-2 0 0 99.22 B <0.5
90y 90.20 0.3099 —0.4652E-2 0.286E—4 0 97.64 — <0.5
0y 98.39 0.0378 —0.0263E-2 0 0 99.62 B <0.5
205120y 190.09 0.2222 —0.1567E-2 0 0 197.29 IC, B <0.5
Tc 81.10 0.6123 — 0.9312E-2 0.575E—4 0 95.62 | <0.5
“7pm 74.15 0.8224 — 1.2363E-2 0.7596E—4 0 93.86 ET 1.4
2047 92.96 0.1436 —0.0914E-2 0 0 97.86 B ~1
“The coefficients are from Eqn 7.100 If k4 is not listed, the valve is 0.
bA typical efficiency of unquenched samples with a tritium efficiency of 50%.
“The methods used to determine the activity of the standard solutions and the differences A from the result obtained with these methods. C, 4w3—v coincidence counting,
IC, calibrated ionization chamber; B, 4w@ proportional counting; |, intercomparison; G, 4wy counting; ET, efficiency tracing with coincidence counting.

wrom Giinther, 1996, reprinted with permission from Radiocarbon, University of Arizona © 1996 Arizona Board of Regents on behalf of the University of Arizona). /
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(A

BLE 7.10 For B—y Emitters, Coefficients k; of the Polynomial Eqn 7.100 Correlating the Nuclide Counting Efficiencies (g,uc)
with Tritium Counting Efficiencies (e7), and a Comparison of the Standardization by Efficiency Tracing with Tritium to Other
Methods?

Coefficients of the least-squares fit Efficiency (%) Comparison

Nuclide ko k4 ko k3 (e7=50%) Method A (%)
*Fe 87.30 0.3778 —0.5006E-2 0.2580E—4 6.9 IC, C <0.5
0Co 86.06 0.4489 —0.6756E-2 0.4126E—4 96.78 IC, C, | <0.5
129 79.90 0.7893 —1.2180E-2 0.6958F—4 97.61 IC, | <0.5
B3 93.86 0.1408 —0.1015E-2 0 98.36 IC, C, | <0.5
137Cs/*7Ba 107.90 0.179 —0.1284E-2 0 113.65 IC, G <0.5
134Cs 82.81 0.5048 —0.7181E-2 0.4313E—4 95.49 IC, C, | <0.5
e 93.13 0.1424 —0.0995E-2 0 97.76 IC, G, 1 <0.5
203Hg 79.43 0.6568 —0.9905E-2 0.6100E—4 95.13 IC, | 0.6
?See footnotes, Table 7.9.

Qmm Giinther, 1996, reprinted with permission from Radiocarbon, University of Arizona © 1996 Arizona Board of Regents on behalf of the University of Arizona). J

b. Verifying the results. This step is also best done at one of
the national standards laboratories, because they have
a stock of standard solutions. An experimental comparison
of the results with those obtained with other methods is
necessary. Tables 7.9 and 7.10 show some results.

c. Laboratory procedure. The user must determine the
quench-indicating parameter Q automatically with each
single measurement, calculating the corresponding tritium
efficiency er of the individual measurement using his/her
own tritium quench curve, and calculating the efficiency &y
with this efficiency and the coefficients of Table 7.9 or 7.10.
This can be shortened by a computer program. The tritium
efficiency measurements obtained with the individual LSC
device as well as the polynomial coefficients k; can be
combined and included in a program (LSCAL, available
from E. W. Giinther, PTB, Bundesallee 100, D-38116
Braunschweig, Germany) to obtain and use an efficiency
curve

(7.101)

n

_ i

Enuc = § m;Q
i=0

with new coefficients m;.

As explained by Giinther (1996), with this procedure, only the
count rate and the quench parameter Q (same as the quench-
indicating parameter, QIP) are necessary to obtain the sample
activity, i.e., the activity of the nuclide of interest. If the liquid
scintillation counter is equipped with a self-normalization
procedure, the repetition of the determination of the tritium
quench-correction curve need not be carried out except over
longer intervals of time. Best results are obtained when the
quenched standards of the tracer nuclide (*H) are counted in a time
span close to that of counting the nuclide of interest as reported by
Rodriguez Barquero and Los Arcos (2004). The procedure
proposed by Giinther (1996) is summarized in Fig. 7.68.

New calibration method

Preparation | Measurement Theory
/ CIEMAT/NIST method
5 Efficiency curve:
sample with count rate n use of table or
unknown activity | quench parameter Q | LSCAL program
of the nuclide
Quench curve Enuc ;
of the tracer !
€T
Eq
- Activity
ilila b )
set of quenched |quench parameter Q A= .
T (H-3) samples |efficiency €T nuc

FIGURE 7.68 The new calibration method. The counting efficiency of the
nuclide to be measured (e,,.) is obtained with the quench parameter (Q) of the
measurement, the tritium quench curve (et versus Q), and the tabulated coef-
ficients of an efficiency curve of the nuclide (e, versus er). (from Gunther
(1996), reprinted with permission from Radiocarbon. University of Arizona ©
1996 Arizona Board of Regents on behalf of the University of Arizona)

All of the previous treatments on the CIEMAT/NIST
radionuclide standardization method dealt with the use of
standard *H as the tracer nuclide. Standard tritium has proven to
be the best tracer for the standardization of 3- or §/y-emitting
nuclides, and it has been the standard of choice since the
inception of this technique. However, for the standardization of
SFe and ®Zn, Giinther (1998) has demonstrated >*Mn to be
a more robust tracer. Iron-55 decays by pure electron capture
and %Zn decays by 98.6% by electron capture and the
remaining 1.4% by positron emission. Giinther (1998) demon-
strates that the use of standard >*Mn, which decays by pure
electron capture, as the tracer nuclide provides radionuclide
activities for >>Fe with a total relative uncertainty of only



500

sample of the

E nuchde
| connlu!. ra!e I

t of tr:
Preparation E E E Eiﬁp é?lcer

Measurement ?

e e
q Ervs.

€y of
sam

]
[ |

FIGURE 7.69 Principle of the CIEMAT/NIST method. Q is the quench-
indicating parameter measured, et is efficiency of the tracer, and ey the effi-
ciency of the nuclide to be measured. {From Guinther, 1998, reprinted with
permission from Elsevier © 1998)
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0.44%, whereas the uncertainty when using tritium as the tracer
was 1.67%. Likewise, the total uncertainty in the standardiza-
tion of %Zn using 5*Mn as the tracer nuclide was only 0.44%,
while the uncertainty when using *H as the tracer increased to
0.93%. Calculations of the detection efficiency by the CIEMAT/
NIST method require a good knowledge of the energy trans-
ferred to the scintillator, and a good knowledge of the photon
absorption coefficients of X-rays emitted by electron-capture
decaying nuclides is necessary. Cassette et al. (2006) report new
experimental data on X-ray photon absorption coefficients of
liquid scintillators in the energy range of 5—12 keV, which
could prove helpful in the standardization of EC nuclides, such
as > Fe. The use of >*Mn as a tracer nuclide is discussed further
in the next section.

Further streamlining of the CIEMAT/NIST efficiency
tracing standardization method is described by Giinther (1998,
2000, 2002b). As described previously, the methodology
involves the calculated theoretical efficiency curve of the effi-
ciency of the nuclide under investigation (enyc) versus the
theoretical efficiency curve of the tracer nuclide (er). The
procedure, as portrayed by Giinther (1998, 2000), is reduced to
the following steps, which are also depicted in Fig. 7.69:

a) The liquid scintillation analyzer is calibrated with a set of
quenched standards of a tracer nuclide (usually *H) by
producing an instrument-measured quench curve of count-
ing efficiency, er, versus a quench-indicating parameter, Q,
[e.g., SQP(E) or tSIE].

b) The count rate (CPM) and quench-indicating parameter, Q,
are determined for a sample of the nuclide to be measured
(i.e., a sample of the nuclide of which the counting effi-
ciency and activity are unknown). From this measured value
of the quench-indicating parameter of the nuclide under
investigation, a fictitious tracer efficiency for this individual
measurement is obtained from the tracer calibration curve
produced in step 1.

c¢) The efficiency of the nuclide of the sample under
measurement is taken from the calculated theoretical curve
of efficiency of the nuclide under investigation (enyc) versus
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the theoretical efficiency curve of the tracer nuclide (er)
and/or taken from a database containing the polynomial
equation for the curve.

The experimentally determined quench-correction curve prepared
with quenched standards of the tracer nuclide (e.g., *H) in step 2)
can be useful for a long period of time (several months or more)
with modern liquid scintillation analyzers that are properly cared
for in terms of normalization and calibration, and monitored
frequently with automated instrument performance assessments
(IPAs). The monitoring of instrument stability by regular auto-
mated IPAs is discussed further on in this chapter. However, the
CIEMAT/NIST method depends highly on the fact that the tracer
nuclide and the nuclide under investigation are measured in
a cocktail that possesses the same physical and chemical charac-
teristics. Thus, Rodriguez Barquero and Los Arcos (2004)
demonstrate that best results are obtained when the quenched
standards of the tracer nuclide are measured close in time to the
measurement of the sample of the nuclide under investigation, as
the physical and chemical characteristics of a sample in cocktail
can change in time.

The theoretically calculated counting efficiencies of the
nuclide under investigation and the tracer nuclide are carried out
via computer programs (codes) already elaborated for specific
nuclide decay schemes as previously described in this chapter or
available from databases containing the polynomial for the
relationship of the theoretical calculated nuclide efficiency and
the tracer efficiency described by the equation

n
enue = ) kel (7.102)
i=0

which is the general equation for the polynomial of the least-
squares best fit for the relationship, as described previously
(Egn 7.100) with n number of coefficients. With the above two
curves or relationships established, it becomes a simple matter
to determine the counting efficiency of a sample (ey,.) and
thereby standardize a radionuclide sample simply from its count
rate (CPM) and its quench-indicating parameter (Q). Broda
et al. (2007) provide an excellent description of the CIEMAT/
NIST method, which is illustrated in Fig. 7.70. The first step, as
illustrated in the figure, is the theoretical calculations of the
detection efficiency of the tracer nuclide as a function of the free
parameter, M, [gyqacer (M), e.g., 3H] and of the nuclide under
investigation [enyclige (M)] where M = A of Eqn 7.94. This leads
to the establishment of the relationship between the two
detections efficiencies, that is, the detection efficiency of the
nuclide under investigation as a function of the detection effi-
ciency of the tracer nuclide or epycide(€qracer) as illustrated in
Fig. 7.69, which is also referred to as the ‘efficiency curve’. The
next step, as illustrated in Fig. 7.70 of Broda et al. (2007),
involves the counting of a set of quench standards of the tracer
nuclide (e.g., *H). The quenched standards, as previously
described in this chapter, are prepared with primary standard *H
in a series of counting vials containing scintillation cocktail and
increasing amounts quenching agent (see Section V.D). The
count rates (CPM) and quench-indicating parameters (QIPs) of
each vial are recorded. As the tracer nuclide is of a known
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FIGURE 7.70 Illustration of the CIEMAT/NIST method: R denotes the measure count rate, M is the free parameter, QIP is the quench-indicating parameter, ¢ is the
counting efficiency, dpyclige 1S the solution activity concentration, and m is the mass of the solution in an LSC sample. (From Broda et al., 2007. Reprinted with

permission © 2007 10P Publishing, Ltd)

activity (DPM), the detection efficiency of each vial is calcu-
lated (CPM/DPM), and the quench-correction curve of the
detection efficiency of the tracer nuclide as a function of the
quench-indicating parameter is obtained, i.e., &qacer(QIP).
The next step is the preparation of a sample of the nuclide under
investigation for counting in liquid scintillation cocktail. The
sample in the liquid scintillation counting vial must possess the
sample physical and chemical characteristics (i.e., same cock-
tail, cocktail volume, and chemical composition as the quench
standards of the tracer nuclide). The count rate (CPM) of the
sample and its quench-indicating parameter (QIP) are
measured. The value of the QIP is then used to determine the
efficiency of the tracer nuclide (see curved arrow in Fig. 7.70)
from the curve or function éggace(QIP). With the corresponding
tracer efficiency thus obtained, the corresponding nuclide effi-
ciency (epuclide) 18 obtained from the efficiency curve,
Enuclide(€tracer)- Finally, the efficiency of the nuclide under
investigation, so determined, is used to convert its count rate
(CPM), Rpyciige of Fig. 7.70, to the activity of the nuclide,
according to the equation illustrated in Fig. 7.70, namely, ay,-
clide = Ruuclide/(€nuclide), Where m is the sample mass. The
samples are generally added gravimetrically to the liquid
scintillation cocktail. Consequently, including the sample mass
m in the calculation of the sample activity will yield the sample
activity concentration (e.g., DPM/g) which can be converted to
units of Bq/g.

This approach has been tested by other researchers with
excellent results using *H as the tracer nuclide including the
standardization of *Na with 0.17% uncertainty by Nihle et al.
(2008), **P with 0.30% uncertainty by Nihle and Kossert (In
Press), 41Ca with 0.38% uncertainty by Kossert et al. (2009),
®3Ni with 0.60% uncertainty by Collé et al. (2008) and Nihle
and Kossert (2011), ¥Rb with 0.64% uncertainty by Kossert
(2003), ®Sr with 0.15% uncertainty by Nihle and Kossert

(2011), *°Y with 0.12% uncertainty by Kossert and Schrader
(2004), '°Sb (**™Te) in equilibrium with <1.5% uncertainty
by Grau Carles et al. (1998), '**Sm with 0.19% uncertainty by
Schotzig et al. (1999), '"Lu and '®*Re with 0.22% and 0.3%
uncertainty, respectively by Schétzig et al. (2001), 2*’Np with
<0.2% uncertainty by Giinther (2000), ***TI with <0.3%
uncertainty by Hult et al. (2000), *'°Pb with 2.4% uncertainty
by Laureano-Perez et al. (2007), and 24py with 1.06% uncer-
tainty by Kossert et al. (2011a), among others. Giinther (2002b)
reports excellent agreement between the CIEMAT/NIST and
4mt@—7vy standardization method with the following deviations
between the two methods expressed as a percent: '>*Cs
(<0.3%), **Sm (<0.2%), '°Er (<0.2%), """Lu (0.6%), and
188Re (0.2—1.0%). It is a common practice for researchers to
employ more than one liquid scintillation standardization
method together with the CIEMAT/NIST method in the stan-
dardization of a radionuclide, such as the TDCR method or
41tf—vy coincidence counting technique. This further demon-
strates the robustness of the methods used and reconfirms the
standardization determinations.

5. Ionization Quenching
(H or >*Mn as the Tracer)

and Efficiency Calculations

The theoretical calculation of the counting efficiency of the
nuclide under investigation and of the tracer nuclide (usually *H
for 8- and B/y-emitters or potentially >*Mn for nuclides of low
atomic number that decay by electron capture) is carried out
using the basic equation of Grau Malonda and coworkers, Eqn
7.93 or 7.94, and variations of the equation depending on the
decay scheme of the radionuclide under measurement (e.g.,
Eqns 7.95 and 7.96). A key factor in the theoretical calculation
is the computation of the ionization quench function Q(E),
which has been revisited by several researchers including Los
Arcos and Ortiz (1997), Cassette et al. (1998), Giinther (1998),
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Rodriguez Barquero et al. (1998), Ceccatelli and DeFelice
(1999), Grau Malonda (1999), Grau Malonda and Grau Carles
(1999, 2000, 2008), Grau Carles and Grau Malonda (2001,
2006), and Garcia and Grau Malonda (2002), Grau Carles et al.
(2004), Grau Carles et al. (2006), Zimmerman (2006a,b), Grau
Malonda et al. (2006), Grau Carles (2006a,b), Kossert and Grau
Carles (2006), Bagan et al. (2008), Kossert and Grau Carles
(2008, 2010), and Bignell et al. (2010a,b).

Ionization quenching is defined and discussed in detail in
Section IV. In brief, as described by Bignell et al. (2010a,b),
ionization quenching in scintillators is a reduction in the
luminosity (photon intensity) associated with a high density of
excited molecules caused by a large LET to the scintillant. The
high density of excited molecules results in a transfer of energy
from one excited molecule to another resulting in super-
excitation of a molecule and its ionization. Thus, this ionization,
caused by the nuclear radiation as it travels through the scin-
tillator solvent, results in a reduction in the amount of energy
transferred from the charged particle to the fluor molecules and
a consequent reduction in the photon intensity emitted by the
scintillation fluor. As described by Grau Malonda (1999), the
fluorescence yield or number of photons L(E) produced by an
ionizing particle traveling through a liquid scintillator is
a nonlinear function of the particle energy (E). The nonlinearity
increases with the linear energy transfer (LET) or stopping
power of the particle. Therefore, a low-energy electron or beta
particle will cause higher ionization quenching than a higher-
energy beta particle. Radionuclides decaying by electron
capture undergo, as a consequence of the capture of an atomic
electron by the nucleus, a cascade of atomic electron transitions
resulting in the emission of X-rays, Auger electrons, and Cos-
ter—Kronig electrons. The Auger and Koster—Cronig electrons
are of low energy (See Chapter 1) and relatively high LET, and
the X-rays can produce Compton and photoelectrons, all of
which have a high LET relative to the higher-energy beta
particles emitted by most beta-emitting radionuclides.

According to Birks (1964), the specific fluorescence or
number of photons produced per particle path length of travel,
dL/dx, is defined by

dE
dL No—-
= - % (7.103)
Y 1+kB=
dx

where 7 is the scintillation efficiency or number of fluorescence
photons emitted per unit of absorbed energy, dE/dx is the radia-
tion stopping power (i.e., stopping power of the scintillator for
one beta particle of energy E) in units of MeV/cm or MeV cm?/g
(see Chapter 1, Section XIV), and kB is the ionizing quench
parameter or constant with units of cm/MeV or g/MeV cm?.
In the absence of ionization quench the specific fluorescence

would be defined as

dL dE

= Mo (7.104)
and the term [1 + kB(a’E/dx)]*1 of Eqn 7.103 is the reduction in
fluorescence due to ionization quenching. The formula usually
used for the ionization quench function in the CIEMAT/NIST
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calculation of counting efficiency is the formula of Birks
(1964):

1 dE
O(E) = 1 + kB(dE /dx)

=z (7.105)

o\é’j

According to Grau Malonda and Grau Carles (1999), the ioni-
zation quench function Q(E) is determined by applying the
Birks formula (Eqn 7.105) of which the stopping power is
approximated to a polynomial equation. Also, the ionization
quench function is evaluated analytically whereby Q(E) is
expressed in terms of kB. An empirical equation for Q(E) is
expressed by Grau Malonda and Grau Carles (1999) as
a quotient of polynomial equations, that are fitted for different
kB values between 0.001 and 0.020 g/MeV cm”. They also
analyzed the influence of the tracer nuclide (i.e., *H or 54Mn)
and demonstrated that *H remains the recommended tracer for
the analysis of nuclides that undergo beta decay, while **Mn
provides a more robust standardization of certain nuclides that
decay by electron capture and possess a low atomic number
close to that of iron. Also, they note that the calculated formula
for Q(F) and kB value must be the same for the tracer nuclide
and the radionuclide under measurement. Computer programs
BETAKB and EMISKB are provided by Grau Malonda (1999)
for the calculation of the theoretical counting efficiencies of
radionuclides that undergo beta-decay or electron capture
decay, respectively, with subroutines for the computation of the
ionization quench function Q(E) for a given Birks parameter kB
(see also Los Arcos and Ortiz, 1997). Giinther (1998) also
demonstrated the improved accuracy of standardization of the
electron-capture nuclides 3Fe and *Zn when >*Mn is used as
the tracer.

In a review of the CIEMAT/NIST and TDCR methods, Grau
Carles and Grau Malonda (2001) present new concepts to
improve the robustness of the radionuclide standardization
methods. Currently, in all of the models, the counting efficiency
is computed on the basis of the photoelectron output of the
photomultiplier (PM) photocathode. Although the results of the
model calculations agree well with the experimental results,
they propose that the correct calculated theoretical counting
efficiency should be based on the final PM anode output rather
than on the photocathode or any dynode outputs. Consequently,
modifications to the theoretical counting efficiency calculations
and determinations of the optimum kB parameter are proposed
(Grau Carles and Grau Malonda, 2001, and Garcia and Grau
Malonda, 2002). Giinther (2002a) provides a review of the
prospects for the universal application of the CIEMAT/NIST
method. In general, the Visual Basic CN2001 program has been
useful for the calculation of theoretical counting efficiencies of
the nuclide under measurement versus the efficiency of the *H
tracer of nuclides decaying by @, 8/vy, EC, EC-y, and for
isomers and nuclides with mixed decay schemes. It is available
from the Physikalisch-Technische Bundesanstalt (PTB), Bun-
desalee 100, 38116 Braunschweig, Germany, and it is based on
the CIEMAT programs EFFY (Garcia Torafio and Grau
Malonda, 1985), EMI (Grau Carles et al., 1994b), CEGA2, and
KB (Los Arcos and Ortiz, 1997). In his review, Giinther (2002a)
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summarizes that pure beta emitters present no problem with
activities determined with uncertainties within 0.2% and
0.5%. The standardization of some pure gamma emitters
(e.g., ©™Nb are determined with 100% efficiency). Beta/
gamma emitters are determined with as high precision as pure
beta emitters. The EC nuclides do present a problem with
higher levels of uncertainty; however, better models such as
those proposed by Grau Malonda and Grau Carles (2000), the
EMI2 program of Grau Malonda et al., (1999), and the use of
>*Mn as a tracer for some EC nuclides (not mentioned in the
review) were designed to reduce uncertainties in the stan-
dardization of electron-capture nuclides. The CIEMAT/NIST
method is, in most cases, not called for when the activities of
alpha emitters are needed, as the liquid scintillation counting
efficiency of alpha emitters are generally close to unity.
However, when the alpha emission is part of a complex decay
scheme, such as *’Np/***Pa, alpha transitions are included in
the CN2001 program of the CIEMAT/NIST method (Giinther,
2000, 2002a).

The higher levels of uncertainty in the standardization of
electron-capture radionuclides by the CIEMAT/NIST or low-
energy beta emitters by the TDCR method have motivated much
research toward improving the efficiency calculations. (The
TDCR method is discussed further on in this chapter; it is
a model-based method similar to the CIEMAT/NIST method in
that both methods involve theoretical calculations of the
detection efficiency.) With the objective of reducing the
uncertainties in the activity determinations, Grau Carles et al.
(2004, 2006) and Grau Carles and Grau Malonda (2006)
revisited the problem of ionization quenching and photoioni-
zation-reduced energy in liquid scintillation counting of elec-
tron-capture decaying radionuclides such as 55Fe, 3 lCr, and
>*Mn. Their studies provided a more detailed simulation of the
photoionization process in the atomic rearrangement detection
model for these electron-capture nuclides. Further studies were
focused on Monte Carlo calculations of spectra and photon
interaction probabilities in liquid scintillators (Zimmerman,
2006a,b and Cassette et al., 2006) for X-ray and gamma-ray-
emitting nuclides, such as the electron-capture nuclide >*Mn.
Also, atomic electron rearrangement pathways were modeled
and the MOYEN computer program developed (Grau Malonda
et al., 2006) for the computation of the energy emissions in
LMM Auger transitions upon which the counting efficiency
calculations depend strongly. The energy of these transitions
was computed for the EC nuclides *°Fe and '*’I. A computer
program, EMILIA, that includes the computation of the
counting efficiency for the atomic rearrangement detection
models, is reported by Grau Carles (2006a), which improved the
computed counting efficiency of low-Z electron-capture
nuclides under moderate quenching. Kossert and Grau Carles
(2006) utilized EMILIA to compute the detection efficiency of
the low-Z EC nuclides 54Mn, 55Fe, and %°Zn. They also
demonstrated that **Mn could be used as a tracer nuclide for the
standardization of *°Fe. They consider a future application
would be to standardize *H by the CIEMAT/NIST method using
>*Mn as the tracer nuclide, as the uncertainty of **Mn activity
standards (< £0.7%) is lower than for *H standards. The
standardization of *H using >*Mn as a tracer was reported with
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a relative standard uncertainty of = 1.01% by Nihle et al.
(2010). Also, Ratel (2008) underscored the potential of >*Mn as
a tracer nuclide instead of *H to increase the precision of the
liquid scintillation standardization of EC nuclides, such as >Fe.
The computer program, MICELLE, reported by Grau Carles
(2008), extends the computation of the liquid scintillation
counting efficiency to electron-capture radionuclides of atomic
number 30 <Z<54. The program considers all subshells
involved in the atomic electron rearrangements following
electron capture. MICELLE also simulates samples in the gel
phase, as the micelle size of gel scintillators can have an effect
on the counting efficiency. The micelle program applied to the
standardization of EC radionuclides '®°Cd and '*I yielded
considerable improvements in the relative standard uncer-
tainties, particularly for '°’Cd (4 0.5%) when a kB value of
0.0110 cm/MeV was used for the Birks parameter. They report
a reduction in the uncertainty in the standardization of l251,
although there was a large dependence of the analysis on the kB
value. The uncertainty in the determination of '*’I was
improved by about 1% (Grau Malonda and Grau Carles, 2008)
when models of the simultaneous interactions of electrons in
liquid scintillator were included in the efficiency calculation.
The simultaneous interaction of electrons produces an overlap
of distributions of excited solvent molecules and an increase in
the excitation density, which required a modification of the
ionization quenching factor in the calculations.

A new approach to the problem of elevated uncertainties in
the standardization low-energy beta emitters when the TDCR
method is applied and in the standardization of some electron-
capture radionuclides when the CIEMAT/NIST method is
applied was presented by Grau Carles and Grau Malonda
(2010). This work considers the need to expand the TDCR and
CIEMAT/NIST methods by generalizing the equations used in
the model and to analyze the influence of ionization and
chemical quench on the spectra and counting efficiency. They
studied the influence of photomultiplier response in one, two,
and three PMT systems. Particularly the effect of electronic
noise discriminator level on both experimental spectra and
counting efficiency is considered. In a personal communication
of the writer with Grau Malonda (2010), many of the problems
with the model arise from the discrepancy between the exper-
imental spectra and the computed one. In other words, when the
total efficiency is calculated for beta emitters, the full spectral
area is computed; however, when the experimental radionuclide
is counted, only the pulses with pulse heights greater than the
noise discriminator level are counted. Thus, for example, the
counts for the tritium spectrum turn out to be lower than
the computed total spectrum. Low counts yield low efficiencys;
and a lower efficiency yields a higher figure of merit and
consequently a higher figure of merit for the radionuclide to be
standardized (e.g., '*’I) yielding finally a higher activity
determination. Accordingly, an improvement in the accuracy of
the liquid scintillation standardization of radionuclides rests
with the spectral analysis (personal communication with Grau
Malonda, 2010).

The CIEMAT/NIST method has been applied to the stan-
dardization of radionuclide mixtures. Early work by Grau
Carles (1994) describes computer programs for the
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solution activity concentration of the nuclide under investigation, and m is the source mass. (From Kossert, 2006. Reprinted with permission from Elsevier © 2006)

deconvolution of SQSr, 90Sr, and *°Y mixtures with the liquid
scintillation standardization of the components by the CIEMAT/
NIST method. This was expanded and improved to include the
standardization of more complex mixtures of several (up to five)
radionuclides (Grau Carles, 1996). Giinther (2002c) and
Rodriguez Barquero et al. (2004) measured **P and *’P activi-
ties where *°P is an impurity. The relative standard uncertainties
for the determination were 0.32% for *P and 1.6% for **P
impurity. A triple exponential mathematical expression is
described by Altsitzoglou (2004) to standardize **P in the
presence of >*P and *°S. Van Wyngaardt and Simpson (2006a)
and Van Wyngaardt et al. (2008) applied the liquid scintillation
TDCR and CIEMAT/NIST standardization methods to resolved
mixtures of '“C and ®*Ni and to dual component mixtures of 32P,
3P, and *S, respectively. Mixtures of short-lived components
were resolved for the CIEMAT/NIST standardization of 'F
(Capogni et al., 2006) and ®*Cu (Capogni et al., 2008).

B. New Method of Secondary Standardization
by LSC

A new secondary standard measurement method, which utilizes
liquid scintillation counting, was reported by Kossert (20006).
The method is based on the CIEMAT/NIST method; however, it
is distinctly different from the CIEMAT/NIST method in that
the efficiency curve, i.e., the counting efficiency of the nuclide
under investigation as a function of the tritium counting effi-
ciency or enyclide(€tracer), 1S not calculated, but rather, it is
determined experimentally. The method is illustrated in
Fig. 7.71. Notice the similarity between Fig. 7.70, that of the
CIEMAT/NIST method, and Fig. 7.71, that of the new
secondary standardization method. In the new method of
secondary standardization, there is no calculation of figure of
merit (M); there is instead, the experimental determination
of the quench-indicating parameter (QIP).

The new method of secondary standardization of Kossert
(20006) is described, in a stepwise fashion, as follows:

1. The first step, as illustrated in Fig. 7.71, involves the
measurement of the counting efficiency of the nuclide under
investigation, &pyclide, a$ @ function of a quench-indicating
parameter (QIP). To achieve this, a set of quench standards
of the nuclide under investigation is prepared. This requires
the preparation of a few vials (approx. 10 vials), each con-
taining the scintillation cocktail and a known amount of an
activity standard solution. Increasing amounts of quenching
agent (e.g., nitromethane) are added to each counting vial,
with the exception of the first vial, to provide counting vials
with decreasing detection efficiencies (see Section V.D).
Counting of these standards in a liquid scintillation analyzer
will provide the net count rates, (e.g., CPM) and values of
a quench-indicating parameter (QIP), such as H#, SQP(E),
or tSIE, depending on the instrument used and its external
standard. From the net count rates and the known activities
(DPM) in each vial, the detection efficiencies of each vial
are easily calculated (i.e., epyclige = CPM/DPM). The same
procedure is carried out with a set of quenched standards
prepared with *H, which serves as the tracer nuclide. The
counting of the tritium nuclide standards will yield distinct
counting efficiencies, &yqcer, fOr each vial as well as varying
QIP values.

2. The two functions enyclige(QIP) and &yqcer(QIP) obtained
from step (1) above are linked by the quench-indicating
parameter QIP to provide a working ‘efficiency curve’ of
Enuclide(Etracer) as illustrated in Fig. 7.72 for the case of 125 ag
an example of a nuclide under investigation. The best fit for
the function epyclide(€tracer) fOr the working ‘efficiency curve’
is obtained via a fourth- order polynomial, which provides
the counting efficiency of the nuclide, &cjige, for a specific
counting efficiency of the tritium tracer, €yycer, given by the
equation
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Efit = Snuclide(t‘ftracer) = Zpi(gtracer)l (7.106)
i=0

Notice the similarity of Eqn 7.106, which uses the experi-
mentally determined QIP as a link between the two detec-
tion efficiencies for this new secondary standardization
method and Eqn 7.102, which uses the calculated figure of
merit (M) as the link in the CIEMAT/NIST primary stan-
dardization method.

3. This following step need not be carried out during the same
period of time as the above preparation of the ‘efficiency
curve’. As pointed out by Kossert (2006), this next step can
be performed even years later. This next step involves
the preparation of the *H ‘calibration curve’, which is the
repeated measurement of the counting efficiency of the
tracer nuclide, eyacer, €Xxpressed as a function of the quench-
indicating parameter (QIP). The newly measured ‘calibra-
tion curve’, €gacer(QIP) is required to account for any
instability of the liquid scintillation counter in the event of
and changes in time of the instrument response and
measured spectra.

4. The sample of the nuclide under investigation is now
counted, and the sample count rate, Rpyclide, and sample
quench-indicating parameter (Q/P) are measured and
recorded. From the magnitude of the QIP, the corresponding
value of the tracer counting efficiency can be obtained from
the *H “calibration curve’ prepared in step (3). From the
known tracer efficiency, the corresponding nuclide effi-
ciency, epyclide> can be obtained from the ‘efficiency curve’
measured in step (2).

5. With the efficiency of the nuclide under investigation,
Enuclide, Obtained from the ‘efficiency curve’ and the nuclide
count rate, Rpyyclide, the activity concentration of the nuclide,
Anuclides 15 calculated as illustrated in Fig. 7.71 according to
the equation anyclide = Rnuclide/(Enuclide”), Where m is the
mass of the sample counted.
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There are certain specifics of this secondary standardization
method of Kossert (2006), which should be considered, and
these are the following:

a. The sample scintillation cocktail composition (i.e., cocktail
and sample chemistry) and the sample geometry (i.e., vial
size and type and sample—cocktail volume or mass) must be
very similar for all measurements.

b. The period between the measurements the tracer nuclide,
and the nuclide under investigation should be short (i.e.,
within a period of only a few days).

c. The duration between the determination of the ‘efficiency
curve’ and the measurements of the tracer nuclide and the
nuclide under investigation is unlimited. The ‘efficiency
curve’ is even valid for application with other liquid scin-
tillation counters.

d. The ‘calibration curve’ of egacer(QIP), €.8., Egitium VS-
SQP(E) or égitium Vs. tSIE, is easily measured with weighed
aliquots of a standard solution of tritiated water added to
cocktail in a set of about ten vials to which increasing
amounts of nitromethane are added.

e. This following point is one of the key advantages of this
method: The uncertainty of the tracer activity (e.g., tritium)
cancels out, if the aliquots used for the determination of the
‘efficiency curve’ and the ‘calibration curve’ stem from the
same standard solution. In other words, if the same standard
solution of the tracer is used to prepare the ‘efficiency curve’
and the ‘calibration curve’, this method of secondary stan-
dardization can be applied even if the true value of the
activity concentration of the tracer nuclide is unknown.

f. The method can be applied to the activity determinations
of radionuclides with low activity concentrations (e.g.,
10 Bq/g).

Kossert (2006) tested this secondary standard method against
several nuclides standardized by accepted primary standardi-
zation methods. This secondary standardization method tested
against '*’I primary standard yielded an uncertainty of the
activity determination lower by only 0.03% of that of the
primary standard. Likewise, the activity of ®*Zn was measured
by this secondary standardization with an uncertainty of only
0.05% lower than that determined by primary standardization.
Other nuclides tested by this secondary standardization method
were 54Mn, 57Co, 67Ga, 85Sr, 88Y, 109Cd, and """In. The reader is
invited to refer to the work of Kossert (2006) for specifics on
these radionuclides. In a subsequent work, Kossert et al. (2006)
reported the secondary standardization of ®Zn by this method
with an uncertainty of 0.4%.

C. Triple-to-Double Coincidence Ratio (TDCR)
Efficiency Calculation Technique

The early works of Steyn (1956), Flynn and Glendenin (1959)
and Radoszewski (1964) can be given the credit of initiating
the possibility of utilizing a liquid scintillation analyzer for the
absolute measurement of beta-emitting radionuclides (personal
communication of the writer with Ryszard Broda, 2004). The
first triple photomultiplier liquid scintillation counting system
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with an electronic circuit having two different coincident
outputs was reported originally by Schwerdtel (1965, 1966a,b);
however, the method for the determination of the absolute
activities of radionuclides was yet to be developed. An
important contribution was made by Kolarov, Le Gallic, and
Vatin (1970), who proposed a liquid scintillation detection
efficiency model used in the current triple-to-double coinci-
dence ratio (TDCR) efficiency calculation technique. Poch-
walski (1978) presented the TDCR method as his thesis; he
worked many years in Radoszewski’s nuclear metrology
laboratory in the Institute of Nuclear Research at Swierk,
Poland. A triple PMT detector design and the original version
of the method of radionuclide standardization now referred to
as the TDCR efficiency calculation technique were published
in a national report in 1979 by Pochwalski and Radoszewski
and in the international journals by Pochwalski, Broda, and
Radoszewski (1988). Thus, the TDCR efficiency calculation
technique was invented in Poland. The integration of theoret-
ical calculations of counting efficiency based on the radiation
emissions of the radionuclide under investigation with the
experimental data obtained from the LSA, somewhat similar to
the approach taken in the CIEMAT/NIST efficiency tracing
method described earlier, was reported by Broda et al. (1988),
Grau Malonda and Coursey (1988), and Grau Carles and Grau
Malonda (1989). These papers formed the basis for subsequent
research and development in this method, which is described
subsequently.

1. Principles

The liquid scintillation analyzer (LSA), in this case, is different
from the conventional and more common commercially
available equipment, described previously in this chapter. The
TDCR efficiency calculation technique requires an LSA
equipped with three photomultiplier (PM) tubes and two
different coincident outputs. Such equipment is generally
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designed and manufactured by those laboratories dedicated to
radionuclide standardization, such as national institutes of
standards and research. Numerous national laboratories have
reported the construction and installation of 3-PM liquid
scintillation counting systems for radionuclide standardization
in numerous countries of the world including Pochwalski et al.
(1988), Cassette and Vatin (1992), Cassette and Bouchard
(2003), Zimmerman et al. (2004), Lee et al. (2004), Hwang
et al. (2004), Razdolescu et al. (2006), Ivan et al. (2008), Qin
et al. (2008), Johansson and Sephton (2010), and Nihle et al.
(2010). A commercially available liquid scintillation analyzer,
the Hidex 300 SL (Hidex, Turku, Finland) manufactured with
three photomultiplier tubes, which utilizes the TDCR tech-
nique, was released in 2008 (Haaslahti, 2010). The perfor-
mance of the Hidex 300 SL is described by Kharitonov et al.,
(2011). A schematic diagram of the workings of an instrument,
referred to as the TDCR liquid scintillation counter, which is
applied to the standardization of radionuclides, is illustrated in
Fig 7.73, and an illustration of a commercially available three-
photomultiplier detector arrangement is illustrated in Fig. 7.74.
The optical chamber of the LSA accommodates a standard
20-mL liquid scintillation counting vial, and facing the vial are
three photomultiplier tubes at 120° angles to each other. With
such an arrangement, dual and triple phototube coincidence
outputs are possible as a requirement for the TDCR method.
For example, the two coincident outputs used by Pochwalski,
Broda, and Radoszewski (1988) from photomultiplier tubes A,
B, and C were the count rates from the triple coincidences
(ABC), the three double coincidences AB, BC, and AC, and
the count rate from the logic sum of the three different double
coincidences (AB+BC+CA). Since this initial report of the
TDCR method, many developments have been made.
Advances following the development of the TDCR radionu-
clide standardization method are described by Simpson and
Meyer (1992b and 1994b), and reviews on the theory and
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FIGURE 7.73 Diagram of the TDCR system at the Radioisotope Metrology Laboratory, CNEA, Argentina. MAC3 is the electronic coincidence module of
Bouchard and Cassette (2000) for the processing of the pulses delivered by the three photomultipliers including double coincidence outputs AB, BC, and CA, the
logical sum of the double coincidences D, and the triple coincidences T. (From Arenillas and Cassette 2006. Reprinted with permission from Elsevier © 2006)
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FIGURE 7.74 Hidex 300 SL detector structure. (Courtesy of Hidex, Turku, Finland. Printed with permission)

practice of TDCR are available from Broda (2003), Lee et al.
(2004), Broda et al. (2007), Nihle and Kossert (2011), and
Cassette (2011) from which the subsequent treatment and
mathematical notation utilized in TDCR are taken.

The triple-to-double coincidence ratio (TDCR) method was
developed for the direct determination of the absolute activities
of beta- and EC-decaying radionuclides in liquid scintillator
cocktail. Like the CIEMAT/NIST method, described previously
in this chapter, the TDCR technique combines experimental
data with theoretical calculations of the radionuclide detection
efficiency. Complete data of the radionuclide decay scheme is
used to calculate the counting efficiencies based on a physical
and statistical model of the beta-, Auger-, and Compton electron
interactions with scintillation cocktail. The TDCR method
utilizes a physical and statistical model of the distribution of
scintillation photons and their detection probabilities in a three-
photomultiplier detector system (Broda, 2003). The ionization
quenching phenomena, which is the nonlinearity of the scin-
tillator response as a function of the linear energy transfer
(LET) or stopping power of the interacting electrons in fluor
cocktail, discussed previously in the CIEMAT/NIST method, is
also required in the TDCR technique for the theoretical calcu-
lations of counting efficiencies.

In the case of a pure G-emitting source on which are viewed
simultaneously three normalized photomultiplier tubes, the
double-tube coincidence count rate Ny and the triple-tube
coincidence count rate NN, are defined as

Ny = Nogy
and Nl = NO(‘;';

(7.107)
(7.108)

where N is the disintegration rate of the radionuclide source
and ¢4 and ¢, are the true double-tube and triple-tube counting
efficiencies, respectively. The detection efficiencies are deter-
mined without recourse to prior instrumental calibration or the
use of any reference standards. Rather, the detection efficiencies

are determined in an absolute manner by combining experi-
mental measurement with theory (Simpson and Morris, 2004b).
The detection efficiencies, €7 and &, of Eqns 7.107 and 7.108, are
unknown; however, the ratio (R) of the count rates N,/N; is
determined or measured experimentally with the liquid scin-
tillation counter. For a large number of disintegration rates, the
ratio of the experimentally determined triple coincidence count
rate to double coincidence count rate, N/N,, converges toward
the ratio of counting efficiencies, as described by Broda et al.
(2007). Thus, using the notation of Simpson and Morris (2004b)
and Lee et al. (2004), the experimentally determined ratio (R)
can be written as

_ N _ Noée; &t
" Na  Noeq €4

(7.109)

where N is the radionuclide activity, and the product of activity
and detection efficiency (i.e., No&; and Nygy) is count rate. As in
the previously described CIEMAT/NIST radionuclide stan-
dardization method of efficiency tracing (Section IX.A), theo-
retical counting efficiencies are calculated and these are fitted to
experimental data. The theoretical counting efficiencies &4 and
g for a pure (-emitter are described, according to a ‘free
parameter’ model by Grau Malonda and Coursey (1988) and
Simpson and Meyer (1992a—c) as

N(E)[1 — exp{—P+F(E)+E}*dE,  (7.110)

E max
&) =
0

andes = [ N(E)[l —exp{—P+F(E)-E}]’dE,

EmﬂX
(7.111)
0

where ¢, and €3 are the double- and triple-photomultiplier tube
efficiencies, respectively, N(E) represents the number of
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0 particles of energy between E+dE of the (§-particle spectrum
calculated according to the Fermi theory of decay (Fermi
spectrum), Ey,« is the maximum (-particle energy, F(E) is the
relative scintillation efficiency Gibson (1968) and P is the figure
of merit or free parameter, the only unknown variable of the
theoretical efficiency equations. The figure of merit (free
parameter) was defined previously in Section IX.A concerning
the CIEMAT/NIST efficiency tracing technique where
a “system” figure of merit M or A was used, whereby P = 1/2M
for a double-phototube system and P = 1/3M for a triple-
phototube system (Simpson and Meyer, 1992b), and M = A. The
theoretical efficiencies, therefore, are a function of a single
unknown parameter P. Thus, as described by Simpson and
Morris (2004a,b) and Van Wyngaardt and Simpson (2009), the
efficiencies can be expressed theoretically as a function of
a single floating parameter P, the so-called ‘figure-of-merit’,
which is effectively a measure of the electron emission process
and the consequent photon output. Thus, a single value of P
must be found iteratively to fit the experimentally measured
count ratio to solve the equation

&(P)
€4(P)

The theoretical counting efficiencies as a function of the figure
of merit, P, are calculated and the value of P is obtained by
mathematical iteration to best fit the experimentally determined
triple-to-double count ratio of Eqn 7.112. As noted by Simpson
and Meyer (1994b) and Simpson and Morris (2004a,b), the
figure of merit P should be single-valued for a given value of R.
With the determined value of P for a given experimental
sample, the activity of the radionuclide source can then be
calculated using Eqns 7.107 and 7.108 or

R — -
Ny

(7.112)

_ Ny o Ny
Eq Er

No (7.113)

2. Free-Parameter Model

The calculation of the theoretical efficiencies according to Eqns
7.110 and 7.111 are similar to Eqn 7.94 previously described in
Section IX.A. According to Grau Carles and Grau Malonda
(2001), Lee et al. (2004), Nihle and Kossert (2011), and
Cassette (2011), the equations applicable to the theoretical
counting efficiency calculations for beta-particle emitters and
radionuclides that decay by electron capture (EC) in a two- or
a three-photomultiplier system are the following:

Emmx
er = [ S(E)(1 — e POE/2MY2yE (7.114)
0
for two photomultipliers working in coincidence, and
Enax
er = | S(E)(1 — e BB yp (7.115)

0

for three photomultipliers in coincidence, whereas the logic sum
of double coincidences in a 3-PM counter is calculated as
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S(E)B(l _ efEQ(E)/_’)M)Z _ 2(1 _ efEQ(E)/3M)3}dE

(7.116)
Thus, the triple-to-double coincidence ratio (TDCR) is
expressed as
Nr_er
Np o €D
Emax
| S(E)(1 — e~EQE)3M) g
_ 0
B Emax
[ S(E)[3(1 — e BQE)3MY: _ (1 — ¢—EQ(E)/3M)3|gE
0

(7.117)

where the variables are the same as those defined previously for
Egs. 7.93 and 7.94 in Section IX.A, namely, Ep,x is the
maximum beta-particle energy, S(E) is the normalized energy
spectrum transferred to the liquid scintillation cocktail,
including energy from beta particles as well as Auger-,
Coster—Kronig-, and conversion electrons, and photo- and
Compton electrons arising from X-ray- and gamma-ray-
interactions in LS cocktail [the term S(E) was previously
referred to as N(E) Eqns 7.93 and 7.94], Q(E) is the ionization
quenching correction factor, and M is the free parameter. The
free parameter was expressed in Eqns 7.93 and 7.94 as 2; the
expression for the free parameters M or A depends on the user
(i.e., M = 1). The above calculations are based on a definition of
the figure of merit (free parameter) as a computation of the (-
particle energy in keV required to produce one photoelectron at
the output of the photocathode or the photoelectron yield at the
first dynode. The free parameter has units of electrons/keV.

The ionization quench function Q(E) of Eqn 7.117 is deter-
mined by applying the Birks formula described previously by
Eqn 7.105. The Birks formula expresses the reduction in fluo-
rescence due to ionization quenching [1 + kB(dE/d.)c)]_1 where
kB is the ionization quench parameter or constant with units of
cm/MeV or g/MeV cm?, and dE/dx is the radiation stopping
power of the scintillator with units of MeV/cm or MeV cm?/g, as
discussed previously with respect to Birks definition of specific
fluorescence and ionization quenching according to Eqns 7.103
to 7.105. As described by Cassette (2011), Broda et al. (2007),
and Lee et al. (2004), the left term of Eqn 7.117 (N7/Np) is
measured experimentally, and the right term (e7/€p) is calculated.
As the beta-particle energy distribution N(E) for a given radio-
nuclide is known, and the kB ionization quench parameter is an
assumed constant, the value of the free parameter must be found,
whereby the calculated e7/ep = N7/Np, which is the experi-
mentally measured triple-to-double count ratio.

3. Experimental Conditions

The practical aspects of the TDCR method are dealt with in
detail by Broda et al. (2007). Some of the major points of the
TDCR method are presented here.

Simpson and Meyer (1994b) demonstrated that any change
in the counting efficiency due to any altered chemical
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quenching state of the sample will manifest itself in the
measured triple and double counting rates, thereby producing
a different value of R. They demonstrated, therefore, that the
figure of merit P extracted by this method for a given sample
includes effects due to chemical quenching so that the
calculated sample activity Ny is independent of chemical
quench effects. Using wide ranges of CHCI; as a quenching
agent (18—2287 mg CHCIl; load), they demonstrated no
significant quench effect on the calculated activity of '*C.
Also, smaller CHCl3 quenching agent loads (13—409 mg) had
no effect on the calculated activity of ®*Ni, and chloroform
loads of up to 60 pL and 270 pL produced no effect on the
calculated activities of **Tc and *H, respectively.

The calculation of the counting efficiencies ¢, and &; can be
carried out with computer codes, such as EFFY2 written by
Garcia-Torano and Grau Malonda (1985) previously described
in this chapter. Simson and Meyer (1994b) and Simpson and
Van Wyngaardt (2006) report the use of a modified EFFY2
program to operate on a personal computer, which calculates the
ratio R of the triple-to-double efficiencies as a function of figure
of merit. They note that in practice, Eqn 7.112 is solved by
incrementally varying the figure of merit, P, in the computer
calculation, which in effect reads the counting efficiencies
corresponding to the measured ratio R from plots of efficiency
curves such as those illustrated in Fig. 7.75. Simpson and Morris
(2004a,b) and Simpson and Van Wyngaardt (2006) report the
use of EFFY?2 in the TDCR standardization of high-energy beta-
emitters. Broda et al. (2000) describe a computer program,
TDCRB-1, to calculate the radioactive concentration of a solu-
tion based on the TDCR method. Also, the DETECSZ program
is described by Razdolescu et al. (2002) for the TDCR calcu-
lation of the activity concentration of pure beta emitters. Similar
analysis codes, such as TDCRB-02, TDCR-11 among others,
are cited by Zimmerman et al. (2010). The program SPEC-
BETA, first reported by Cassette (1992) and Cassette and Vatin
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Efficiency or TDCR

0.2 4

0.0 . T ‘ ‘ ‘ T . .
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Figure-of-merit P (e/keV)

FIGURE 7.75 Results of calculations for *>S of the double-coincidence effi-
ciency &, (dashed line). Triple-coincidence efficiency &, (dashed-dotted line),
and the TDCR ¢/ ¢, (solid line) are plotted as a function of the figure of merit.
A value for kB =0.0100 g/(cm®* MeV) was adopted in the calculation of the
ionization quench function. (From Van Wyngaardt and Simpson, 2009.
Reprinted with permission from Radiocarbon, University of Arizona © 2009
Arizona Board of Regents on behalf of the University of Arizona, Tucson)
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(1992), is used for the calculation of the beta spectrum, i.e.,
N(E) or what is also referred to as S(E), the deposited spectrum
in the scintillation cocktail, a required component of the TDCR
efficiency calculation. The use of SPECBETA is reported by
several researchers including Collé et al. (2008), Zimmerman
et al. (2008), Fitzgerald et al. (2010), and Laureano-Perez et al.
(2010). The calculation of efficiencies of EC nuclides requires
data on interaction probabilities of electron-generating X-ray
and y-ray photons with scintillator, and the Monte Carlo code
PENELOPE, first reported by Bar6 et al. (1995), has been used
for this purpose (e.g., Cassette et al., 2004, Zimmerman,
2006a,b, and Razdolescu et al., 2008). For the same purpose the
simulation code Geant4 was developed (Agostinelli et al., 2003
and Allison et al., 2006) and utilized to acquire X-ray and
gamma-ray energy deposition spectra and interaction proba-
bilities with scintillant for the analysis of EC and beta-gamma-
emitting radionuclides (e.g., Bignell et al., 2010a,b). An upda-
ted MICELLE2 code, reported by Kossert and Grau Carles
(2010), was prepared to facilitate the computation of counting
efficiencies of radionuclides with complex decay schemes, such
as EC nuclides, that require a treatment of the ejection of
photoelectrons and a detailed model of the subsequent atomic
electron rearrangement processes. Rodrigues et al. (2008)
describe a non-radionuclide-specific computer code, TDCR-
AR, for the analysis of data, calculation of detection efficiency,
and radionuclide activity in a TDCR system. The TDCR-AR
code was satisfactorily tested for the analysis of 3H, “C, >5Fe,
**Mn, and ®°Co. Other simulation codes and programs are
available from the literature, and it is common for laboratories
to use programs developed ‘in-house’ for the analysis of data
(e.g., Collé et al., 2008). These programs may be obtained by
direct contact with the authors of the published results.

The computer programs, such as those described previously
in Section IX.A, may include subroutines for the calculation of
the ionization quench function Q(E) for any given Birks
ionizing quench parameter kB (See Eqn 7.105 of this chapter.).
Cassette et al. (2000) demonstrated that the Birks kB factor is
independent of the cocktail chemistry and optical design of the
TDCR system, the influence of the kB factor is negligible for
high-energy nuclides (e.g., C and higher-energy beta emit-
ters), and the optimum value of the kB factor is independent of
the high-energy nuclide. Also, for low-energy electron-capture
(EC) nuclides decaying toward the fundamental level, such as
3Fe, the counting efficiency is almost independent of the kB
value, because the energy emission is almost monoenergetic and
the nonlinearity of the scintillator (ionization quenching), in this
case, has no effect on the light emission (Broda et al. (2007).
However, for low-energy beta-emitting nuclides, such as *H,
®Ni, and **'Pu, the calculated counting efficiency is highly
dependent on the kB value (Broda et al., 2007 and Kossert et al.,
2011a). The optimum kB value can be determined using
different counting conditions described by Broda et al. (2007).
The proper fitting of the kB ionization quench parameter in the
TDCR model, as noted by Broda et al. (2002), is vital to
improving the accuracy of this standardization method.

If the quantum efficiencies of the three photomultiplier tubes
are different, a set of the following three equations, as described
by Arenillas and Cassette (2006), Broda et al. (2007),
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Van Wyngaardt and Simpson, 2009), Simpson et al. (2010), and
Cassette (2011), is solved for the free parameters of each
phototube A, B, and C:
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is single-valued for each value of K (i.e., TDCR) only in the case
of beta-emitting radionuclides, such as *H, ¢, and °Sr, as
illustrated in Fig. 7.76. However, in the case of radionuclides,

EIHE\X
S(E)(1 — ¢ EQE)/3My) (] — o~EQ(E)/3My) (| _ (~EQE)/3Mc)gF;
J SE) ) I )
ErT 0
eas Epn (7.118)
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0
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0
Epnax
[ S(E)(1 — e EQE)/3Mu (1 — ¢~ EQ(E)/3My) (| — ¢~EQ(E)/3Mc)gE
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0

Eqns 7.118 to 7.120 are solved using the multidimensional
minimization Downhill Simplex algorithm (Broda et al., 2007),
and the function, which must be minimized, is

ET T\2 ET T\? T T\?

A= (EAB AB) +(5BC BC) +<5AC AC) (7.121)
where er is the efficiency of the triple coincidence signals (7),
and e4p, epc, and e4¢ are the efficiencies of three double
coincidence signals AB, BC, and CA, respectively. The solution
gives the free-parameter variables M4, Mg, and M¢ or A4, A,
and Ac¢ (i.e., M = 2) for each kB value, allowing the counting
efficiency of each coincident event (Broda et al. (2007).

An interesting approach to the inequality of photo-
multiplier tube quantum efficiencies is reported by Van
Wyngaardt and Simpson (2009). They describe a TDCR
detector comprised of three high-gain electron-multiplier
phototubes in an asymmetric arrangement (each at a 90° angle
to the other). Matching of the PMTs was performed by
adjusting the position of the source relative to the three
phototube faces until all three double-coincidence count rates
are the same to within some tolerance, taking variation due to
counting statistics into account. In this manner, the photon
intensity incident on each phototube face is adjusted to
compensate for the inherent unequal phototube efficiencies.
This resulted in equivalent double tube rates, which imply an
equivalent figure of merit for each PMT detector.

In a review on the TDCR method, Broda (2003) demon-
strated a complication in the efficiency determination of EC-
decaying radionuclides. He noted, that the TDCR parameter
(denoted as K) or

K = &/eq (7.122)

f S(E)(1 — e—EQ(E)/3MA)(1 — e~EQ(E)/3Mc\qE

that undergo electron-capture (EC) decay, such as “’Fe, **Mn,
and '*°Ce, there can be more than one counting efficiency; there
can be two or even three counting efficiencies for a given
TDCR, as illustrated in Fig. 7.76. Broda (2003) explains that
this phenomenon is the result of the differences in the shape of
the decay spectra. In the case of EC-nuclides, the decay spectra
are not continuous, and two or more separated groups of scin-
tillation energy can be distinguished, such as, K-shell, L-shell,
v, and conversion electron events. This discontinuity in the

Counting efficiency

0 0.2 0.4 0.6 0.8 1
TDCR
FIGURE 7.76 Calculated counting efficiencies, €4, as a function of the TDCR

for some §- and EC-emitters. (From Broda, 2003. Reprinted with permission
from Elsevier © 2003)
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efficiency curve is a result of the probability of the appearance
of these distinct groups of scintillation. Thus, in the case of EC-
nuclides, the convoluted shape of the e4(K) function compli-
cates the calculation of the counting efficiency for each exper-
imental measurement of K (i.e., TDCR). Broda et al. (1998) and
Broda (2003) describe the introduction of a parameter into the
algorithm of counting efficiency determination to simplify the
problem. The new parameter is K3, which is the ratio of a triple-
coincidence efficiency ¢, to the efficiency of a sum of double
coincidences ¢4 to the third power, which was derived to the
following expression:

& NIN,

K3 =2 =
e N

(7.123)

The new efficiency function e4(K3) yielded efficiency curves for
EC nuclides that are single-valued.

For those interested in routine analysis of beta-emitting
nuclides, a liquid scintillation counter with three photo-
multiplier tubes can be useful. The TDCR value can serve as the
quench indicator, that is, there is no need to monitor quench
with an external standard (Cassette, 2011). As described
previously in this chapter, an external standard is used generally
for the measurement of quench-indicating parameters with
liquid scintillation counters equipped with only two photo-
multipliers. The three-photomultiplier liquid scintillation
counter, that is available commercially, is the Hidex 300 SL
illustrated previously in Fig. 7.74.

4. TDCR Progress and Development

The TDCR efficiency calculation technique is a proven method
for radionuclide standardization. Since the publication of the
2" Edition of the “Handbook of Radioactivity Analysis” in
2003, the national radionuclide metrology laboratories that now
apply the TDCR efficiency calculation method for the primary
standardization of radionuclides have become more widespread
(Cassette, 2011).

Numerous reports on the standardization of specific radio-
nuclides have been published. Each radionuclide presents
a specific challenge with respect to the efficiency calculation
due to its characteristic decay scheme, and the reader may refer
to the published reports for further information on the specific
calculation codes and parameters utilized for each radionuclide.
With this in mind, some of the published radionuclide stan-
dardizations by the TDCR efficiency calculation method
with typical standard uncertainties of the determination in
percent are the following: *H with an uncertainty of 0.75% by
Razdolescu and Cassette (2004), Zimmerman et al. (2004),
Stanga et al. (2006), Qin et al. (2008), Ivan et al. (2008, 2010),
Steele et al. (2009), Mo et al. (2010), and Néhle et al. (2010);
“C with an uncertainty of 0.84% by Simpson and Meyer
(1994b), Hwang et al. (2004), Qin et al. (2008) and Ivan et al.
(2010); *?P with an uncertainty of 0.5% and containing up to
10% impurities of **P and *°S by Jaubert and Cassette (2004);
P with an uncertainty of 0.39% by Simpson and Morris
(2004a,b); °Cl by Ivan et al. (2010); >*Mn by Broda and
Pochwalski (1993) and Zimmerman et al. (2004); 55Fe with an
uncertainty of 0.55% by Broda and Pochwalski (1993),
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Ratel (2008), Razdolescu et al. (2008), Johansson and Sephton
(2010), Simpson et al. (2010) and Ivan et al. (2008); ®*Ni with an
uncertainty of 0.60% by Simpson and Meyer (1994b), Zimmer-
man et al. (2004), Razdolescu et al. (2006), and Collé et al. (2008);
%8Ge/*®Ga with an uncertainty of 0.39% by Zimmerman et al.
(2008); ¥'Sr with an uncertainty of 0.41% by Simpson and Van
Wyngaardt (2006), and Razdolescu et al. (2002); *°Y with an
uncertainty of 0.32% by Simpson and Van Wyngaardt (2006); PTe
with an uncertainty of 0.13% by Laureano-Perez et al. (2010),
Zimmerman et al. (2010), and Simpson and Meyer (1994b);
'"3mCd with an uncertainty of 0.39% by Kossert et al. (2011);
139Ce with an uncertainty of 0.51% by Broda et al. (1998); '**Re
with an uncertainty of 0.22% by Jaubert (2008); ***T1 with an
uncertainty of 0.81% by Simpson and Meyer (1996), Hwang et al.
(2002, 2004), and Razdolescu and Cassette (2004); and *2*Th with
an uncertainty of 0.40% by Fitzgerald et al. (2010).

Ivan et al. (2010) tested channel photomultiplier tubes in
lieu of the traditional photomultiplier equipped with electron
multiplier dynodes in a three-PM detector TDCR liquid scin-
tillation analyzer. They observed significantly lower detection
efficiencies, but excellent agreement in activity determinations
of 3H, 55Fe, 63Ni, and °St/°°Y when compared to the conven-
tional counter equipped with the traditional electron dynode
multiplier PM tubes.

A new TDCR liquid scintillation counter equipped with six
photomultiplier tube detectors was tested with several beta
emitters and, for comparative measurements, of tritiated water
for validation studies by Ivan et al. (2010). The six photo-
multipliers were connected in pairs and arranged in a symmet-
rical pattern about the liquid scintillation vial in the optical
chamber of the liquid scintillation counter. The counter can be
operated in two modes: as a single system with three CPMs and
a double system with six CPMs, connected in pairs in
summation mode. The double system with six photomultipliers
resulted in a significant improvement in the detection efficien-
cies over the classical TDCR counter.

The development of FASEA (field programmable gate array
based acquisition and software event analysis) system was
developed by Steele et al. (2009), which is capable of replacing
the traditional MAC3 (see Fig. 7.73) for coincidence pulse
processing in the TDCR efficiency calculation method. Tests
carried out on the measurements of *H and ®Sr activities
confirm that the FASEA is able to emulate the behavior of the
MACS3 unit, which provides a validation for the technique of
separate data acquisition and post-analysis systems in TDCR
radionuclide standardization measurements.

A recent development reported by Tarancén Sanz and
Kossert (2011) is the application of a free-parameter model to
samples containing solid plastic scintillation microspheres and
radioactive aqueous solutions. Several beta-emitting radionu-
clide activities were measured in a TDCR system. The devia-
tions between the determined activity concentrations and the
reference values were < 3%.

D. 47—~y Coincidence Counting

41—~y coincidence counting is a direct method of activity
determination, as it is independent of any quench-indicating
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parameters and no reference standards are required for counting
efficiency determinations. An additional advantage of this
method is that the activity of a nuclide can be determined from
experimental counting data only without the need for detector
efficiencies.

As may be construed from the name applied to this method,
it involves the coincidence detection of two types of radiations
from a given radionuclide. The methods can be applied, there-
fore, to radionuclides that emit in coincidence more than one
distinguishable type of radiation. Two types of detectors are
required in coincidence to distinguish exclusively two types of
radiation emissions, such as a liquid scintillation detector (or
gas proportional counter) to measure a beta emission and a solid
scintillation (or semiconductor detector) capable of measuring
a gamma emission. Because the technique involves, in most
cases, the use of a solid scintillation counter as one of the
detectors, this method of radionuclide standardization is dis-
cussed in Chapters 14 and 16, where more detailed information
is available on this topic.

X. NEUTRON/GAMMA-RAY MEASUREMENT
AND DISCRIMINATION

The same year that Lieselott Herforth (1948) under the lead-
ership of Hartmut Kallmann documented in her thesis the
discovery that beta and gamma radiation produced scintillation
in certain organic compounds, P. R. Bell (1948) demonstrated
that fast neutrons could be detected in an anthracene scintillator
by the proton recoils produced by neutron—proton collisions.
Although neutrons have no charge and consequently cannot
produce ionization or excitation directly in a scintillation fluor,
the essentially equal mass of the neutron and protons (hydrogen
atoms) in organic compounds facilitate transfer of energy from
the neutron to protons via elastic scattering as described in
Chapter 1. Because of the almost equal mass of the neutron and
proton, the maximum fraction of the kinetic energy that a fast
neutron can lose in a single head-on collision with a proton is
calculated as 0.999 or 99.9% (see Table 1.16, Chapter 1).
Although partial energy transfers also occur through less direct
neutron—proton collisions, it is clear that fast neutron energy is
absorbed more easily by a substance rich in protons (hydrogen
atoms) compared to another substance possessing atoms of
higher atomic numbers. The recoil protons with their acquired
kinetic energy produce ionization until their energy is dissipated
in the medium and they come to a full stop. A liquid scintillation
cocktail, rich in protons (high H:C ratio), can be used to
measure fast neutron radiation. The energy of the recoil protons
dissipated in the scintillation cocktail solvent will excite the
solute fluor molecules, resulting in the emission of visible light
similar to the effect of alpha- and beta-particle interactions
discussed previously.

Another radiation type, which does not carry charge but does
interact in a liquid scintillation fluor cocktail, is gamma radia-
tion. Like X-radiation described previously, gamma rays will
interact with liquid scintillation cocktail via principally
Compton interactions with atomic electrons. The transfer of
gamma-ray photon energy to atomic electrons will result in the
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liberation of Compton electrons. The energy of these electrons
will be absorbed by the liquid scintillation solvent in the same
way as beta-particles described previously. Compton-electron
energy absorption will result in fluor excitation and the emission
of visible light of intensity proportional to the amount of energy
absorbed in the scintillation cocktail.

The two mechanisms of fluor excitation via recoil proton or
Compton-electron energy absorption form the basis for the
discrimination of neutron and gamma radiation, respectively,
by liquid scintillation. The liquid scintillation discrimination
of the two radiation types will be discussed further on in this
section.

Only a brief description of the scintillation detection of
neutrons and neutron/gamma-ray discrimination will be pre-
sented here. More detailed information can be obtained from
references specific to the subject (Harvey and Hill, 1979;
Rausch, et al., 1993, Brooks, 1993, 1997, Poenaru and Greiner,
1997, Peurrung, 2000, Klein and Neumann, 2002, Pozzi et al.,
2007, Enqvist and Pazsit, 2010, and Thomas, 2010) and from
Chapter 16.

A. Detector Characteristics and Properties

The liquid scintillation cocktails used for the detection and
measurement of neutrons are organic solutions generally high in
hydrogen content to enhance the efficiency of trapping the
neutron kinetic energy through neutron—proton collisions,
which results in the production of recoil protons. Because high
gamma-ray backgrounds are often present, the ability of
discriminating between incident neutron and gamma radiation
through pulse shape discrimination (PSD) becomes important
and some liquid scintillation cocktails are most suitable for this
purpose. Also, some organic scintillation cocktails are devoid of
hydrogen, such as BC-509 or EJ-313 (equivalent to NE226) or
BC-537 or EJ-315 (equivalent to NE230), which contain
deuterated benzene (CgDg). Such cocktails have reduced
sensitivity for neutrons and can be used for the measurement of
gamma radiation in the presence of neutron radiation. Examples
of commercially available cocktails for the detection of
neutrons and gamma radiation or for neutron/gamma-ray
discrimination as well as other applications such as neutrino
detection are provided in Table 7.11. These liquid scintillators
are used devoid of oxygen gas. Dissolved atmospheric oxygen
reduces their light output by about 30%, and eliminates any
pulse shape discrimination properties that the cocktails might
possess. These cocktails are purged thoroughly with nitrogen
gas prior to use.

Liquid scintillation neutron detectors vary in size from small
to medium size (4—12 cm in diameter by 4—12 cm in length) up
to large volume detectors comprising several cubic meters
depending on the research objectives (See Table 7.11 and
Zecher et al., 1997, Vartsky et al., 2003, Cern}? et al., 2004, and
Lavagno, et al., 2010). The efficiency and energy resolution of
the detector will be governed by its size. Energy is deposited by
fast neutrons in the liquid scintillation cocktail by collisions for
the most part with hydrogen atoms (n—p collisions) and to
a lesser degree with the carbon atoms (see Table 1.16 in
Chapterl), and, as a consequence, recoil proton excitation of
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/TABLE 7.11 Properties and Applications of Liquid Scintillators Used for Neutron Radiation Measurements or Neutron/Gamma\
Radiation Discrimination among other Applications®

Scintillator Properties Applications

BC-501A° Xylene® (>90%) Yields excellent n/y pulse shape discrimination (PSD) over a wide energy

EJ-301¢ Aromatic fluors (<10%)' range up to ~100 MeV (Horwath et al., 2000, and Nakao et al., 2001, Klein

NE213¢ Atomic ratio, H/C: 1.212 and Neumann, 2002, D’Melloe et al., (2007), Aspinall et al., 2007a, Enqvist
Amax: 425 nmé® etal., (2008), Liu et al., 2009, Yousefi et al., 2009, Braizinha et al., 2010 and

Light output: 78% anthracene”

Decay time: 3.2 nsec'
Density: 0.874 g/cm’
Refractive index, np: 1.505
Flash point: 26°C

Lavagno et al., 2010).

BC-505 1,2,4-trimethylbenzene® (97.5%) Exhibits high light output and transmission; fast neutron detectors; suitable
EJ-305 Aromatic fluors (<0.5%) for large volume, including anti-Compton and anti-coincidence shields;
NE224 Atomic ratio, H/C: 1.331 high flash point makes it safer to use and transport than xylene or toluene-
Amax: 425 nm based scintillators;
Light output: 80% anthracene (Hong et al., 2002).

Decay time: 2.5 nsec
Density: 0.977 g/cm’
Refractive index, np: 1.505
Flash point: 48°C

EJ-309 Solvent (proprietary): aromatic New liquid scintillator developed as an alternative to the more commonly
hydrocarbon (>99%) used for pulse-shape discrimination (PSD), such as BC-501A, NE213 and
Organic fluors (<1%) EJ-301, which contain xylene solvent with low flash point and high degree
Atomic ratio, H/C: 1.25 of solvent action. EJ-309 exhibits slightly poorer PSD characteristics, but
Amax: 424 nm possesses more environmentally favorable chemical properties and higher
Light output: 75% anthracene flash point (Pozzi et al.,2009, Clarke et al., 2009, Enqvist et al., 2010, and
Decay time: 3.5 nsec” Zak et al., 2010)

Density: 0.96 g/cm’
Refractive index, np: 1.57
Flash point: 144°C

BC-509 Hexafluorobenzene® Essentially free of hydrogen atoms (with exception of fluor molecules) only

EJ)-313 Formula: CeFg 0.18 atom % of hydrogen atoms; low sensitivity to fast and moderated

NE226 Amax: 425 nm neutrons, gamma-ray detection in a fast neutron flux; neutron insensitivity
Light output: 20% anthracene increased with pulse shape discrimination to enhance gamma-ray detection
Decay time: 3.1 nsec in n/y discrimination; can be used to detect neutrons when it is desirable to
Density: 1.61 g/cm’ avoid thermalizing properties of Hydrogen (Wolle et al., 1999, Davies et al.,
Refractive index, n°: 1.38 1994, and Cecil and Medlet, 1988).

Boiling point: 80°C
Flash point: 10°C

BC-517H 1,2,4-trimethylbenzene (<30%) Mineral oil-based scintillator where long mean free paths are required and

EJ-321H Mineral oil (>70%) high light output important; large volume detectors; compatible with acrylic

NE235H Aromatic fluors (<0.3%) plastics such as Plexiglas® and Perspex®, as well as many metals and
Atomic ratio, H/C: 1.89 reflective coatings; pulse shape discrimination capability (Braizinha et al.,
Amax: 425 Nm 2010).

Light output: 52% anthracene
Mean free path: >5 meters’
Decay time: 2.5 nsec
Density: 0.86 g/cm’
Refractive index, np: 1.476
Flash point: 81°C

BC-519 1,2,4-trimethylbenzene (<40%) Provides excellent n/y pulse shape discrimination for neutron energies up to
EJ-325 Mineral oil (<60%) 100 MeV (Horwath et al., 2000).
NE235C Fluors (0.5%)

Density 0.86 g/cm®

Atomic ratio, H/C: >NE213
Flash point: >62°C

Boiling point: >204°C

N /

(Continued)
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Radiation Discrimination among other Applications®—cont'd

KTABLE 7.11 Properties and Applications of Liquid Scintillators Used for Neutron Radiation Measurements or Neutron/Gamma\

Light output: 61% anthracene
Atomic ratio, D/H: 141:1
Atomic ratio, D/C: 0.99

Amax: 425 nm

Decay time: 1.8 nsec
Density: 0.954 g/cm®
Refractive index, np: 1.50
Boiling point: 79.1°C

Scintillator Properties Applications
BC-521 1,2,4-trimethylbenzene (>85%) Utilized for neutron spectrometry with pulse shape discrimination and
EJ-331 Gadolinium (0.5%) neutrino research; fast neutrons leave a unique signature in Gd-loaded
NE323 Light output: 68% anthracene scintillator; they produce a prompt recoil proton pulse and, once
Atomic ratio, H/C: 1.314 thermalized, they are easily captured by Gd, which has an extremely high
Amax: 424 nm thermal neutron capture cross section. Neutron capture by Gd is signaled by
Decay time: 3.6 nsec the emission of three gamma rays totally ~8MeV. Available at 0.25% w/w
Density: 0.89 g/cm? section. Gd (EJ-335) with mineral oil to increase hydrogen content and use in large
Refractive index, np: 1.50 tanks; produced at Gd content of 0,5 % (BC-525) with mineral oil
Flash point: 44°C component for increased light transmission, hydrogen content, and higher
flash point. Neutron capture by Gd results in a cascade of conversion
electrons, X-rays, and y-rays. BC-525 is used in neutron spectrometry and
neutrino research. (Banerjee et al., 2007).
BC-523A 1,2,4-trimethylbenzene (>30%) Available at natural '°B isotope abundance or enriched; EJ-339A contains
E)-339 Methyl borate (<60%) boron loading compound enriched to 90% atom percent in '°B and thus
NE311 1-methylnaphthalene (10%) contains 4.6% '°B by weight; useful for total neutron absorption
Light output: 65% anthracene spectrometry; fast neutrons produce a prompt recoil proton pulse with initial
Atomic ratio, H/C: 1.74 scatterings in the cocktail; thermalized neutrons may undergo the
Natural ratio '°B/''B: 0.245 19B(n,a)’Li capture; the capture pulse is in delayed coincidence with the
Enriched ratio '°B/'"'B: 9.0 prompt pulse; useful in identifying neutron events; useful for n/y separation
Amax: 424 nm by PSD. (Vartsky et al., 2003, Jastaniah and Sellin, 2004, and Flaska and
Decay time: 3.7 nsec Pozzi, 2009).
Density: 0.916 g/cm?
Refractive index, np: 1.4
Boiling point: 68.9°C
BC-537 Deuterated benzene (>98%) Useful for n/y separation as sensitivity to fast neutrons is reduced by
EJ-315 Formula: (C¢Dg) deuterium. A nondeuterated version of the scintillator (EJ-315H) is available
NE230 Aromatic fluors (<2%) for comparative research. (Marrone et al., 2002, and Villano et al., 2011).

bBicron scintillator (scintillators listed as a group are commercial equivalents).

Solvent.

'Solute (fluor).

8Wavelength of fluorescence peak
"Percentage of anthracene light output.
'Short component of de-excitation light.

\’Light transmission.

“Data from ELJEN Technology, 1300 W. Broadway, Sweetwater, TX 79556, USA, and Saint-Gobain Corp., 750 E. Swedesford Road, Valley Forge, PA 19482, USA, and
Compagnie de Saint-Gobain, Les Miroirs, 18, avenue d’Alsace, 92400 Courbevoie, France.

“Eljen Technology scintillator (scintillators listed as a group are commercial equivalents).
INE Technology scintillator (scintillators listed as a group are commercial equivalents).
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cocktail solvent and fluor molecules is predominant. Gamma
radiation will deposit energy mainly via Compton interactions
resulting in Compton-electron excitation of cocktail and fluor.
Since both neutrons and gamma rays are generally intermixed,
both radiations should be considered. The neutrons will
encounter a wide range of collisions with protons including
direct head-on collisions and complete transfer of energy to
less-direct collisions even just a glancing with a proton resulting
in various scattering interactions and only partial energy
transfers to protons (see Chapter 1). Likewise, Compton elec-
trons will vary in energy depending on the energy of the incident
gamma radiation.

If the liquid scintillation detector is very small or the neutron
or y-ray energies very high, a considerable number of recoil
protons or Compton electrons can escape from the detector.
This results in an incomplete deposition of either proton-recoil
or Compton-electron energy in the cocktail referred to as the
‘wall effect’ (Thomas, 2010). When the wall effect is signifi-
cant, the event (n—p or y—e) recorded by the photomultiplier
tube as a pulse height would be smaller than what would be
expected had the recoil proton or Compton electron deposited
all its energy in the cocktail. Consequently, the ‘response
function’, which is the pulse height registered per neutron or
gamma-ray energy, would be shifted to lower pulse heights.
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For example, in the analysis of y-ray photons of energy over the
range of 7—20 MeV, Navotny et al. (1997) chose NE213 scin-
tillation detectors large enough (e.g., 5 cm in diameter by 10 cm
in length, 206 cm’in volume) taking into account the maximum
range of Compton electrons to be detected to avoid a distortion
of the pulse-height response by wall effects. Likewise, for the
measurement of neutron radiation Nakao et al. (2001) demon-
strated, that for a NE213 liquid scintillator of 12.7-cm diameter
and 12.7-cm length the proton-escape probability ranges from
approximately 1% to more than 50% of the recoil protons
generated for neutrons over the energy range of 25 MeV to over
300 MeV. The neutron detection efficiencies were determined
by Nakao et al. (2001) by integrating the pulse-height response
functions at various calibrated pulse-height thresholds. At
a lower-limit discriminator settings or pulse-height threshold of
1.15 MeV (calibrated with a ®°Co source) the neutron detection
efficiencies varied from 24% to 10% over the neutron energy
range of 23—132 MeV. Satoh et al. (2001) developed a Monte
Carlo code, designated SCINFUL-QMD, for the calculation of
neutron detection efficiencies for neutron energies up to 3 GeV
in liquid scintillators such as NE213. Other Monte Carlo and
analytical models of neutron scatterings in liquid scintillation
cocktail and detector response are provided by Patronis et al.
(2007), Pozzi et al. (2007), and Enqvist and Pazsit, 2010).

It is important to note here that for heavy particles (e.g.,
protons and o particles) the light output from the liquid scin-
tillator is nonlinear with energy. Unlike electrons or @ particles,
which produce a relatively linear light output with energy over
the range of 0.100—1.6 MeV (Novotny et al., 1997 and Horwath
et al., 2000) heavy particles exhibit high values of stopping
power (dE/dx) in scintillator (see Chapter 1) and thereby
produce higher specific ionization and a saturation effect that
yields less light per particle energy loss. The nonlinearity of
light output per particle energy loss for protons results in recoil
proton energies occurring at lower pulse heights in the pulse-
height spectrum. Consequently, the use of computer codes to
unfold neutron and photon energy spectra require accurate
measurement of the light output response as a function of
energy deposited in the scintillator (Klein and Neumann, 2002,
Neumann et al., 2002, Reginatto et al., 2002, Schmidt et al.,
2002, Kornilov et al., 2009, and Enqvist and Pazsit, 2010).
Radionuclide sources with well-separated y-ray energies are
used to establish the pulse-height scale in terms of electron
energies. Gamma-photon sources produce Compton edges in
the scintillator where the Compton-electron energies can be
used to convert light outputs into electron equivalent energies or
MeVee (Horwath et al., 2000, Nakao et al., 2001, Klein and
Neumann, 2002, and Guerrero et al., 2008, Hawkes, et al., 2010,
Zak et al., 2010, and Villano et al., 2011).

The detector size will govern the number of multiple neutron
scatterings. Neutron scattering can result in a broad range of
energy transfers to recoil protons, from very little neutron
energy when a neutron is simple glanced off a proton (near hit)
up to the maximum neutron energy resulting from a head-on
collision with a hydrogen atom. Recoil protons from a given
neutron after multiple collisions and scatterings will produce
photons, which are detected by the photomultiplier tube as they
occur within the coincidence time gate of the scintillation
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analyzer. The sum of the photons produced by the recoil protons
from the multiple scatterings of one neutron will produce
a pulse height from the photomultiplier proportional to the light
output. Due to the summation of photons from multiple scat-
terings, the resultant pulse heights will be higher than what
would occur at reduced scattering.

Neutrons are also scattered by carbon atoms in the scintil-
lator; however, carbon recoils do not produce any significant
light output in liquid scintillator (Klein and Neumann, 2002).
The H:C atomic ratios in liquid scintillator may vary from 1.2 to
1.9 (Table 7.11). The higher the ratio or greater the atom % H in
the scintillator, the higher will be the probability of n—p colli-
sions and the production of proton recoils. However, carbon
scattering will cause neutron energy loss and consequently
a reduction in pulse-height response as a function of energy. As
illustrated in Table 1.16 of Chapter 1, the maximum fraction of
kinetic energy that may be lost by a neutron collision with '*C is
28.6% resulting from a head-on n—'?C collision. A neutron may
lose, therefore, anywhere between zero and 28.6% of its energy
in a single collision with carbon. For example, a scattered
neutron, that had an initial head-on collision with a '>C atom,
may then collide with a proton, but the maximum energy of the
recoil proton in this case would be 71.4% of the original neutron
energy. Consequently, carbon atoms in the scintillator will
reduce the pulse-height response as a function of neutron
energy.

At lower neutron energies, particularly where neutrons may
become thermalized in the liquid scintillator, special detectors
may be employed, such as BC-523, that contain natural or
enriched '°B in the scintillation cocktail (Table 7.11) to enhance
detection efficiencies. The incident neutrons are moderated by
n—p collisions in the cocktail and then undergo '’B(n,a)’Li
capture according to Eqn 1.244 of Chapter 1 and more specif-
ically as follows:

on+19B—>a +]Li (g.5.) +2.790 MeV (6.3%)  (7.124)

— o+ JLi* + 7(0.478 MeV) +2.312 MeV(93.7%) (7.125)

The branching ratios for the two reactions are 6.3% and 93.7%,
respectively. The branch described by Eqn 7.124 leaves the "Li
at the ground state, whereas the other branch (Eqn 7.125) leaves
the 7Li at an excited state, and the o particles plus "Li* ions
create scintillation light equivalent to light produced by 65-keV
electrons or beta particles. Yen et al. (2000) report the use of 4-
cm-diameter detectors of '“B-enriched scintillator joined
together in a circular array of 55 detectors. They report detector
efficiencies of 95%, 85%, and 71% at neutron energies of 10,
100, and 1000 eV, respectively.

Gd-loaded liquid scintillators, described in Table 7.11, have
excellent neutron detection properties, because of the very high
thermal neutron capture cross section of Gd (see Table 1.17 of
Chapter 1). As described by Banerjee et al. (2007), the mech-
anism of neutron detection in a Gd-loaded scintillator consists
of two stages. First, the fast neutron that enters the liquid
scintillator will undergo multiple scatterings primarily with
hydrogen atoms in a few tens of nanoseconds producing
a prompt signal. After several collisions with atomic nuclei of
the scintillator, the neutron slows down and is thermalized, i.e.,
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it reaches the low thermal energy stage, provided the neutron
does not escape from the scintillator. The second stage consists
of the capture of the thermal neutron by a Gd nucleus, because
of its extremely high thermal neutron capture cross section.
Neutron capture by Gd results in the emission of three y-rays
with a total energy of ~8MeV. The detection of the capture
gamma rays provides a measure of the total number of neutrons
emitted.

B. Neutron/Gamma-ray (n/y) Discrimination

The detection of neutrons is often complicated with background
gamma radiation. The neutron detector can be shielded from
radiation background arising from charged particles by the use
of absorber material between the source and detector or via
magnetic field deflection. This leaves only gamma rays, which
remain undeflected by magnetic fields and relatively unattenu-
ated by absorbers.

1. Pulse Shape Discrimination (PSD)

Neutron and y-ray interactions in a liquid scintillator may be
separated by pulse shape discrimination (PSD) according to
principles that are similar to alpha- and beta-particle (a/()
discrimination in liquid scintillation described further on in this
chapter and in Chapter 9. The principles behind (n/y) discrim-
ination rest on different degrees of excitation caused by heavy
charged particles versus lighter charged particles in the liquid
scintillation cocktail. Neutron interactions produce the rela-
tively heavy recoil protons, whereas y-rays produce much
lighter Compton electrons in scintillation cocktail. The heavier
charged particles produce greater specific ionization (higher
LET) in cocktail than electrons and, consequently, cocktail fluors
reach higher excited states that take longer for de-excitation to
occur. De-excitation is manifested as fluorescence. The fluores-
cence is analyzed by the electric pulse it produces in the photo-
multiplier tube (PMT). The shape of the pulse is a function of the
specific ionization of the particle (heavy particle versus lighter
particle), and the shape can be defined in two components,
namely, a fast (prompt) component or rise time and a slow or
delayed component also referred to as the tail. The prompt
component of fluorescence has a decay time of only a few
nanoseconds, while the delayed component or tail may last a few
hundred nanoseconds. The differences in pulse shapes produced
by neutron and <y-ray interactions in a liquid scintillator are
illustrated in Fig. 7.77. A heavy charged particle, such as a proton
arising from neutron interactions, will produce a larger fraction of
its fluorescence in the slow component, while a much lighter
charged particle, such as the electron arising from y-ray inter-
actions, will cause fluorescence with a much smaller portion of
the light in the slow component. Guerrero et al. (2008) demon-
strate, with an Am—Be neutron source, that the slower neutrons
exhibit a longer delayed component or tail than faster neutrons.
This could be explained by the fact that protons of lower energy
have a higher LET producing more high-excitation states of
scintillator cocktail. The Am—Be source produces neutrons with
energies up to ~10MeV with an average neutron energy of 4 MeV
and various gamma lines.
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FIGURE 7.77 Neutron and y-ray true pulse shapes recorded with BC501A
liquid scintillator. The shape of the neutron signals shows a dependence on the
energy of the recoil nuclei. The emission mechanism exhibits a prompt
component, which starts within the first 5 ns and a delayed component, which
occurs after a subsequent ~25 ns. (From Guerrero et al., 2008. Reprinted with
permission from Elsevier © 2008)

To exploit the phenomena of differing pulse shapes, the
method of Heltsley et al. (1988) is commonly used. As
described by Zecher et al. (1997) the PSD method entails the
use of two analog-to-digital converters (ADCs), one that inte-
grates the total charge of the pulse and the other integrates the
charge from some fixed time fraction (portion) of the pulse (i.e.,
either the first prompt component or the longer tail component).
By comparing the magnitude of the charge collected in the
fraction of the pulse to the total charge collected in the pulse,
one can determine which species created the pulse, proton or
electron, and consequently, neutron or y-ray. Similar n—y
discrimination techniques, that compare the ‘short” and ‘long’,
or ‘total’ and ‘delayed’, or ‘total’ and ‘tail’ components of the
scintillation pulse, have been utilized by numerous researchers
including Cern}’/ et al. (2004), Rochman et al. (2004), D’Mellow
et al. (2007), Guerreo et al. (2008), Clarke et al. (2009), Flaska
and Pozzi (2009), Hamel et al. (2009a,b), Pozzi et al. (2009),
Engqvist et al. (2010), Hawkes et al. (2010), Lavagno et al.
(2010), Schiffer et al. (2011), and Villano et al. (2011). An
example may be taken from the work of Lavagno et al. (2010),
who utilized a Canberra Nuclear Instrumentation Module
(NIM) 2160A Charge-to-Digitial Converter (QDC), to exploit
the difference in the intensity of the slow or delayed component
of the light pulse (see Fig. 7.77) to the space density of the
charge carriers produced by the different types of ionizing
particles (i.e., protons and electrons), which yields excellent
n—y discrimination. As described by Lavagno et al. (2010), the
charge comparison method compares directly the intensity of
the slow component to the total light pulse by incident ionizing
radiation, i.e., the recoil protons and Compton electrons. A
block diagram of the experimental setup and time relation
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FIGURE 7.78
with permission from Elsevier © 2010)

between photomultiplier pulse and gates at the input of the
QDCs are illustrated in Fig. 7.78. One QDC at the opening of
the gate signal integrates the charge corresponding to the total
pulse, and another QDC, triggered by the delay gate signal,
collects only the charge from the slow or delayed component.
The prompt component of the pulse starts after the first ~5 ns
following excitation, and the delayed or slow component in the
subsequent 20—25 ns.

The signals arising from y-ray and neutron interactions may
be distinguished by plotting the integrated intensities of the two
components of the pulse against each other as illustrated in
Fig. 7.79. As described by Guerrero et al. (2008), the integration
of the digitized signals is carried out in two different time
intervals, and the particle type of each signal is evaluated by
a comparison between the two signals. Each signal arising from
an electron or proton in the scintillator, as a consequence of
a y-ray or neutron interaction, respectively, is characterized by
its time, amplitude, and the two integrals I and Igelayed-
Fig. 7.79 illustrates well-separated signal intensities corre-
sponding to y-rays and neutrons, which was reported by Geur-
rero et al. (2008) to be obtained from the integration of signals
(see Fig. 7.77) over the 0—150-ns interval for /iy, and from 55 to
150 ns for Igelayed-

2. Pulse Gradient Analysis (PGA)

The digital discrimination of neutrons and y-rays in mixed
radiation fields was described by D’Mellow et al. (2007). This
digital discrimination method is referred to as pulse gradient
analysis (PGA), which is somewhat distinct from the PSD
method described previously. D’Mellow et al. (2007) note that
the principal difference between the pulse produced by
a neutron and that produced by a vy-ray is the neutron pulse,
which exhibits a slower decay to the baseline, illustrated in
Fig. 7.80. This is characterized by a gradient that is shallower on

NIM electronic block diagram and time relation between photomultiplier pulse and gates at the input if QDCs. (From Lavagno et al., 2010. Reprinted
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FIGURE 7.79 Distribution of I,y and Jgejayeq values in a measurement of an
Am/Be source. The two well-separated regions correspond to y-ray and neutron
signals. (From Guerrero et al., 2008. Reprinted with permission from Elsevier ©
2008)

the trailing edge of the pulse. It is this feature that is exploited in
the PGA method for n—y discrimination, i.e., to determine
which radiation produced the pulse, neutron or y-ray.

The PGA method developed by D’Mellow et al. (2007) does
not require any measurement of the actual pulse decay rate for
the n—vy discrimination. Rather, only a relative measurement of
the gradient is found from two suitable samples of the digitized
representation of the pulse. These digitized samples are the
following: (1) The first sample is the peak magnitude of the
pulse and (2) the second sample measured 20 ns after the first
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FIGURE 7.80 A plot of amplitude versus time (ns) for model pulses of
a neutron and y-ray in an organic liquid scintillator. When both pulses are
attributed the same amplitude, it is clearly seen that the neutron pulse decays
more slowly than the y-ray pulse. (From D’Mellow et al., 2007. Reprinted with
permission from Elsevier © 2007)

sample. The optimum time for the measurement of the second
sample generally occurs 15—25 ns after the peak, and it will
depend on the liquid scintillator and PMT properties
(D’Mellow, 2006). The second sample, which measures the
pulse gradient, is strongly affected by the pulse amplitude,
which requires normalizing the pulse to remove this adverse
effect. For n—y discrimination, the amplitude of the pulse is
plotted against another parameter proportional to the pulse
decay rate. In the PGA algorithm, the pulse decay rate is
measured by the amplitude of the second sample. Thus, two
distinct groups of events are measured, namely, the peak pulse
amplitude and the sample amplitude corresponding to either y-
rays or neutrons. Events labeled as y-rays had a ratio of peak
amplitude to sample greater than 11.41, and those labeled as
neutrons for ratios below that value. A scatter plot of y-ray and
neutron events discriminated by the PGA method is illustrated
in Fig. 7.81. The optimum ratio of peak amplitude to second
sample should be determined for each detection system utilized.
Aspinall et al. (2007a) describe the application of algorithms to
improve the digital pulse shape discrimination techniques.
Hawkes et al. (2010) developed miniature digitizing elec-
tronics with various n—y discrimination algorithms, which
enabled the implementation and testing of the PSD, and PGA
methods, previously described as well as a model pulse method
described by Marrone et al., 2002 and Guerrero et al., 2008).
The model pulse method constructs two model pulse shapes,
one for neutrons and the other for y-rays; the unknown pulses
from a mixed neutron/gamma field are characterized according
to which of the two models the pulses fit best using a x>
criterion. The PSD and PGA methods were implemented with
a charge comparison algorithm and a pulse grade amplitude
(PGA) algorithm, respectively, and the model pulse method
with a model pulse algorithm. The charge comparison algorithm
was found to have a small but definite figure of merit (FOM)
advantage of the other two methods for the neutron fields tested;
however, Hawkes et al. (2010) underscore that the FOMs of the
other two methods were not much smaller and that each method
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has its advantages. The charge comparison algorithm integrates
the pulse over two different intervals, namely, ‘long’ and
‘short’, which are similar to previously described ‘total’ and
‘delayed’ intervals (see Fig. 7.77) although not identical in their
time span. The ‘long integral’ spanned the entire pulse and was
proportional to the total light output, whereas the short integral
was set to capture just the tail of the pulse. The ratio of the two
integrals, i.e., short integral/long integral, was used as the
discrimination parameter. The charge comparison algorithm
described by Hawkes et al. (2010) would determine the
optimum starting time for the pulse integration by maximizing
the figure of merit (FOM) derived from the probability distri-
bution, which shows two peaks, one corresponding to the y-rays
and the other to neutrons, as illustrated in Fig. 7.82. The FOM
was calculated according to

FOM — peak separation

= (7.126)
v peak FWHM + neutron peak FWHM
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FIGURE 7.82 FOM plot for the optimum value of the short integral starting
time in the charge comparison Algorithm. The dotted curves show the Gaussian
fits used to determine the positions and widths of the peaks. (From Hawkes et al.,
2010. Reprinted with permission from Elsevier © 2010)
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as described by Winyard et al. (1971) and Begin et al. (2006).
The optimum time for the short integral starting time was
determined by maximizing the FOM, which is calculated over
a range of different starting times. A FOM plot, from the work
of Hawkes et al. (2010), obtained with the optimized starting
time together with Gaussian fits used to measure the peak
positions and widths is illustrated in Fig. 7.82.

A new approach to the discrimination of n—y events in an
organic scintillator are methods based on artificial neural
networks (ANN), which were reported by Liu et al. (2009) and
Ronchi et al. (2009). The methods were verified with mixed
neutron/gamma field data assessed by time-of-flight
measurement.

3. Time-of-Flight (TOF) Spectrometry

Another method used to discriminate neutrons and <y-ray
photons is via time-of-flight (TOF) spectrometry. A y-ray
travels at the speed of light, whereas neutrons travel slower.
For example, a 2.0-MeV neutron travels at only 0.065¢ or 6.5%
of the speed of light (see Fig. 1.51 and 1.52 of Chapter 1).
Consequently, a <y-ray that undergoes multiple Compton
scattering in a scintillation cocktail would produce a pulse
event in the PMT before a neutron that also undergoes multiple
scattering. The n—vy discrimination is enhanced in TOF spec-
trometry by separating the neutron source from the liquid
scintillation detector by a suitable distance that may extend to
several meters. As noted by Thomas (2010), time-of-flight
(TOF) spectrometry requires a measurement of the time taken
for the particle (i.e., neutron or y-ray) to travel a known
distance (e.g., the distance from the n—y source to the
detector). Thus, there is a need for two timing signals, a start
signal that is triggered when the neutrons or y-rays are created
or when they pass a particular point and an arrival signal that is
triggered when the neutron or gamma rays arrive at and are
detected by the liquid scintillator. Thomas (2010) outlines
three ways that a start signal can be produced. These are
provided below together with some examples added by the
writer:

a. A pulsed source, such as an accelerator with beam pulsing
capabilities. For example, a proton beam may strike a target
material, producing neutrons and y-rays, situated at a fixed
and known distance from the liquid scintillation detector
(See Fig. 7.83). Such an experimental arrangement is
described by Rochman et al. (2004), Aspinall et al. (2007b),
and Liu et al. (2009).

b. The detection of radiation (e.g., y-ray) that accompanies the
formation of a neutron. Any suitable detector for time-
correlated emissions for the start signal from a radiation
source may be used. For example, a BaF, detector is
commonly placed next to a >>2Cf source to signal the onset
of fission by detecting one of the y-rays that accompanies
the emission of neutrons in *>2Cf spontaneous fission
(Banerjee, et al., 2007, Ronchi et al., 2009). An ionization
chamber was used by Flaska and Pozzi (2007) to provide
a start signal for a digitizer to determine the time zero for the
measurement of neutron pulses, and a plastic scintillator
next to a 2>>Cf source was used by Venkataraman (2008). A
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FIGURE 7.83 Schematic diagram of the experimental arrangement for the
digital time-of-flight discrimination of y-rays and neutrons produced by
a proton beam striking an LiF target according to the reaction "Li(p,n)’Be
with a flight path of 1.614 m between the target and detector. A digital time-
of-flight spectrum included in the center of the diagram illustrates the peaks
for the intensities of the early arriving y-rays followed by the 1.225-MeV
neutrons (strong peak at np) and 0.745-MeV neutrons (weak peak at ny).
(From Aspinall et al., 2007b. Reprinted with permission from Elsevier
© 2007)

liquid scintillator detector is placed at a distance away from
the source to detect both the neutrons and y-rays and provide
a time-of-flight discrimination. For example, Ronchi et al.
(2009) placed a BC-501 liquid scintillator detector 75 cm
away from the source. The detected correlated fission events
produce a signal in the BC-501 scintillation detector after
a time-of-flight delay (frop) with respect to the start signal
from the BaF, detector.
c. A detector used to signal neutron scattering.

The work of Aspinall et al. (2007a,b) serves as an example of
digital time-of-flight (TOF) measurements in n—y discrimina-
tion using pulse gradient analysis (PGA). The application of
PGA in n—y discrimination is described in the previous section.
Aspinall et al. (2007b) used an accelerator to direct a 2.924-
MeV proton beam onto a thin 60 pg/cm?® LiF target, which
produces neutrons via the reaction 'Li(p,n)’Be with neutron
energies of 1.225 and 0.745 MeV corresponding to transitions to
the ground and first excited states, respectively, of the product
nucleus. A capacitive-type detector was placed in the proton
beam line, as illustrated in Fig. 7.83, at a distance of 1.6 m from
the LiF target. In this arrangement, the capacitive detector
provided Aspinall et al. (2007b) with the start or proton beam
pick-up signal needed to provide timing information for the
TOF measurement and information on the proton pulse duration
and frequency. Because the beam is monoenergetic and the
target very thin, the transit time from the capacitive detector to
the LiF target was constant. This provided a constant delay
between the beam pick-up signal and the emission of neutrons
from the LiF target. Therefore, the beam pick-up signal could be
used as the start signal, as well as identify the pulse duration and
period of the neutron pulses. The detector containing LS-301
organic liquid scintillator, illustrated in Fig. 7.83, was posi-
tioned 1633 mm from the LiF target. The scintillator pulses
trigger the arrival or acquisition of y-rays and neutrons, and the
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pulses are sent to an oscilloscope and computer to enable n—y
discrimination by pulse gradient analysis and TOF measure-
ments. The acquisition and digital recording of scintillation
pulse and corresponding beam pick-up pulse enable all detected
events, i.e., y-rays and neutrons, to be sorted in terms of their
time of arrival relative to the initial beam pick-up signal
(Aspinall et al., 2007b). The discrimination of the y-rays and
neutrons as a function of their time-of-flight, graphically
depicted in Fig. 7.83, illustrates the early arrival of the y-rays
followed by two well-discriminated peaks for neutrons, with
a strong peak for neutrons ny of 1.225 MeV and a weak peak for
neutrons n; of 0.745 MeV.

XI. DOUBLE BETA (83) DECAY DETECTION
AND MEASUREMENT

The discovery, principles, and current research on double beta
decay are reviewed in Chapter 1. Only a brief treatment of the
liquid scintillation techniques employed in the search for
neutrinoless double beta decay will be given here.

The first observation of double beta decay was made by
Steven R. Elliott, Alan A. Hahn, and Michael K. Moe at the
University of California, Irvine in 1987. They measured double
beta decay in a sample of ®**Se enriched from its natural abun-
dance of 8.7% to an isotope abundance of 97% to provide more
source material for the double beta decay as well as reduce
contamination from other sources (Eliott et al., 1986, 1987,
Moe, 1986, and Moe and Rosen, 1989). The decay scheme is
written as follows:

tip = 9.2 x 10° years _ _
825e YKr 428" +27

(7.127)

where the parent nucleus decays to a daughter nucleus of the
same mass number A, but with an increase in atomic number Z
by two. In general terms, the double beta decay process is
expressed in terms of the nuclear atomic and mass numbers as

(Z, A)=(Z+2,A) + 2" + 2v (7.128)

Thus, in accord with the beta decay scheme, within the nucleus
of the parent nuclide, two neutrons decay to two protons with
the simultaneous emission of two beta particles and two anti-
neutrinos. This type of beta decay is abbreviated as 2v3g to
signify the simultaneous emission of two neutrinos and two beta
particles.

Double beta decay is a rare event manifested by very long
half-lives from 10'® to 10** years. Because of the rarity of the
event, the measurement of double beta decay is extremely
difficult requiring highly enriched radionuclide sources and
sophisticated coincidence counting instrumentation, which may
include very large liquid scintillation detectors, with the capa-
bility of extreme suppression or vetoing of background radia-
tion (Caccianiga and Giammarchi, 2000, Zuber, 2000, Fiorini,
2001, Chen, 2005, Elliott, et al., 2006, Gomez et al., 2007,
Campbell, et al., 2008, Gehman et al., 2010, and McGrath et al.,
2010). The National Nuclear Data Center of the Brookhaven
National Laboratory (NNDC-BNL, 2011) currently lists ten
nuclides that are known to undergo double beta decay:
$5Ca, J5Ge, $3Se, %571, %Mo, 118Cd, 1%Te, 10Te, 1IN,
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and zggU. As discussed in Chapter 1, beta decay is not confined
to negatron emission. There also exist positron and electron
capture (EC) decay processes, which are other forms of beta
decay. Research is underway with very large detectors including
liquid scintillation detectors for the measurement of 37 8*, 8/
EC, and double EC decay processes (Zuber, 2000, Barabash
et al., 2007, 2008 and Kolhinen et al., 2010).

There is much research underway in numerous laboratories
around the world directed toward the search for the detection of
neutrinoless double beta decay utilizing liquid scintillation
detectors and other detection methods, and only a few of the
reports on this work are cited here (Caccianiga and Giammarchi,
2000, Zuber, 2000, Fiorini, 2001, Klapdor-Kleingrothaus, et al.,
2004, Chen, 2005, Kraus, 2006, Hwang et al., 2007, 2009,
Cremonesi, 2010, Gehman et al., 2010, Ejiri, 2010, and Kraus
and Peeters, 2010). Beyond the standard model, there exists the
possibility that the neutrino could be its own antiparticle
referred to as a Majorana neutrino. According to this theory, if
the neutrino possesses a rest mass (now estimated to have
a mass upper limit of 2.3 eV/c?) and is its own antiparticle,
a neutrino emitted in one beta decay could be reabsorbed in the
second beta decay resulting in a double beta decay in which no
neutrinos are emitted. i.e., a neutrinoless double beta decay
often abbreviated as Ov@( (see Chapter 1). Current research in
the search for neutrinoless double beta decay is important,
because it would affirm the mass of the neutrino, as only
a particle with a definite rest mass can oscillate from one form
into another.

A reported observation of OB in "°Ge was made by
Klapdor-Kleingrothaus et al. (2004) and confirmed (Klapdor-
Kleingrothaus, 2006 and Klapdor-Kleingrothaus and
Krivosheina, 2006) after data collection over a period of 13
years with high-purity p-type germanium detectors enriched in
"°Ge to 86—88%. Such a detection arrangement is optimum in
terms of yielding maximum detection efficiency for a given
detection method, because the source (76Ge) is the detector. i.e.,
source = detector.

Other methods, for the detection of neutrinoless double
beta decay, include the incorporation of the nuclide source
into the liquid scintillation detector. Some nuclides that
undergo double beta decay and are easily loaded into liquid
scintillators are being studied to observe the neutrinoless
double beta decay. For example, Caccianiga and Giammarchi
(2000) discuss the methods and sensitivity for a liquid scin-
tillation double beta decay experiment based on '*°Xe in
Borexino and the Borexino counting test facility, which is
constructed in the Laboratorio Nazionale del Gran Sasso,
Italy. The Borexino detector design is illustrated in Fig. 7.84.
The detector has a capacity for 300 tons of liquid scintillator
viewed by 2200 photomultipliers, and the detector is shielded
by 3300 tons of radiopure liquids. Caccianiga and Giam-
marchi (2000) underscore the critical factors upon which the
detection of double beta decay depends, which are (i) the
signal detection efficiency, (ii) the number of candidate atoms
(which for calorimetric detectors is related to the mass of the
detector and to the enrichment of the sample), (iii) on the
time or duration of collection of data, and (iv) on the back-
ground counts per unit time in the relevant energy window.
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Borexino Design

Stainless Steel
Sphere 13.7m &

Nylon Sphere
8.5m &

Buffer

2200 8" Thorn EMI PMTs
(1800 with light collectors
400 without light cones
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FIGURE 7.84 Schematics of the Borexino detector.
An abstract figure of a person is drawn on the right side
to provide an idea of the relative size of the detector.
Inside an external water tank (18 m in diameter),
a stainless steel sphere supports 2200 photomultiplier
tubes (PMTs) directed toward the internal part of the
detector containing the liquid scintillator. An addi-
tional 200 PMTs view the water shield acting as muon
tagging. The scintillating volume is enclosed in a 8.5-
m nylon sphere at the center containing a mass of 300
tons of scintillator. (From Arpesella et al., 2008,
Ranucci, 2007, and Ianni, 2011). Reprinted with
permission from Elsevier © 2007)

Muon veto:
200 outward-
pointing PMTs

100 ton
fiducial volume

Nylon film
Rn barrier

4 Holding Strings : L
Stainless Steel Water Tank Steel Shielding Plates

18m &

We may take the case of '**Xe as an example. The double
beta decay of '**Xe could occur by either of the following two
processes:

130Xe—13Ba + 26~

+ 27 “two neutrino double beta decay”or “2v@3” (7.129)

or

136Xe —12Ba

+ 26~ “neutrinoless double beta decay”or “Ov@3”
(7.130)

The Qgg value for the 136X e is 2.479 MeV. In the case of 2v38,
the 2.479 MeV decay energy would be shared among four
particles, namely, the two beta particles and the two anti-
neutrinos. However, in the case of 033, the 2.479 MeV decay
energy would be shared only among the two beta particles.
Thus, the 2v33 double beta (i.e., two electron) spectrum, for the
136Xe decay would encompass a broad spectrum of energies, as
illustrated in Fig. 7.85, because the two beta particles must share
the decay energy with the antineutrinos, whereas Ov33 double
beta (i.e., two electron) spectrum would be a line spectrum
centered at the decay energy of 2.479 MeV, as illustrated in
Fig. 7.85, as the two beta particles are emitted simultaneously
and share the entire decay energy. In the search for two neutrino
double beta decay (2v38), two beta particles would be detected
simultaneously, and the sum of their energies would always be
less than the decay energy. However, evidence for neutrinoless

8m x 8m x 10cm and 4m x 4m x 4cm

double beta decay (Ov(() would be provided by the simulta-
neous detection of two beta particles with combined energies
equal to the decay energy. The advantage of using liquid scin-
tillation for the detection of double beta decay of '*®Xe is that
the xenon gas can be dissolved directly into the liquid

40
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FIGURE 7.85 Double beta decay two-electron spectra for the case of Xenon-
136. The broad spectrum on the left is that of the double beta energies for the
2v(( decay and the line spectrum on the right is that of Ovpf decay. The vertical
scale is in arbitrary units and the proportion between the neutrinoless line and
the '*°Xe — '*Ba -+ 2e™ 427 is arbitrary as well. The Qg value is 2.479 MeV.
((From Caccianiga and Giammarchi, 2000. Reprinted with permission from
Elsevier © 2000). The reader may compare this isotope-specific figure with the
general one illustrated in Fig. 1.44 of Chapter 1)
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scintillator permitting the detection of the two beta-particle
kinetic energies. In addition, 10 kg of the xenon is available
enriched at 64% in *°Xe (Caccianiga and Giammarchi, 2000
and Fiorini, 2001).

An alternative approach to the detection of neutrinoless
double beta decay in '*®Xe is to convert the source into the
detector (i.e., source = detector). In other words, rather than add
the *°Xe to liquid scintillator, the approach would be to take
advantage of the fact that liquid xenon itself undergoes exci-
tation with the emission of scintillation light photons at 175 nm
wavelength in the vacuum ultraviolet (VUV) region (see
Section XVII). Thus, liquid xenon enriched in '*°Xe would
serve as both the source of the decay emissions and the detector.
This technique is currently taken by the EXO-200 collaboration,
which involves the construction of a 200-kg detector of liquid
xenon enriched in '**Xe to 80%. Construction of the detector
was carried out at the SLAC National Accelerator Laboratory of
Stanford University, Menlo Park, CA, USA, and it is being
installed at the Waste Isolation Power Plant (WIPP) near
Carlsbad, NM, USA. The detector consists of a cylindrical
chamber containing the 200 kg of liquid xenon enriched in
136Xe to 80% surrounded by a cylindrical wall of VUV Teflon
reflectors and two walls of avalanche photodiodes (APDs) for
the detection and gain multiplication of the scintillation
photons. When a double beta decay event occurs in the '*®Xe,
the beta particles will interact with the liquid xenon. The liquid
xenon will emit scintillation photons that are detected by the
APDs. In the planning stage is the EXO Collaboration, which is
a 1-ton detector of liquid xenon enriched in '*°Xe including
the tagging of the '*°Ba daughter nuclides, which would
provide a complete elimination of background. Detailed
descriptions of the EXO-200 detector and the techniques used to
detect neutrinoless double beta decay in '**Xe are provided by
Leonard et al. (2008), Ueshima et al. (2008), and Neilson et al.
(2009).

Another example is the conversion of the Sudbury Neutrino
Observatory (SNO) in Canada into a liquid scintillation detector
(named SNO+) for double beta decay measurement with 150Nd
(Chen, 2005, Kraus, 2006, and Kraus and Peeters, 2010). The
SNO+- detector yields low backgrounds and can hold 1000 tons
of liquid scintillator; and the scintillator is viewed with about
a 60% effective area coverage with photomultiplier tubes. A
large quantity of '°Nd can be loaded into the liquid scintillator.
A 1% load in the scintillator would amount to 10 tons of
material. The '>°Nd has a high Qggp value of 3.37 MeV and 5.6%
natural abundance. A high Qgg value is important, because it
would place the OvBf peak well above external background
pulses. Chen (2005) calculates that, for an effective neutrino
mass of 0.150 eV/c?, the 0v30 decay rate of 150N, at its natural
abundance, would be 1000 events/year. A simulated spectrum
of double beta decay events in the SNO+ detector is provided in
Fig. 7.86. The measurement of neutrinoless double beta decay
will be made by measuring the distortion in the energy spectrum
of decays at the endpoint. Kraus and Peeters (2010) report that
the study will be carried out 6800 ft (2072 m) underground
providing a low background environment with 6010 m water
equivalent of shielding from cosmic rays. The main goal is the
measurement of the neutrinoless double beta decay. The option
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| The Simulated Spectrum of Double Beta Decay Events |
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FIGURE 7.86 Double beta decay measurements with the SNO+ detector with
natural Nd loaded at 1% in liquid scintillator. High statistics enables separation

of Ov from 2v (B0 events, despite the poor energy resolution. (From Chen, 2005.
Reprinted with permission from Elsevier © 2005)

of loading enriched '*°Nd into the scintillator, which would
increase the sensitivity, is under consideration. The scintillator
will consist of a linear alkylbenzene solvent with 2 g/L of 2,5-
diphenyloxazole (PPO), and the Nd will be loaded into the
scintillator at a 1% concentration as a carboxylate. It is reported
that the filling of the scintillator into the SNO+ detector will
start in early 2011, and the collection of data will commence in
the Spring of 2011.

Other interesting examples of the application of liquid
scintillation to the measurement of double beta decay are (i) the
proposed use of large-scale Yb-loaded liquid scintillator to
measure B8 decay of '"°Yb (Zuber, 2000), (ii) studies of Sn-
loaded liquid scintillator to study 88 decay of '**Sn (Hwang
et al. 2007, 2009), and (iii) the proposed use of Mo-loaded
scintillator to study 66 decay of %Mo (Gehman et al. (2010) as
well as (iv) loading liquid scintillator with ®**Se and ''°Cd,
among others (Ejiri, 2010).

XIl. DETECTION AND MEASUREMENT OF
NEUTRINOS

In a letter addressed to the participants of a Regional Meeting on
Radioactivity at Tiibingen, Germany, on 4 December 1930,
Wolfgang Pauli postulated the existence of an elusive neutral
particle of near-zero rest mass, which would accompany beta
decay (see Chapter 1). The particle remained elusive and
unproven as to its existence for over 25 years. Nevertheless,
during that time, the particle remained an essential component
in our understanding of beta decay. In 1934, Enrico Fermi
coined this particle as the ‘neutrino’ from the Italian language
meaning “little neutral one” in his elaboration of the beta-decay
theory.

A. Reines and Cowan Reaction

The neutrino remained elusive until 1956, when its existence
was demonstrated finally by Nobel Laureate Frederick Reines
and Clyde Cowan, Jr. (Reines and Cowan, Jr, 1953, 1956, 1957).
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They confirmed the existence of the neutrino using liquid
scintillation detectors to demonstrate inverse beta decay where
an antineutrino interacts with a proton to yield a neutron and
positron, i.e.,

7+pton+et (7.131)

They constructed a liquid scintillation detector next to a 700-
MW nuclear reactor at the Savannah River Plant in Aiken, SC,
USA, to detect the abundant antineutrinos emitted by the beta
decay of fission products. Their detector was composed of
a target chamber consisting of 200 liters of water containing
40 kg of dissolved CdCl, sandwiched between two tanks of
1400 liters of liquid scintillation solution schematically illus-
trated in Fig. 7.87. Each end of the scintillator tanks was
viewed by 55 photomultiplier tubes (not illustrated). The water
provided target protons for the antineutrinos. As illustrated in
Fig. 7.87, the interaction of an antineutrino with a water proton
would create a neutron (n) and a positron (67). The positron
would be annihilated when coming to rest and in contact with
an electron, and the resulting annihilation radiation (two 0.51-
MeV gamma-ray photons emitted in opposite directions) would
be detected in coincidence by the two liquid scintillation
detectors above and below the water tank (Fig. 7.87). The
neutron produced by the antineutrino interaction would slow
down quickly (~10 psec) in the water and be captured by
a cadmium nucleus in the water target chamber. The charac-
teristic multiple gamma rays following the neutron capture
would be detected in coincidence by the two liquid scintillation
detectors. The antineutrino signature therefore consisted of
a delayed coincidence between the prompt scintillation pulses

Antineutrino from reactor

/
/ @ Liquid
/ scintillation
Cadmiun capture / detector
gamma rays /
/
/
V4
n Capture
in cadmiun 76 ® H,0 + CdCl,
after o e (target)
moderation <—=Annihilation
Annihilation
gamma rays @) Liquid
scintillation
detector
FIGURE 7.87 Detection scheme used by Reines and Cowan for the antineu-

trino signature signal (from Reines, 1995, Nobel Lecture with permission from
The Nobel Foundation ©1995). An antineutrino is illustrated entering the tank
of aqueous CdCl, solution and striking a target proton. The proton converts to
a neutron and positron. The positron annihilates on an electron with the emission
of two 0.511-MeV gamma rays in opposite directions detected by the liquid
scintillator in tanks above and below the water target tank. The neutron produced
by the antineutrino interaction slows down in the water and is captured by
a cadmium nucleus, and the resulting gamma rays are detected by the liquid
scintillator in the adjacent tanks approximately 10 microseconds after the
positron annihilation.
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produced by the 8 annihilation and the scintillation pulses
produced microseconds later by the neutron capture in
cadmium. With the unique signature for the antineutrino
provided by the detector design devised by Reines and Cowan,
the high neutron flux produced by the Savannah River reactor
(1.2 x 10"/cm? sec), and reduced cosmic ray backgrounds
from massive shielding 11 meters from the reactor and 12
meters underground were essential to the success of their
experiment. Nevertheless, a detector running time of 100 days
over a period of about one year was required to provide suffi-
cient conclusive signals from the antineutrino signature.

A more complete account of Pauli’s hypothesis of the
existence of the neutrino and the work of Reines and Cowan,
which culminated in the discovery of the neutrino, is provided
in a previous book by the author (L’ Annunziata, 2007).

B. Liquid Scintillation Schemes for Neutrino
Detection and Measurement

The detection scheme of Reines and Cowen described above is
one among others used today for the liquid scintillation detec-
tion and measurement of neutrinos. Among the schemes
available for neutrino detection and measurement by liquid
scintillation are the following:

1. Neutrino-Electron Scattering

The neutrino-electron elastic scattering reaction, ve~ — ve
due to charged current (CC) and neutral (NC) weak current
interactions, is detected in a large mass (>100 tons) of liquid
scintillator. Solar neutrinos can be detected via this elastic
scattering reaction, such as planned in the Borexino and SNO+
collaborations for the measurement of solar neutrinos described
below. The scattered electron can receive any kinetic energy
from the neutrino less than or equal to the kinetic energy of the
neutrino (Kraus, 2006). A wide spectrum of pulse heights from
the different scattering reactions will be produced in the liquid
scintillator, but for monoenergetic neutrinos characteristic of
certain nuclear reactions inside the sun, a liquid scintillation
spectral ‘Compton-like’ edge can serve as a signature for a v-
line energy (Alimonti et al., 2002). For example, the solar
neutrinos that are a result of the 'Be electron capture reaction in
the sun produce a mono-energetic v line at 0.86 MeV. As
described by Alimonti et al. (2002) and illustrated in Fig. 7.88,
the "Be—v line at 0.86 MeV produces a profile of the recoil
electrons in the liquid scintillator in the form of a ‘flat box” with
a spectral ‘Compton-like edge’ at 0.66 MeV. This serves as
a spectroscopic signature for the solar 'Be neutrinos. Alimonti
et al. (2002) provides an estimate of the neutrino event rate that
would be expected from 100 tons of liquid scintillator target
material (e.g., 0.17% PPO fluor in 100 tons of pseudocumene
solvent). With a 100-ton scintillator detector, based on the
standard solar model with "Be neutrino flux arriving at Earth of
4800 + 430 x 10%cm? sec and an energy window of 250—800
keV (See Fig. 7.88), an event rate of 55/day is expected due to
CC interactions. If the solar electron neutrinos (v,) from the "Be
reaction are fully converted to other active flavors by the time
they arrive at Earth (e.g., v, and u.) the liquid scintillation event
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FIG. 7.88 Monte Carlo simulation of liquid scintillation » signals and back-
grounds (in arbitrary units). Plotted are the "Be—» signal expected from the
standard solar model (dotted-dashed), the signal from all other neutrino sources
together (dotted), the background (dashed), and the sum spectrum from all
events (solid line). The background is calculated for liquid scintillation cocktail
purified to uranium level of 10~'¢ gU/g, an o/B discrimination of 90%, and 1 ¢
statistical cuts. (From Alimonti et al. and the Borexino Collaboration, 2002.
Reprinted with permission from Elsevier © 2002)

rate would drop to ~20%, because these other flavors cause
neutrino-electron scattering only via the NC weak interactions,
which has a lower effective cross section. Thus, it is predicted
that, if all of the solar electron neutrinos change flavor, the event
rate that would be detected with 100 tons of scintillator would
drop to 11/day. Years of data taking and extreme measures of
background reduction are required for conclusive detection and
measurement of solar neutrinos.

2. Reines—Cowan Inverse Beta Decay Reaction.

The Reines—Cowan reaction described previously is commonly
used for the detection and measurement of anti-neutrinos, where
fission product beta-decay is abundant, emitting electron anti-
neutrinos (7). The anti-neutrinos are detected by inverse beta
decay

o+p" —>n + e (7.132)

with a threshold energy Q = 1.80 MeV (Alimonti et al., 2002
and Kraus, 2006). The positron (e "), that is emitted, will possess
a kinetic energy equal to the neutrino energy (E,) — Q, which is
deposited in the liquid scintillator. In addition, the positron
almost immediately undergoes annihilation in contact with an
electron of the scintillation cocktail (¢"e™ annihilation ener-
gy =1.02 MeV). The positron signal created in the liquid
scintillator will be the sum of its kinetic energy + 1.02 MeV
annihilation energy (Alimonti et al., 2002 and Kraus, 2006).
Neutrino spectroscopy is therefore possible, as the energy
deposited (Egep) and the pulse height produced (PH) in the
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liquid scintillator by the positron is proportional to the anti-
neutrino energy or

PH o« Egep = E, — 1.80 MeV + 1.02 MeV

(7.133)
= E, —0.78 MeV

Even at the anti-neutrino threshold energy where E, = Q0 = 1.80
MeV, the inverse decay reaction produces a liquid scintillation
pulse signal at 1.02 MeV, which corresponds to the annihilation
radiation. A delayed coincidence pulse resulting from the
capture of the neutron serves as a tag or signature for the inverse
beta decay reaction. Alimonti et al. (2002) point out that the 7,
tag is made possible by a delayed coincidence signal produced
by a 2.2-MeV +y-ray emitted by the capture of the neutron by
a proton. The delayed coincidence pulse occurs ~200 psec after
the emission of a neutron from the inverse beta decay, which is
the delay caused by the moderation of the neutron to thermal
energies and its capture by a proton of the liquid scintillator. The
delayed coincidence of ~200 ps of the positron annihilation
signal and the 2.2-MeV gamma-ray signal produced by
a neutron capture on a proton serves at the 7, tag. The unique 7,
tag reduces background by a factor of ~100 (Alimonti et al.,
2002).

The Reines—Cowan reaction in Gd-loaded liquid scintillator
is reported by Dai et al. (2011) for the measurement of reactor
anti-neutrinos as a tool in nuclear safeguards, which is currently
implemented at the San Onofre Nuclear Generating Station,
USA. Ding et al. (2008) also report the use of Gd-loaded
scintillator for reactor antineutrino (7,) detection at the Daya
Bay Nuclear Power Plant. Research is underway to improve the
quality, purity, and performance of Gd-loaded scintillators for
large neutrino detectors (Yeh et al., 2010). Gadolinium has
a very high thermal neutron capture cross section (see Table
1.17 of Chapter 1); the delayed signal due to neutron capture in
Gd is shorter (~30 psec) than that produced in conventional
liquid scintillator (~200 psec), and it is identified with the
emission of an ~8-MeV gamma ray. The strong gamma-radia-
tion provides a unique signature, for the incident anti-neutrino
and thus improved background reduction. The measurement of
the anti-neutrino production by reactors can be used to reveal
the fissile composition of reactor fuel, thereby providing
continuous, nonintrusive, and unattended measurements
important to nuclear safeguards Dai et al. (2011).

3. Inverse Beta Decay Yielding Negatrons and Unstable Nuclei

In contrast to the detection of anti-neutrinos discussed in the
previous Reines—Cowan reaction, neutrinos can be detected by
inverse beta decay producing negatrons or

ve+n—opt e (7.134)

where the neutrino interacts with a neutron of a nucleus in the
liquid scintillator yielding a proton and a beta particle or
negatron. If the product nucleus is unstable, the energy
deposited in the scintillator by the nuclear decay can provide
a tag for the neutrino interaction. Several nuclei may be used
for neutrino interactions, which would yield an unstable
nucleus and suitable tag for the neutrino inverse beta decay.
Raghaven (1976) was first to indicate that inverse beta decay
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on '"*In would make for an efficiency solar neutrino detector
and In-loaded liquid scintillators with up to 15 wt % In have
been developed for solar neutrino detection (Motta et al., 2005,
Raghaven, 2001, Suzuki et al., 1990, and Payne and Booth,
1990). The reverse beta decay reaction of a neutrino with 'In
is written as

115

Ve + 13 — 113

soSn* + e~ (7.135)
where the ''°Sn product nucleus is unstable indicated by an
asterisk superscript. This reaction has a low threshold energy of
128 keV, which provides the measurement of the incident
neutrino energy as

E, = E, +128keV (7.136)

where E,, is the incident neutrino energy and E,-is the beta
particle or negatron energy deposited in the liquid scintillator
(Suzuki et al., 1990). The low threshold (128 keV) of the indium
reaction provides a high sensitivity of this scintillator to
neutrinos from the solar proton—proton fusion reaction
(<430 keV) and to solar neutrinos produced by electron capture
(EC) in "Be (860 keV) as pointed out by Payne and Booth
(1990). The ''*Sn daughter nucleus decays with a very short
half-life (3.2 psec) by isomeric transition emitting three gamma
rays at 101, 116, and 498 keV, which provide a unique signature
for the incident neutrino.

Other examples of reactions in liquid scintillator that have
potential for the detection and measurement of solar neutrinos
by inverse beta decay are the following:

ve +189Gd — 190Tb* + ¢~ (7.137)

and v, + "78Yb — TOLu* + €™ (7.138)
The excited states of '©°Tb*and '"Lu*de-excite with very
short lifetimes of 75 nsec and 50 nsec, respectively, emitting
gamma rays of 63.7 keV and 72 keV, respectively. Gratta and
Wang (1999) point out that the low threshold for these reac-
tions of 240 keV and 300 keV are well below the maximum
solar proton—proton fusion neutrino energy. Also, the very fast
(nsec) correlation time between beta-particle energy (e™)
deposition in the scintillator and vy-ray emission by the
daughter nuclides provides a powerful signature for the solar
neutrino event and background reduction. Lightfoot et al.
(2004) report the development of 10 wt % Gd-loaded liquid
scintillator for solar neutrino detection as well as neutron
measurements.

4. Neutrino Charged Current Interactions with '*C

The charged current interaction of solar neutrinos with '°C
nuclei naturally occurring in liquid scintillator can be used to
detect the high-energy solar neutrinos derived from the B
reaction in the sun, which yields neutrino energies <15 MeV
(Ianni et al., 2005). The '*C isotope occurs naturally with an
abundance of 1.1%. When very large neutrino detectors are
involved, which utilize hundreds or even thousands of tons of
liquid scintillator (e.g., KamLAND, Borexino, SNO+, and
LENA collaborations for solar neutrino detection and
measurement), the mass of 13C in the scintillator will measure in
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tons. The charged current interaction of a neutrino with a '>C
nucleus with the transition of the unstable '*N product nucleus
to the ground state is the following:

ve +10C—> BNy + €~ (7.139)

The reaction threshold is Q =2.22 MeV, and the kinetic energy
of the electron or negatron (7,) can be expressed as T, = E, — Q
neglecting the small recoil energy of the '°N nucleus, which is
of the order of a few keV (Ianni et al., 2005). The pulse height
produced by the negatrons can thus provide spectrometry of
solar neutrinos derived from the ®B reaction in the sun, which
are of energy in excess of the 2.22 MeV threshold energy. Ianni
et al. (2005) point out the advantage of this mode of detection is
that the process of >N decay to its ground state by positron
emission according to

BN-BC+v, + et (7.140)

can be used to monitor the solar neutrino interactions with the
13C nuclei, as the visible energy released in the '*N decay is
the sum of the positron kinetic energy and the energy released in
the e"e ™ annihilation.

C. Collaborations for LS Neutrino Detection
and Measurement

There are several international collaborations underway with
the objective of measuring the neutrino flux and its properties
from the sun and other sources by means of liquid scintillation.
The advantage of liquid scintillation is the possibility of
preparing hundreds and even tens of thousands of tons of
scintillator. Such liquid scintillators provide tons of target
material for the elusive neutrino. Even with such large detec-
tors, years of scintillator signal collection and extreme
measures of background reduction are required. Ianni et al.
(2005) provides a good review of high-energy 8B solar
neutrinos and the international collaborations for the liquid
scintillation measurement of neutrinos that are underway or
planned for the future. Among the international collaborations
are the following:

KamLAND Collaboration. The Kamioka Liquid Scintil-
lator Anti-Neutrino Detector (KamLAND) is a 1-kiloton (kt)
detector located in the Kamioka mine of Japan at a depth of
2700 m.w.e. of rock. It has been operating continuously since
2002. The main goal of the KamLAND collaboration is the
measurement of the electron anti-neutrino (7,) flux from the
nuclear power plants of Japan. The KamLAND collaboration
has also provided data on geoneutrinos and the upper limits on
the speculative nuclear reactor operating in the Earth’s core (the
so-called georeactor), as well as information on solar neutrinos.
The electron anti-neutrinos are detected by the inverse beta-
decay reaction discussed in Section XII.B.2, that is,

vo+p- —n + et

and n+ p—d+ v(2.2 MeV)

(7.141)
(7.142)

The electron anti-neutrino event is identified by the correlated
signals produced by the prompt positron and the delayed
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2.2 MeV arising from the thermal neutron capture reaction.
Reviews on the work of the KamLAND Collaboration are
provided by Yoshida et al. (2010), Araki et al. (2005), and Folgi
et al. (2005).

Borexino Collaboration. Borexino is a 300-ton liquid
scintillation detector close to being commissioned for operation
at the underground National Gran Sasso Laboratory in Italy. The
detector was described in detail in Section XI (see Fig. 7.84).
The main goal of Borexino is the measurement of 'Be solar
neutrinos by the neutrino scattering off of electrons of the
scintillator (i.e., v+ e~ — v +e"), described in more detail in
Section XIIL.B.1. Reviews on the work of the Borexino
Collaboration are provided by Alimonti et al. (2009, 2002),
Arpesella et al. (2008), and Ranucci (2007).

SNO + Experiment. The SNO+ experiment is a neutrino
experiment, which will involve the reutilization of the
underground detector hardware of the Sudbury Neutrino
Observatory (SNO) located in Vale Inco’s Creighton mine,
Sudbury, ON, Canada. The current heavy water neutrino target
of SNO will be replaced with a liquid scintillator for the
experiment renamed as SNO+-. The main goal of SNO+ will
be the search for neutrinoless double beta (OvBP) decay dis-
cussed previously in Section XI. However, the experiment will
have capability to research neutrinos including lower-energy
solar neutrinos, geo- and reactor anti-neutrinos, and supernova
neutrinos. A review on SNO+ is given by Kraus and Peeters
(2010).

LENA. A low-energy neutrino astrophysics (LENA)
detector is in the planning stage. It would be the largest of all
neutrino liquid scintillation detectors. The detector would
consist of 50 kilotons of PXE (Phenyl-ortho-xylylethane) or
LAB (linear alkyl benzene)-based scintillator with a diameter of
30 m and a height of 100 m. The scintillator would be sur-
rounded with 30,000 photomultiplier tubes. The outer part of
the detector would be surrounded with water shielding, which
would serve as a Cherenkov detector for cosmic muons. LENA
would be placed underground at a depth of 4000 m.w.e. or
greater. The detector would serve as a unique instrument
capable of low-energy neutrino measurement and the search for
rare events. Possible locations for the LENA detector are
the Pyhdsalmi mine in Finland at a depth of 150 m (~4000
m.w.e.) or underwater in the site of Pylos, Greece. Reviews on
the progress of LENA and its objectives are available
from Lachenmaier et al. (2010), Hochmuth et al. (2007), and
Marrodan Undagoitia (2006).

XIl. MICROPLATE SCINTILLATION AND
LUMINESCENCE COUNTING

Many applications use radioactivity as a method of screening
numerous compounds or reactions in an effort to find a new
therapeutic agent, drug candidate, or to assess a molecular
biology function. In these types of applications, many thousands
of samples may be counted each week. Because of the
numerous samples involved, large amounts of scintillation vials
and cocktail are required for traditional liquid scintillation
analysis, which add cost to the sample analysis. This large
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number of samples also creates a large amount of radioactive
waste. Consequently, microplate scintillation counting instru-
ments have been developed to reduce waste, increase sample
throughput via the simultaneous analysis of several samples
with multiple detectors, provide automation capabilities, and
reduce the cost of consumable materials and waste disposal.

The microplate scintillation counter uses a microplate
sample format, which was developed to provide for the analysis
of large numbers of samples. A microplate is a small container
with many sample wells. It is about the size of a postal card
measuring approximately 5 x 3.4 x 0.75 inches (L x W x H).
The microplate comes in three sample-well formats, namely,
24-well plates (6 x 4 wells), 96-well plates (12 x 8 wells), and
384-well plates (24 x 16 wells). The 24-well microplate sample
wells hold up to 375 and 1500 pL of sample plus scintillation
cocktail per well for shallow- and deep-well plates, respectively.
The 96-well microplate sample wells hold 75 and 350 pL of
sample per well for shallow- and deep-well plates, respectively,
and the 384-well microplate sample wells hold up to 80 pL of
sample per well. It is clear that only relatively small samples can
be analyzed in these microplates; however, the footprint is
small, compact, and easy to automate. As a result of the small
sample size and small amount of scintillation cocktail required,
the activity analysis of many samples, often encountered in
biological research, can be carried out without producing a large
amount of radioactive waste. The second major feature of
the microplate scintillation counter is the ability to count up to
12 samples simultaneously (i.e., up to 12 detectors) in one
microplate.

Only a brief description of the microplate scintillation
analyzer is provided here. Additional information on this
instrumentation is available in Chapter 16. The microplate
scintillation and luminescence instrument can be of single-
or multiple-detector design (up to 12 detectors). Some
commercial microplate scintillation counters are the Top-
Count™ and MicroBeta™ counters available from PerkinElmer,
Inc., Waltham, MA, USA and the Chamelion V™ available from
HIDEX, Turku, Finland.

A. Detector Design and Background Reduction

The microplate scintillation and luminescence instrument can
be of single- or multiple-detector design with up to 12 detectors
all packed in close proximity in a very small area. The micro-
plate instrument can count samples directly in microplate wells
using one of two mechanisms: single or dual photomultiplier
tube (PMT) detectors. In the single PMT detector arrangement,
illustrated in Fig. 7.89, the PMT detectors are placed directly
above the sample wells, whereas in the dual PMT arrangement
there are two photomultipliers, one above and one below each
sample well. With the single PMT arrangement a white reflec-
tive and opaque microplate is utilized, whereby light produced
by the radioactivity in the liquid scintillator is reflected back
toward the phototube; a unique method of background reduc-
tion, namely, time-resolved liquid scintillation counting
(TR-LSC) is utilized. Microplate counters with two PMTs per
sample can use coincidence counting to reduce background in
addition to TR-LSC.
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PMT PMT PMT

FIGURE 7.89 Single PMT detector design in microplate scintillation count-
ing. A cross section of a microplate segment is illustrated showing three white
opaque sample wells and three photomultiplier tubes (PMTs) aligned above each
sample well whereby up to 12 PMTs analyze simultaneously as many as 12
samples. (© 1998 Perkin Elmer, Inc. Printed with permission)

The single-PMT time-resolved liquid scintillation counting
(TR-LSC) technique wuses pulse counting to distinguish
between true scintillation pulse events and background noise.
This obviates the need for a second PMT per sample and
reduces lead shielding requirements. Single-PMT counting
with TR-LSC uses scintillators with relatively long decay
periods. A scintillator with a long decay constant emits
photons, after (-particle excitation, over a longer period of
time. Each scintillation pulse produces a photon packet fol-
lowed by a series of pulses, as illustrated in Fig. 7.90, whereas
PMT noise creates single pulse events. In TR-LSC the char-
acteristics of a pulse are determined over a period of time

200ns [—Resolving Time

— — — — SPE Thresh.
3 pulses exceed
threshold

Valid Scintillation
Pulses

_______X\__

— — — — SPE Thresh.

.

-

1 pulse exceeds
threshold
Rejected Noise
Pulses

FIGURE 7.90 Time-resolved liquid scintillation counting (TR-LSC)
employed in PerkinElmer microplate scintillation and luminescence counters.
(© 1998 Perkin Elmer, Inc. Printed with permission)
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(e.g., 200 ns) after the initial photon packet is detected. If it is
followed by one or more additional pulses within the resolving
time period of 200 ns, the pulse is accepted as a true scintil-
lation event. If no additional pulses are detected within the
resolving time period, the initial pulse is rejected as back-
ground noise. The resolving time circuit to initiate pulse decay
discrimination is triggered when a pulse height exceeds the
single-photon event (SPE) threshold. The number of pulses
above the SPE threshold is counted during the resolving time
period. Multiple pulses detected in the resolving time are
accepted as a valid event, which is further analyzed in the
pulse-height analyzer of the LSA. If multiple pulses are not
detected in the resolving time interval, the triggering pulse is
rejected as background noise.

B. Applications

A microplate scintillation and luminescence counter has broad
applications, and with these are distinct sample preparation
methods that are used for radioactivity analysis or luminescence
counting. All of these applications are intended for small
sample volume and high sample throughput analysis. Some of
these are discussed briefly below.

1. Liquid scintillation analysis

When liquid scintillation counting is required with the micro-
plate analyzer, scintillation cocktail and sample are added to
each well of the microplate. This method is used for counting
organic or aqueous samples directly in the microplate wells. An
example of this can be taken from enzyme activity studies in
which sample is extracted or filtered directly into the liquid
scintillation cocktail and counted. Microplate liquid scintilla-
tion counting applications are numerous. Many examples of
applications in the biosciences can be taken from the literature.
Among these, a few will be cited including the analysis of *H,
338, and '®I in biological samples with specific microplate
liquid scintillation counters, namely, the TopCountTM (Perki-
nElmer, Inc., Waltham, MA, USA) liquid scintillation and
luminescence counter (Rauly-Lestienne et al., 2011, He et al.,
2011, Abdrakhmanova, et al., 2010, and Runyon et al., 2009),
the MicroBeta" (PerkinElmer, Inc., Waltham, MA, USA) liquid
scintillation and luminescence counter (Heffernan et al., 2011,
Kilander et al., 2011, Ooi et al., 2010, Skrlin et al., 2010), and
the Chameleon V™ (HIDEX, Turku, Finland) liquid scintilla-
tion and luminescence counter (Matta, et al., 2011, 2008, Lopez
et al., 2010, Fraser and Strzezek, 2007, and Yu et al., 2006).

2. Solid Scintillator Microplate Counting

Solid scintillation counting in microplates involves depositing
a sample into the well of a special plastic microplate (e.g.,
LumaPlate", Scintiplatem, and Cytostar-Tm), which contains
a solid scintillator at the bottom of the well. The material is
dried and then counted in a microplate scintillation counter. By
this technique, the activities (DPM) of small volumes of any
nonvolatile samples labeled with beta particle- or Auger elec-
tron-emitting nuclide may be determined. The small samples
involved are particularly applicable to cytotoxicity, immuno-
assay, receptor binding, enzyme activity, and other metabolic
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studies. In certain circumstances, the technique can replace
conventional liquid scintillation analysis in counting vials when
nonvolatile forms of the radionuclides and small volumes need
to be analyzed. See Chapter 16 for additional information on
this solid scintillation counting technique with microplate
scintillation analyzers.

3. Scintillation Proximity Assay

Scintillation proximity assay (SPA) is a technology for the
analysis of binding reactions, commonly studied in the medical
and biochemical sciences, which circumvents the need to
separate bound from free fractions. Glass or plastic solid scin-
tillator microspheres are used in this assay together with an
isotope-labeled (*H or '*I) ligand. With the use of modern
liquid handling equipment and an automatic scintillation
counter for samples in a microplate format, hundreds of samples
may be prepared and analyzed in a single day, because tradi-
tional processes for the separation of bound and free fractions
are not required. See Chapter 16 for additional information on
the use of microplate scintillation counters for scintillation
proximity assays.

4. Luminescence Assays

The microplate scintillation and luminescence counters are
automated microplate luminometers suitable for use with all
glow-type or enhanced flash-type luminescent chemistries. Bio-
and chemiluminescence assays are carried out in the 96- or 384-
well microplate format via single-photon counting (SPC).
Applications include immunoassays, DNA probe assays, cell
growth assays, and reporter gene assays. High-throughput
automated and unattended assays are carried out with multiple-
phototube detectors as previously described, while 96- or 384-
well microplates are stacked in the instrument in quantities of 30
or more. Automated liquid handling systems and other robotic
systems can allow unattended high-throughput screening
utilizing glow luminescence as reported by Walton (1996). The
background is approximately 20 counts per second (CPS) and
accurate measurements of over 20 x 10° CPS are possible.
Some examples of typical assays include reporter gene
assays (BeniSek et al., 2011, Mei et al., 2011, Aizenman et al.,
2010, Paultz et al., 1996, and Scheirer et al., 1994), chem-
iluminescence assay of polymerase chain reaction products (de
Castro Pazos et al., 2007, Rodriguez et al., 2006, Garson and
Whitby, 1994, Kaneko et al., 1992, and Brilanti et al., 1991),
neutrophil activation studies (Daou et al., 2011, Seki et al.,
2011, Li et al., 2010, and Lieberman, 1995), and cell prolifer-
ation and cytotoxicity assays (Poerschke and Moos, 2011, Mei
etal., 2011, Sughrue et al., 2010, and Roeland and Burns, 1995).

5. Receptor Binding and Cell Proliferation Assays

These techniques require filtration of the bound or reacted
radionuclide from the free. There are two methods of performing
this and both involve using a cell harvester. The cell harvester is
a special instrument that can filter samples from each well of the
microplate, deposits them onto a filter or membrane, and washes
away the nonreacted or unbound radiolabeled material.
Harvesters are available that can filter harvest from 6 to 96
samples simultaneously in a microplate format. The harvesting
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can be performed directly on a filter or membrane and cocktail
added to the filter in a special “bag” or directly onto the filter in
a holder. The second method is to use a filter-integrated micro-
plate (e.g., UniFilter plate) onto which harvesting can be per-
formed directly using this microplate and cocktail added to each
well prior to counting in a microplate scintillation counter. The
most common assays of this type include receptor binding,
which are used routinely for the evaluation of pharmaceutical
agents by assessing their ability to interfere with the specific
binding of a radiolabeled ligand to its receptor. See Chapter 16
for additional information on receptor-binding assays.

C. Advantages and Disadvantages

The microplate scintillation and luminescence counter has the
basic advantage of high sample throughput, as up to 12 samples
can be analyzed simultaneously for radioactivity or lumines-
cence. Hands-off fully automated analysis of thousands of
samples is possible, particularly in the simplest case of
a microplate analyzer with 32 microplates stacked for counting,
each microplate containing 96 samples wells, which provides
for 3072 unattended analyses. Microplates containing 384
sample wells each with 80-uL capacity can be stacked up to 40
microplates at one time, which provides for over 15,000
samples of unattended analysis. The cost reduction in micro-
plate counting compared with conventional liquid scintillation
counting due to the reduced cocktail consumption and conse-
quent reduction in radioactive waste expense and vial cost is
a definite advantage. Microplates offer also a format that is easy
to handle, leaving less chance for error caused from placing
samples out of order, as sample wells cannot be mixed up or
intermixed. Once samples are prepared on a microplate, they are
kept in place on the microplate as a fingerprint. Microplates are
easily portable and stored without occupying much space.

A disadvantage of the microplate scintillation analyzer is the
small volumes of sample that can be accommodated in the
sample wells. A 20 mL liquid scintillation vial can accept
approximately 10 mL of aqueous sample mixed with 10 mL of
suitable liquid scintillation cocktail. However, the largest
sample well of a 24-well microplate has a capacity of only 1.5
mL (1500 pL), of which approximately 0.75 mL at most can be
aqueous sample and 0.75 mL suitable cocktail — that is
a 13-fold difference in sample size between the two methods of
analysis. Therefore, for low sample activities in microplate
scintillation counting longer counting times are required.

XIV. PERALS AND LS ALPHA-SPECTROMETRY
WITH LAAPDS

Photon electron-rejecting alpha liquid scintillation (PERALS®)
spectrometry was developed to provide an instrument that could
measure a-particle radiation with good resolution, high count-
ing efficiency, and low background.

A. PERALS Spectrometry

The interaction of alpha particles with liquid scintillation
cocktail was described earlier in Section IL.B. Of particular
interest is that alpha particles are generally detected at a very
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high counting efficiency of about 100% even with high degrees
of quench in the scintillation cocktail. However, alpha particles
produce only about one-tenth the light intensity (i.e. scintilla-
tion light output) as beta particles or gamma radiation per unit of
radiation energy. A 5-MeV alpha particle will produce a pulse-
height spectral peak at approximately 500 keV when liquid
scintillation pulse heights are calibrated on a scale equivalent to
particle energy in keV. (Such pulse-height energy scales are
calibrated with beta particles or electrons, as electrons yield
a linear light output per particle energy dissipated in the liquid
scintillator as discussed previously in Section X.A.) This posed
a problem in the liquid scintillation analysis of a-emitters when
found in the presence of B-emitters or (—y-emitters, because
their pulse-height spectra would overlap even though the energy
of the a-particle radiation was ten times that of the (-particle
radiation. For example, the overlapping liquid scintillation
pulse-height spectrum of the a-emitter *'°Po (E = 5.30 MeV)
and the B-emitter “°Sr (Epax = 546 keV) are illustrated in
Fig. 7.2 in Section II.B. Therefore, since the early 1970s,
research has gone into the development of liquid scintillation
spectrometers that could reject the pulses produced by 8 and y
radiation and provide an instrument that could measure o-
particle radiation with good resolution, high counting effi-
ciency, and low background. This led to the development of
photon electron-rejecting alpha liquid scintillation (PERALS®)
spectrometry. The history of the work that led to the develop-
ment of PERALS® spectrometry is described by McDowell and
McDowell (1991). A description of the instrumentation, its
performance, and applications will be provided here.

The development of PERALS® spectrometry had to solve
two problems of a-particle liquid scintillation spectrometry: (1)
the poor energy resolutions obtained with a-emitters in
quenching aqueous-accepting scintillation cocktails in conven-
tional liquid scintillation analyzers and (2) the interference

PHOTOTUBE

FIGURE 7.91

529

caused by overlapping spectra from - and y-emitters in the
same sample. The problem of resolution of o pulse-height
spectra was solved by modifying the following elements of the
liquid scintillation system as described by McDowell and
McDowell (1993): (1) the a-emitters of interest had to be placed
into a nonquenching, organophilic complex in a completely
organic and highly efficient scintillator; (2) the detector
assembly had to be modified with an efficient reflector
arrangement and light-coupling optics to transmit the maximum
amount of scintillation light to the photocathode of the PMT,
and (3) a diffuse reflector had to be used in the detector
assembly so that the scintillation light from an o event,
anywhere in the sample would appear the same to the PMT,
because of the nonuniform response of PMTs.

The basic design of the high-resolution a liquid scintillation
spectrometer, known as the PERALS® spectrometer, is illus-
trated in Fig. 7.91. The PERALS spectrometer is produced by
ORDELA, Inc, Oak Ridge, TN, USA. The a-emitters are first
placed into an organic “extractive scintillator” often via some
solvent extraction process that enables the radionuclides to pass
from the aqueous sample phase into the organic scintillator
phase. The extractive scintillator contains an organic extractant
(extractive molecule) capable of forming selective complexes
with certain alpha emitters to facilitate their removal from
aqueous solutions and transfer into the organic scintillator
phase. The organic extractants chosen must be pure, exhibit
a minimum of quenching, and be high in the extractive power
for the target element(s) as described by McDowell and
McDowell (1993) and McDowell (1996). Popular extractive
scintillators consist of a combination of scintillator (e.g.,
PPBO), solvent (e.g., toluene), and an extractant. Some
commercial extractive scintillators used for PERALS® spec-
trometry are provided by ETRAC, Knoxville, TN, USA, among
which are ALPHAEX® (actinide extracting scintillator),
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Cross section of a PERALS® spectrometer detector. (From McDowell and McDowell, 1993, Reprinted with permission from Radiocarbon,
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THOREX® (thorium extracting scintillator), URAEX®
(uranium extracting scintillator), POLEX® (polonium extract-
ing scintillator), and RADAEX® (radium extracting scintillator,
and RADONS® (radon extracting scintillator). Extractive
scintillators generally contain an organic extractant, such as
di(2-ethyl-hexyl)-phosphoric acid (HDEHP), 1-nonyldecyl-
amine sulfate, tri-n-octylamine sulfate (TNOA), or tri-octyl-
phosphine oxide (TOPO).

A culture tube measuring 10 x 75 mm containing 1 mL of
the radionuclide sample in the extractive scintillator is placed
in the detecting chamber of the PERALS spectrometer
(Fig. 7.91). The instrument contains only one photomultiplier
tube. Dual photomultiplier tubes are not needed, in contrast to
conventional liquid scintillation analysis, because the thermal
electron noise in the phototubes is always well below the pulse
heights produced by o particles (McKlveen, and McDowell,
1984). Light-coupling silicone oil and a white reflecting
surface made of barium sulfate and binder are important to
meet the light transfer requirements from sample tube to the
photocathode for optimum resolutions of o-particle pulse
height spectra.

To provide for clean a-particle pulse-height spectra without
the interference from (-particle smear, the PERALS spec-
trometer discriminates the o- from B-particle events in the liquid
scintillator. The instrument makes use of pulse shape discrim-
ination (PSD), which can take advantage of the longer decay
time of light produced by a-particle interactions in scintillation
fluor and reject the faster decaying light produced by (-particle
or y-ray interactions. Fig. 7.92 illustrates the light pulse shapes
of alpha and beta events in a liquid scintillator. Depending on
the scintillator used, the decay times of o-particle interactions
can be 30—40 ns longer than B-particle interactions. As
explained by Cadieux (1990), each input pulse to the system
generates an amplified voltage pulse for pulse-height analysis
and a pulse shape signal with a voltage proportional to the time
length of the incoming pulse. A discriminator generates a gating
signal for only the alpha particles after analyzing the pulse

Intensity

B/

Time

FIGURE 7.92 Alpha and beta pulse decay in a liquid scintillator. The decay
time of light produced by the o particle in certain scintillators is about 35—40 ns
longer than that of the faster decaying light produced by the @ particle. (© 1998
PerkinElmer, Inc. Printed with permission)
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shape voltages. The proper discriminator gating signal is set by
use of a microcurie y-ray source outside of the PERALS sample
chamber, which generates Compton electrons that simulate (-
particle interactions inside the scintillation fluor cocktail,
whereby the discriminator can be adjusted to reject pulse events
from the Compton electrons. Following pulse shape discrimi-
nation, a multichannel analyzer collects and analyzes pulse-
height spectra from the a-particle interactions.

Applications of extractive scintillators to PERALS alpha
spectrometry of Pu isotopes are reviewed by Vajda and Kim
(2010). PERALS spectrometry has proven to be a valuable tool
in the measurement of **°Ra and **’Rn in drinking water with
detection limits of 0.006 Bg/L of **°Ra using only 6 mL of
sample (Aupiais et al., 1998) and 0.68 Bg/L of **’Rn with the
extraction of 1 L of water (Hamanaka et al., 1998). A fast
sample preparation method for PERALS analysis of radium in
water samples is reported by Aupiais (2005) yielding detection
limits of 0.04 Bg/L of **°Ra for 5 mL of sample and 240,000 s
counting times. An example of the a-particle discrimination
achievable by PERALS with low-activity water samples is
provided by Fig. 7.93 illustrating the pulse-height spectra of
226Ra, ?*?Rn, and 2'®Po with a-particle emissions at 4.78, 5.49,
and 6.00 MeV, respectively. PERALS spectrometry has
demonstrated to be a practical method for the analysis of the
actinides with high resolution and at low levels of activity. For
example, the following studies can be cited: the analysis of
*PU—>**U—"""U at resolutions of 266, 233, and 200 keV
FWHM reported by Dacheux et al. (2000), limits of detection
as low as 1 mBg/L with extraction of uranium, thorium,
plutonium, americium, and curium in aqueous solutions of up
to 250 mL (Dacheux and Aupiais, 1997 and Dacheux and
Aupiais, 1998). Aupiais (2004a,b) provides alpha spectra
deconvolution methods for PERALS analysis of actinide
elements in water including the rapid PERALS analysis of
uranium activities in water with detection limits of 0.2 pg/kg
or 0.003 Bg/kg with a counting time of 240,000 sec.
Measurements of >*’Np by PERALS spectrometry at levels as
low as 23.7 and 9.5 pg/L after counting times of 3 and 10 days,
respectively, were demonstrated by Aupiais et al. (1999).
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FIGURE 7.93 Radium spectrum of La Bourbouls-Choussy thermal water
(3000 £ 200 mBq activity and 88650 s counting time. (From Aupiais et al.,
1998, reprinted with permission © 1998 American Chemical Society)
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Selective extraction of *'°Po for PERALS spectrometry by
Véronneau et al., (2000) and Aleissa et al., (2006) yielded
detection limits bellow 1 mBqg/L for 200 mL of solution and
1000 min counting times, and 0.5 L samples and 180 min
counting times, respectively. Because of the relatively high
spectral resolutions achieved by PERALS spectrometry the
normal Gaussian shape of alpha peaks sometimes display
a high-energy tail in addition to the pure Gaussian function.
Aupiais and Dacheux (2000) demonstrated that this asymmetry
is due to internal conversion. They conclude that for the
accurate PERALS analysis of some radionuclides, such as
isotopes of actinide elements, it is necessary to account for L-
and M-shell internal conversion contributions in the activity
measurements. In the spectral deconvolution of actinide
elements, Aupiais (2004a) demonstrated the need to account
for contributions due to internal conversion.

The PERALS spectrometer can be considered as one of the
most sensitive liquid scintillation o-spectrometic methods
available. As reported by McDowell and McDowell (1993), the
PERALS spectrometer rejects 99.99% of ambient and sample
B and 7y counts from the a spectrum providing ambient radiation
backgrounds of 0.001 CPM or less. An alpha pulse-height
energy resolution of 4.2% FWHM is achievable, which is
limited by the quality of contemporary PMTs. The lower limits
of detection are estimated at 0.17 mBq (0.01 DPM). The
a counting efficiency is 99.7%, as a small 0.3% is lost through
a-particle collisions with the sample tube. The use of PERALS
instruments in mobile laboratories to diagnose radionuclide
contamination for radiological or nuclear events was proposed
by Castagnet et al. (2007).

The major disadvantage of PERALS spectrometry is that it
is specific for the spectrometric analysis of o.-emitters only, that
is, this instrument or method cannot be applied to determine
a and @ activities simultaneously as reviewed by Pates et al.
(1996a). Other conventional liquid scintillation analyzers
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equipped with automatic sample changers are available
commercially, that provide o/f separation by pulse decay
analysis or pulse shape analysis and spectrometric analysis of
both o~ and (B-emitters in the same sample, albeit at a lower
a-particle energy resolution than obtained by PERALS spec-
trometry. However, much improved alpha spectral energy
resolutions are possible with conventional LSAs when certain
detergent-free and moisture-free extraction cocktails and short
optical path (small vials) are used (Aupiais et al., 2003).
The simultaneous liquid scintillation measurement of o- and
(-emitters in the same sample by conventional liquid scintilla-
tion analysis is described in Section XV.

B. LS Alpha-Spectrometry with LAAPDs

An improvement in liquid scintillation alpha-spectrometry with
energy resolutions of 5% for 2*Th (200 keV FWHM) and 3.9%
for 2'°Po (260 keV FWHM) was reported by Reboli et al. (2005)
by the use of a silicon large-area avalanche photodiode
(LAAPD) in lieu of the standard photomultiplier tube.

Energy resolutions for alpha-emitters further improved over
those obtained by the PERALS spectrometer are reported by
Reboli et al. (2005) with the use of a large-area avalanche
photodiode (LAAPD) rather than the photomultiplier used in
PERALS. They demonstrate that the LAAPD can be used for
alpha liquid scintillation spectrometry and yield better energy
resolutions than photomultiplier tubes. The improved energy
resolution obtained with the photodiode is reported due to the
uniformity of the large spectral response of the APD. The
experimental arrangement used by Reboli et al. (2005) for
the measurement of the liquid scintillation alpha spectra with
the LAAPD is illustrated in Fig. 7.94. Actinides are counted in
scintillation cocktails containing fluors in diisopropylnaph-
thalene isomers (DIN) solvent containing HDEHP (di-(2-eth-
ylhexyl)phosphoric acid) actinide extractant contained within
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FIGURE 7.94 Experimental arrangement for the determination of liquid scintillation alpha spectra with an avalanche photodiode (APD). (From Reboli et al., 2005;

reprinted with permission from Elsevier © 2005)
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FIGURE 7.95 (Left) Pulse-height spectra of **Pu and ***Pu at —40 °C obtained with the liquid scintillation—APD detector. The resolution is equal to ~240 keV for
the two isotopes. The ***Pu and ***Pu activities are 4 and 8 Bq, respectively, and the counting time is 17 hours. The plot in the upper right shows the ***Pu and ***Pu
spectrum measured with the PERALS® spectrometer. (Right) Pulse-height spectra of >**Th and daughters at —40 °C obtained with the liquid scintillation—APD. The
resolution is equal to 200 keV for **Th and 262 keV for 2'®Po. The ***Th activity is 2 Bq, and the counting time is 6 hours. The straight lines represent the main o-
particle spectra and the dashed lines represent the pileup of the main a-particle + IC shell peaks. The plot in the upper right shows the *Th and daughters spectrum
measured with the PERALS® spectrometer. (From Reboli et al., 2005; reprinted with permission from Elsevier © 2005)

a 10-mm diameter cylindrical fused silica cuvette (See
Fig. 7.94). The cuvette containing 400 pL of sample in liquid
scintillator is optically coupled to a windowless avalanche
photodiode (APD) with silicone fluid or immersion oil. The
cuvette is wrapped with Teflon tape with the exception of the
face coupled to the APD, which is etched externally to provide
uniformity of light collection on the photosensitive surface of
the APD. Optimum resolutions of alpha spectra are obtained by
cooling of the sample and APD down to constant temperature,
as low as —40 °C, and a small cuvette length of 5 mm.

Typical liquid scintillation alpha spectra with the APD detector
compared to spectra obtained by PERALS spectrometry are
illustrated in Fig. 7.95. Improvement in energy resolution over
PERALS is clearly discernable from the spectra. As described by
Reboli et al. (2005) the liquid scintillation—APD spectra show
a fine structure. The alpha decay of the plutonium isotopes (**°Pu
and 236Pu) and the thorium isotopes (232Th, 239Th, and 228Th) do
not lead to the ground state, and undergo further deexcitation via
internal conversion (IC) mainly on L and M shells. The liquid
scintillation—APD spectra of Fig. 7.95 offer sufficient energy
resolution to illustrate the spectral displacement of the energy
peaks of the a-transitions towards higher energy values.

The precise differences in energy resolution between spectra
produced by the liquid scintillation—APD and PERALS spec-
trometers are provided in Table 7.12. The improvement in energy
resolution of the liquid scintillation—APD detector is reported by
Reboli et al (2005) to be due to higher quantum efficiency and
more uniform active area than that provided by photomultiplier
tubes to this date. The silicon photodiodes have a larger spectral
response than PMTs, which facilitates the matching of the fluo-
rescence spectra of scintillators with the APD spectral response.

XV. SIMULTANEOUS a/3 ANALYSIS

As described in Sections II.B and XIV, a and 8 pulse-height
spectra often overlap. The pulse-height spectra of the

\

KTABLE 7.12 Comparison of Energy Resolutions (R) for
Different a-emitters as Obtained using a Home-Made
Liquid Scintillator with an APD as Detector and

a Commercial Spectrometer PERALS® Equipped with
a PMT?

APD PMT
Isotope Energy (keV) R (keV) R (keV)
232Th 4010 200+ 13 210+13
239py 5157 242413 256+ 14
228Th 5423 235+ 11 306+ 14
236py 5768 243 £ 11 203417
21epg 6785 262+ 14 448 +£20

a

KFrom Reboli et al., 2005; reprinted with permission from Elsevier © 2005.

/

o- and B-emitters 210pg 4 9OSr(QOY), respectively, illustrated in
Fig. 7.2, are a good example of this spectral overlap. However,
many contemporary liquid scintillation analyzers are equipped
with the circuitry capable of analyzing o- and (-emitting
radionuclides in the same sample. These instruments may use
pulse decay analysis (PDA) or pulse shape analysis (PSA), first
reported by Buchtela et al. (1974) and Thorngate et al. (1974),
to differentiate alpha from beta decay events. In pulse decay
analysis, a pulse decay time discriminator often referred to as
the pulse decay discriminator (PDD), monitors the length of
time for the decay of a pulse event originating from photon
emission due to fluor cocktail excitation. As described in
Section XIV and illustrated in Fig. 7.92, fluor excitation events
originating from o-particle interactions have 35—40 ns longer
decay lifetimes than events originating from (-particle inter-
actions. This is due to the longer deexcitation and light
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emission processes in scintillation fluors after a-particle
interactions, which exhibit higher linear energy transfer (LET).
In PDA, the differences in the lengths of pulse decay events
resulting from o~ and @-particle interactions can be measured
by the charge differences collected at the photomultiplier
output at the tail portion of the pulse events (see also Sections
X.B.1 and X.B.2 on the similarity with pulse shape discrimi-
nation used to discriminate n/y interactions with liquid scin-
tillators). The fluorescence decay resulting from an a-particle
interaction displays a longer tail (Fig. 7.92), and consequently
produces a higher charge at the PMT output for the tail portion
of the pulse event when compared to a fluorescence decay pulse
event produced by a B-particle. The actual difference in decay
lifetimes between the o and § events depends on the chemical
composition of scintillation fluor cocktail used and particle
energies (Pujol and Sanchex-Cabeza, 1997, Pates et al., 1998,
and Rodriguez Barquero and Grau Carles, 1998).

Instruments that use pulse shape analysis (PSA) to discrim-
inate between o and (§ events also take advantage of the greater
length of the a-produced pulse compared to the (-produced
pulse. In PSA, the ratio of the area of the tail of a pulse,
beginning at 50 nsec after pulse initiation, is compared to the
total pulse area (McDowell, 1966 and Rodriguez Barquero and
Grau Carles, 1998), which provides a method of assigning
a pulse to a (8 event (short pulse) or a event (long pulse). This is
also referred to as pulse shape discrimination (PSD).

The liquid scintillation analyzer, which is equipped with
pulse decay discrimination or pulse shape discrimination for
a/( analysis, is also equipped with two multichannel analyzers
(MCAs). All of the pulse events originating from scintillation
photon emissions with a decay time longer than the PDD setting
are sent to the «-MCA and those events which have a shorter
lifetime are sent to the G-MCA. It is necessary, therefore, to find
the optimum PDD setting to get the best separation of a- and
B-radionuclide activities into separate MCAs.

A. Establishing the Optimum PDD Setting

The optimum pulse decay discriminator setting is found by
counting a pure o-emitter source and a pure $-emitter source in
the liquid scintillation analyzer in the same fluor cocktail,
sample composition, sample volume, and type of vial used as
the experimental samples to be measured. The optimum PDD
setting is affected by sample quench level, the specific
quenching agents (chemical and color) in the sample, and the
Emax of the (-emitter (Pates et al., 1998 and DeVol et al.,
2007). The B-particle energy is an influencing factor, because
the PMT pulse event has a specific length for a given (-particle
energy, and the pulse length increases with increasing event
energy. Also, as noted by Pates et al. (1998), the delayed
component (tail) of pulse events is a function of the amount of
m-electron singlet and triplet excitation states in the scintilla-
tion solvent produced by the ionizing radiation. Alpha particles
(or heavy charged particles with high LET) will produce more
triplet-state excitation than the lighter beta particles. The triplet
states take longer to undergo deexcitation fluorescence.
However, the solvents as well as quenching agents present in
the sample can affect the delayed component of deexcitation.
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Some components in cocktails can inhibit deexcitation and
prolong triplet-state excitation, while other chemicals in the
cocktail (e.g., Oy, CCly, and CHCI3) are electron scavengers,
and able therefore, to interact with higher energy states and
reduce the delayed component. When gross o and gross
B determinations are needed and the radionuclides in the
experimental samples may not be known, one uses an o- and
(-standard of similar energy to that of the o~ and B-radionuclides
in the samples (Passo and Cook, 1994). The following calibration
steps are required:

1. The pure B-emitter standard dissolved in a suitable liquid
scintillation cocktail is placed into the LSA for counting.
The chemical composition of this standard should be the
same as those of the unknown experimental samples. During
this calibration procedure, the instrument automatically
counts the pure G-emitter standard at various pulse decay
discriminator settings. At each PDD setting, the instrument
selects and sends all pulses of duration longer than the PDD
setting to an o-multichannel analyzer (2-MCA) and pulses
of shorter duration to the 8-multichannel analyzer (8-MCA).
For each PDD setting the LSA calculates the percent spill-
over of the § events into the a-MCA. A curve of the percent
spillover versus the PDD setting as illustrated in Fig. 7.96 is
then plotted automatically.

2. The pure o-emitter standard dissolved in a suitable cocktail of
the same chemistry as the previously described -emitter (step
1) is placed into the LSA for counting. Its chemical compo-
sition should also be the same as the unknown experimental
samples. As in step 1, the instrument automatically counts the
pure a-emitter standard at various pulse decay discriminator
settings. Ateach PDD setting, the instrument selects and sends
all pulses of duration longer than the PDD setting to an
a-multichannel analyzer (a-MCA) and pulses of shorter
duration to the B-multichannel analyzer (B-MCA). For each
PDD setting the LSA calculates the percent spillover of the
a events into the 3-MCA. A curve of the percent spillover
versus the PDD setting as illustrated in Fig. 7.96 is then plotted
automatically by the LSA.

3. The pulse decay discriminator setting at which the two
spillover curves cross is selected as the optimum PDD setting
for simultaneous «/( analysis in the same sample (e.g.,
PDD = 171 of Fig. 7.96). The two spillover curves plotted in
this fashion are referred to as crossover plots. At the crossover
PDD setting, there is minimum spillover of o events into the
B-MCA and 8 events into the a-MCA, when the activities of
both o and § events must be determined. However, if only the
a-emitter activity is of interest in a sample containing both a-
and B-emitters, a higher PDD setting can be selected, well
above the crossover setting (e.g., PDD = 199 of Fig. 7.96),
where the spillover of § events into the a-MCA approaches
zero. Alternatively, if only the @-emitter activity is of interest
in a sample containing both o and (-emitters, a lower PDD
setting can be selected, well below the crossover setting (e.g.,
PDD = 122 of Fig. 7.96), where the spillover of a events into
the 6-MCA is lowest.

De Vol et al. (2007) provide a thorough study on the effects of
chemical and color quench and radionuclides used to calibrate
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FIGURE 7.96 Alpha/beta misclassification curve for an aqueous sample of 2'°Po + *°Sr (°°Y) in Ultima Gold AB scintillation cocktail, measured by a PerkinElmer
2700TR liquid scintillation analyzer. This crossover curve was made from the same sample, which produced the pulse-height spectra in Fig. 7.2. (From L’Annunziata,

M.F., 1997, unpublished work)

instrumentation for o/ discrimination. Among these findings, it
is important to note that the quenching agent will have a direct
effect on spillover. In other words, a liquid scintillation analyzer
may determine that two samples in two distinct counting vials
have the same level of quench [i.e., same quench-indication
parameter, tSIE or SQP(E)]; however, if different chemical
agents are producing the quench, the spillover can be different
between the two samples. It is important therefore, that the
matrix of the experimental samples be constant and that the
liquid scintillation analyzer be programmed for minimum
spillover under the same conditions as the experimental
samples. DeVol et al. (2007) also point out that pure alpha
emitters may yield different spillovers than nuclides that emit
alpha with gamma cascade events, such as **'Am. Nuclides
with gamma cascade events are more likely to be classified by
the pulse shape discriminator as alpha events, because of the
pulse duration. Gamma cascade events are common with alpha
emitters. Salonen (2006) was first to report that alpha spillover
is a function also of the energy of the alpha particle. The alpha
spillover of lower-energy alpha particles is greater than the
spillover of high-energy alpha particles when samples are
measured at a constant PDD setting (i.e., constant pulse shape
analysis). In summary, the sample matrix should be as close as
possible in chemical and physical properties to the alpha and

beta standards used to determine the optimum PDD setting for
minimum spillover.

B. o/3 Spillover Corrections and Activity
Calculations

Once the optimum PDD setting is determined, the detection
efficiency of the a particles in the a-MCA and that of the
@ particles in the -MCA must be measured. This may be best
determined by the use of internal standardization as described in
Section V.A. The a-MCA and 3-MCA will provide net (back-
ground-subtracted) count rates (CPM) for o and 8 particles,
respectively. The net count rates must be corrected for spillover
or misclassification and the net count rates converted to o and
B activities (disintegration rates). The calculations required for
the determination of a and § count rates corrected for spillover
are derived by Bhade et al. (2010). The following equations
described by Bakir and Bem (1995) provide the sample gross
a and @ activity concentrations in units of Bq/L taking into
account sample volume (V) and concentration factor (C), for
samples concentrated prior to counting:

IﬂEﬁ — 1a55/a
(EaEﬁ — Sa/555/a)VC6O

Ay = (7.143)
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I,E, — IﬁSa/ﬁ

Ap =
8 (EaEg — Su/§S3/a) VCEO

(7.144)

where A, and Ag are the gross a particle and gross (§ particle
activities, respectively, in units of Bq/L, I, and Ig are the
net (background subtracted) count rates in the o and § multi-
channel analyzers, respectively, S,/ and Sg/, are the percent
spillover of o events into the 3 MCA and § events into the
o MCA, respectively, E, and Eg are the detection efficiencies
for a particles in the o« MCA and § particles in the § MCA,
respectively, V is the volume of analyzed sample in liters, C is
the concentration factor or the degree of concentration of the
sample prior to analysis, and 60 is a conversion factor to change
count rate from CPM to CPS.

The backgrounds, count rates, and detection efficiencies in
the & MCA and 8 MCA will depend on the pulse-height
discriminator settings used in the o and ( channels, respectively,
and instrumental background-reducing count mode used (e.g.,
LLCM or NCM) as described in Section XX.C. The optimum
PDD setting must be determined at the same pulse-height
discriminator and background-reducing count mode settings as
those used for the experimental sample analysis.

C. Optimizing o/ Discrimination in PDA

The chemistry of the sample, which includes the scintillation
cocktail used and all of the quenching agents present in the
sample, plays a crucial role in o/ discrimination in pulse decay
analysis. The following are some guidelines to follow to
enhance a/f separation performance:

1. The cocktail—sample mixture must be homogeneous. The
chemistry of the sample including the scintillation cocktail
and kinds and amounts of quenching agents present should
be the same as those of the o and § standards used to plot the
crossover curves for determination of the optimum PDD
setting. The sample must be completely solubilized in the
liquid scintillation cocktail. Acids are often necessary to
keep o-emitter salts in solution in the cocktail. Organic
samples and filters are often processed through ashing fol-
lowed by acid dissolution of salt residues (Yang and Guo,
1995). Table 7.13 provides some guidelines on the acid
loading capacity (mL acid/10 mL cocktail) at room
temperature (20—22°C) of certain cocktails. The minimum

535

a/B misclassification (at crossover point from spillover
curves) for small sample sizes (<0.5 mL acid) is also
provided. Water-soluble paper for smear tests is a sample
type that might be used to avoid excessive acids in cocktail
(Takiue et al., 1989a), although glass fiber filter is also
demonstrated as a good swipe material for o/ contamina-
tion assays.

. Minimize the sample quench. The sample volume (e.g.,

aqueous solution) will dilute the scintillation fluor cocktail
and also introduce quenching agents. Minimum o/@ spill-
over is obtained generally at lowest levels of quench.

. Use organic acceptor cocktails rather than cocktails that

have surfactants or emulsifiers. Table 7.13 lists liquid
scintillation cocktails that provide excellent o/( discrimi-
nation performance. They all use diisopropylnaphthalene
(DIN) as a solvent with the exception of Insta-Gel XF,
which has pseudocumene as a solvent. Pseudocumene and
the alkylbenzenes are “fast” solvents, which are less effi-
cient for o/( separation. Naphthalene is added to Insta-Gel
XF in a proportion of 20 % w/v to improve o/ separation
by acting as an intermediate in the energy transfer process
between solvent and fluor increasing the production of
m-electron triplet excitation states produced by o-particle
interactions (Passo and Cook, 1994). Naphthalene is not
required with the Ultima Gold Cocktails, as the DIN
solvent serves the same purpose (Thomson, 1991). The
DIN solvent-based cocktails, particularly Ultima Gold AB,
have been demonstrated to provide excellent o/( separa-
tions, while increasing surfactant concentration degrades
the cocktail performance for «/8 analysis (Pates et al.,
1993, 1996b).

. Use organic extractive scintillators that are selective for the

a-emitters of interest. The use of organic (water-immiscible)
extractive scintillators was described in Section XIV. This is
recommended when only the a-activity is desired, as after
extraction of the dissolved aqueous sample with the selective
organic scintillator, the a-emitters transfer from the aqueous
phase to the organic scintillator leaving most of the
B-emitters behind in the aqueous phase. Organic extractive
scintillators are useful when only o-emitters are of interest,
when there is an overwhelming @-emitter activity with
a-emitters of interest, and to improve the energy resolution
of o pulse-height spectra. The works of Yang et al. (1992,

(1A

BLE 7.13 Acid Loading Performance of o/ Compatible Liquid Scintillation Cocktails® \

% Misclassification

w/v naphthalene

Cocktail (10 mL) H,O (mL) 1 M HCI (mL) 2 M HCI (mL) 1M HNO3; (mL) 2 M HNO; (mlL) (minimal sample loads)
Ultima Gold 3.50 0.25 0.10 0.70 0.30 0.6
Ultima Gold XR 10.0 2.00 0.90 3.00 1.75 2.2
Ultima Gold AB 10.0 5.50 2.25 3.2.5 2.25 0.5
Insta-Gel XF +20% 1.5 1.3 1.1 1.4 1.4 0.5

The loading capacity of the acids are mL acid per 10 mL of cocktail.
@ 1998 PerkinElmer, Inc., Printed with permission.)
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1994) and Aupiais et al. (2003) are recommended as addi-
tional resources on this topic.

Use specific extractive resins to concentrate the radionu-
clides of interest. For example, actinide extractive resin,
available from Eichrom Technologies, Inc., Darien IL, USA
or Eichrom Europe, S.A.R.L., Paris, France, is used to
extract elements of high atomic number (e.g., Th, U, Pu,
Am, and Cm) from aqueous solutions. The extraction of the
actinides together with o/B pulse shape discrimination
provides improved limits of detection (Horwitz et al., 1997
and Eikenberg et al., 1999).

Purging the dissolved oxygen from the cocktail with argon
gas will improve o/ separation by reducing quench. This is
not commonly performed except in research to obtain
unquenched samples, as the additional step is time
consuming and the gain in o/§ separation is relatively small.
Time-resolved pulse decay analysis (TR-PDA) significantly
improves o/@ separation or, in other words, reduces
misclassification of o as § and § as a (Passo, 1996). TR-
PDA, available with PerkinElmer liquid scintillation
analyzers, is PDA combined with time-resolved background
discrimination (TR-LSC), which is described briefly in
Section XX.C.5.d. This effect, as described by Passo (1996),
is due to enhanced « rejection from the 3-MCA and asso-
ciated lowering of the @ spillover into the a-MCA due to
a change in the shape of the o misclassification curve.

D. Quenching Effects in o/ Discrimination

As noted previously in Section C, the o/ discrimination is
improved by minimizing quench in the sample, which is
accomplished by reducing the sample volume as the amount of
water and acids among other substances in the sample can cause
quench. The following are important affects of quench on a/3
separation and guidelines to follow in controlling the effects of
quench or even taking advantage of these affects, when they
occur:

1.

FIGURE 7.97 Percent misclassification curves of
alpha and beta events as a function of quench level 60 r 0.96
(tSIE) measured at a constant PDD setting determined © 55 1~ —®— Alpha into Beta : gg 4
at tSIE 620. (© 1998 PerkinElmer, Inc. Printed with ® 50 P i i 0-78 .‘E‘_
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Alpha misclassification increases with quench. Once the
optimum PDD setting is determined for a given sample
quench level as described in Section B, any increase in
quench level causes an increase in the misclassification of
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a events into the 3-MCA. This can be seen from the alpha
into beta curve of Fig. 7.97, which was prepared by
measuring first the optimum PDD setting for a given value of
quench (e.g., tSIE=620 in this example) and then
measuring the percent spillover at various quench levels
after adding incremental amounts of quenching agent. The
degree of change in misclassification is a function of the
type of quenching agent present in the sample. Some
quenching agents are strong electron scavengers (e.g., Oy,
CHCl3, and CCLy), and these are able to interact more easily
with T-electron triplet states reducing the delayed compo-
nent of fluorescence deexcitation (Pates et al., 1998).
Therefore, it is important that the chemistry of the o and
B standards used to determine the optimum PDD setting be
identical to the chemistry of samples under investigation.

. Counting efficiency of a-emitters is expected to remain at

100% (Aburai et al., 1981; Takiue et al., 1989a; Parus et al.,
1993); however, loss of a-events into the 5-MCA occurs
with increased quench. Caution should be taken in assuming
100% detection efficiency, and the detection efficiency
should be determined in all cases. Reduced counting effi-
ciencies can occur with instruments that count afterpulses to
discriminate against background as described in Section
XX.C.

. Beta misclassification decreases with an increase in quench

as illustrated in Fig. 7.97. However, the percent misclassi-
fication and counting efficiency are a function of the Ep,x of
the @-particle emitter (Pates et al., 1998). Therefore, to
assure accurate measurement of misclassification and
optimum PDD setting, it is best to plot a crossover curve
using the same B-emitter or one of similar E ., as that of the
(-emitter expected in the samples to be analyzed.

. The best o/ separation performance is maintained by

keeping the quench level (sample chemistry), sample
volume, and vial type the same as the o- and (-standards
used to determine the optimum PDD setting. This is done by
maintaining the sample chemical composition, sample size,
fluor cocktail type and volume, and vial type the same for
the standards as the experimental samples. If it is not
possible to predict the quench level of the experimental
samples, the optimum PDD settings for a wide range of
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quench levels should be determined using quenching agents
that are identical to those found in the samples to be
analyzed. Yang (1996) clearly demonstrates this by plotting
a curve of optimum PDD setting versus tSIE.

For additional information on quench effects on o/ sepa-
ration, see Pates et al., (1996¢c, 1998).

E. Practical Applications of o/p Discrimination
and Analysis

PERALS spectrometry was discussed in the previous Section
XIV as a method that yields the highest resolution of alpha
spectra energy lines by liquid scintillation. However, conven-
tional liquid scintillation analyzers with «/f discrimination and
the use of appropriate nonaqueous and nondetergent scintilla-
tion cocktails can yield very good and practical energy resolu-
tions. There are numerous applications of the alpha
spectrometric analysis of radionuclides, or combined analysis of
alpha- and beta-emitting radionuclides with conventional liquid
scintillation analyzers equipped with o/f discrimination. Some
of these applications will be cited in the following.

Aupiais et al. (2003) demonstrated that the energy resolution
of a conventional liquid scintillation analyzer (i.e., a PerkinElmer
Tri Carb™ 2770) equipped with o/f discrimination could be
enhanced by 200% by using specific no-water-miscible cocktails
and a short optical path. Under such conditions, an energy
resolution of about 200 keV for the 4.2 MeV energy line of >**U
could be obtained with either the Tri Carb™ or the PERALS"™
spectrometers. Also, under such conditions, the sensitivity of the
Tri Carb liquid scintillation analyzer was 40% lower than that of
the PERALS spectrometer, because of the higher o/ discrimi-
nation of PERALS and its shorter optical path. Figs. 7.98 and
7.99 illustrate the improvement in alpha spectral energy resolu-
tion obtained with the PerkinElmer Tri Carb LSA compared to
the PERALS spectrometer when detergent-free Ultima Gold
AB® cocktail or Alphaex® cocktail (an actinide extracting
scintillator specific for alpha measurement) is used. When the
sample light path in the Tri Carb LSA is reduced further by
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employing a 1-mL sample vial (¢ = 16 mm), the energy reso-
Iution is improved significantly close to that obtained with the
PERALS spectrometer. In conclusion, the energy resolution on
liquid scintillation alpha spectrometry can be improved by using
a lower or shorter optical path and no-water-miscible cocktails,
such as the toluene—naphthalene-based cocktails (e.g.,
Alphaex®) or detergent-free diisopropylnaphthalene (DIN-
based) cocktails (e.g., detergent-free Ultima Gold® AB). The
preparation of the detergent-free Ultima Gold® AB cocktail is
described by Aupiais et al. (2003) and the Alphaex® cocktail is
available from ETRAC, Knoxville, TN, USA. Both cocktails
contain HDEHP as a nuclide extractant and primary and
secondary fluors.

As noted earlier, the % spillover of alpha pulse events into
the BMCA and beta pulse events into the aMCA will be
a function of quench level. In addition, as the quench level of
a sample increases, the alpha pulse-height spectra will shift
from higher to lower pulse heights (i.e., higher to lower channel
numbers) and the resolutions of the spectral energy lines will
deteriorate with peak broadening (i.e., increase in FWHM).
Such an effect is observed in Fig. 7.100, which illustrates the
liquid scintillation alpha spectra of *°Ra and its daughter
nuclides in equilibrium at various levels of quench (i.e.,
tSIE =462, 374, 283, and 218) where the least quenched
sample has the highest tSIE. For the alpha spectrometric anal-
ysis of ?°Ra and isotopes of uranium, Stamoulis et al. (2010)
established a spectral deconvolution technique, which involved
the correlation of the peak’s centroids, corresponding to
different radionuclides, to the characteristic energies at different
degrees of quenching. Values of the centroids of the peaks and
the corresponding FWHMSs were used as initial parameters for
fitting the spectra with overlapping Gaussians using the Origin®
analysis program. The derived values of peaks’ centroids and
FWHMs for each radionuclide were correlated to the quench-
indicating parameter tSIE.

Among the applications of o/f} discrimination is the
determination of gross alpha and gross beta activities of
samples such as drinking water, as governmental regulatory
agencies often place limits and regularly monitor groundwater

FIGURE 7.98 Uranium isotopes spectra: (left) Ultima Gold AB
cocktail in standard PerkinElmer vial (V=20 mL, ¢ =26 mm,
resolution of E, of 2*%U at 4.2 MeV =509 keV) spectrometer
Tri-Carb; (right) Alphaex cocktail in standard culture tube (V=1 mL,
¢ = 10 mm, resolution of E, of 2381 at 4.2 MeV = 260 keV), spec-
trometer PERALS. (From Aupiais et al., 2003 © 2003 Oldenbourg
Wissenschaftsverlag, Munchen, Reprinted with permission)
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FIGURE 7.99 Improved uranium isotopes spectra: (left) detergent- 1.0
free Ultima Gold AB cocktail in standard PerkinElmer vial (V =5 mL,
¢ =26 mm, resolution of E, of 238 at 4.2 MeV =322 keV) spec- |
trometer Tri-Carb; (right) Alphaex cocktail in standard PerkinElmer
vial (V=5 mL, ¢ = 26 mm, resolution of E,, of >*3U at 4.2 MeV = 342 0.8
keV) spectrometer Tri-Carb (From Aupiais et al., 2003 © 2003
Oldenbourg ~ Wissenschaftsverlag, — Minchen, Reprinted  with
permission) 7]
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FIGURE 7.100 Alpha spectra of *?°Ra and its daughters in
equilibrium. These spectra correspond to four degrees of
quenching with the tSIE index value varying from 218 (highest
quench level) to 482 (lowest quench level). (From Stamoulis
et al., 2010. Reprinted with permission from Elsevier © 2010)
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supplies and drinking water. Some example of gross alpha and
gross beta activity determinations of water supplies are the
works of Bakir and Bem (1995), Warrick and Croudace
(2002), Kleinschmidt (2004), Happel et al. (2004), Wong et al.
(2005), Wisser et al. (2006), Staffova et al. (2006), Ruberu
et al. (2008), Bhade et al. (2010), and Forte (2011). Gross
alpha and gross beta activity measurements have also been
applied to the rapid analysis of aerosol filters for environ-
mental monitoring (Sas et al., 2010), urine analysis for
terrorism preparedness in the possible event of population
exposure (Piraner and Jones, 2009), and the assessment of
gross alpha and beta emitters in nuclear fuel processes (Lara-
Robustillo and Rodriguez Alcald, 2006).

Other common applications of o/ separation (i.e., discrim-
ination) liquid scintillation spectrometry are the analysis of
222Rn in drinking water (Galan Lopez et al., 2004, Pates and
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Mullinger, 2007, and Salonen, 2010), the spectrometric analysis
of isotopes of the 2331 and *’Th decay series (Bem et al., 2004,
Bianchi et al., 2005, Kim et al, 2008, and Stamoulis et al., 2010),
the alpha-emitting nuclides 234238y 238=240p, 24 Ap
and ***Cm and the beta-emitting nuclides *°Sr/°°Y and **'Pu
(Versilov et al., 2002 and Eikenberg et al., 2002), isotopes of Np
in nuclear waste (Diodati and Sartori, 2007), analysis of 2 Am
and **Am (El Mrabet et al., 2004 and Alamelu et al., 2006),
analysis of 237Np, 238=240py and ' Am (Feng and He, 2009),
and the simultaneous determination of 226Ra, 233U, and 237Np
(Nebelung and Baraniak, 2007).

An interesting approach to o/ discrimination was applied
by Groppi et al. (2005b) to the alpha spectrometry of
21At/?!'8Po nuclides, which are prepared by a-cyclotron
irradiation of 2°’Bi target material according to the reac-
tion 209Bi(oc,2n)2“At. The 2"'At product nuclide decays



Liquid Scintillation Analysis: Principles and Practice

-1

kcounts x minutes
w

, Az N
1 K\ S0 V
Wz 8
(Piesss TN

)

/II If/’_»,.,lll &)
<255 I/,‘,,III by
°”""ne,-s 800 &\‘?

FIGURE 7.101 Liquid scintillation spectrum of *''At/*!°Po in extracted
organic phase measured with the Triathler”™ (Hidex, Turku, Finland) liquid
scintillation counter with pulse shape discrimination as a function of channel
number and time duration of pulses. The counts in appropriate windows are used
to obtain the decay curves of the two nuclides in secular equilibrium. (From
Groppi et al., 2005b. Reprinted with permission from Elsevier © 2005)

(t1/2="7.21 hours) by alpha emission to 207gj daughter with
the main alpha at 5.87 MeV 41.8% and by EC (58.2%) to the
very short-lived 2lp, daughter (1, = 0.516 m sec). The 2lp,
daughter also decays by alpha emission with the main alpha at
7.45 MeV. The *"At/*''Po parent—daughter nuclides at
secular equilibrium are used in radiotherapy. The high LET
and short range of the alpha particles from both nuclides
attribute to these nuclides the power to eradicate tumor cells in
the treatment of cancer. At secular equilibrium, both nuclides
decay at the half-life of the parent, i.e., 7.21 hours. Thus, the
alpha-emissions remain in the patient long enough to irradiate
the cancer cells, and do not remain for any excessive period of
time. Alpha/beta discrimination of the 2'' At/*!'Po assigns the
alpha emissions to the «MCA and pulse events from Auger

0.06 T r

and conversion electrons to the BMCA. The alpha spectra
produced by the *''At/?''Po in a Triathler™ liquid scintilla-
tion analyzer (Hidex, Turku, Finland) with o/f pulse shape
discrimination is illustrated in Fig. 7.101. The alpha spectra of
the two nuclides decay at the same half-life, and the spectra
were used to measure quantitatively the activities of the alpha-
emitters.

XVI. PLASTIC SCINTILLATORS IN LSC

Plastic scintillators are a solid solution of fluorescent solutes
in a polymeric aromatic solvent (Bagan et al., 2010). The
potential of plastic scintillator as a detector for the analysis
of radionuclides in a liquid scintillation counter was inves-
tigated by Tarancén et al. (2002a,b, 2003, 2004). They
utilized Bicron® BC-400 plastic scintillator beads of diam-
eter between 250 and 500 pm. The advantages that plastic
scintillator beads would provide are as follows: (i) liquid
scintillation cocktail costs would be eliminated, (ii) there
would be no mixed-waste disposal costs, (iii) the plastic
beads could be reused innumerable times, if washed prop-
erly, (iv) the absence of chemical quenching with plastic
scintillators, (v) the possibility of counting samples with
very high salt matrices, even salt concentrations that are
difficult or impossible to mix suitably with liquid fluor
cocktails, and (vi) a conventional liquid scintillation counter
could be used.

The pulse-height spectra produced by beta emitters in the
plastic scintillator beads in a liquid scintillation counter display
a similarity to those produced by liquid scintillation, as illus-
trated in Fig. 7.102, This might be expected, as the beta-particle
travels through the plastic beads, energy is absorbed by the
polymeric aromatic compounds proportional to the beta-particle
energy deposited, as discussed in Chapter 16. The polymeric
aromatic compounds at various excited energy states then
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FIGURE 7.102 Pulse-height spectra from *H, C, and *°Sr/*°Y and background spectra produced with plastic scintillator beads with a conventional PerkinElmer
Quantulus™ counter in 7-mL counting vials. (From Tarancon et al., 2004. Reprinted with permission from Elsevier © 2004)
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transfer this energy to the fluor solutes in the plastic beads.
Full-spectrum detection efficiencies for 3H, “C, and °°Sr/*°Y
with plastic scintillator beads and aqueous radionuclide solution
in 7 mL polyethylene counting vials were reported by Tarancon
etal. (2004) tobe 0.13% =+ 0.04, 17.79% =+ 0.54, and 90.02% =+
0.02, respectively, and full-spectrum backgrounds were
1.09 £ 0.04, 0.47 £0.04, and 1.43 & 0.07 cpm. The low back-
ground count rates are very favorable for this counting method,
and optimized counting windows produced remarkably yet
much higher figures of merit (E*/B), where E if the % detection
efficiency and B the background count rate. Thus, routine low-
level counting (i.e., low activity samples) was demonstrated
with relative errors <5 % for medium and high-energy beta
emitters. The low detection efficiency for His understandable,
as the low-energy beta particles (Epn,x = 18.6 keV) must travel
through the aqueous solution and penetrate the plastic bead to
produce a scintillation pulse event. The reusability of the plastic
beads after washing in citric acid was demonstrated (Tarancon
et al. (2003).

Cherenkov detection efficiencies for “°Sr/°°Y in plastic
beads were reported by Tarancén et al. (2002b) to be 60.1% +
1.0 in an optimized counting window with a background of
5.0 £0.1 cpm. The high Cherenkov detection efficiency is due
to the high-energy beta particles emitted by Y (Emax = 2280
keV). Excellent Cherenkov detection efficiencies in plastic are
expected, as the index of refraction (n) of plastics (polystyrene,
n=1.52—1.59, polyethylene, n=1.52) are generally higher
than that of water (n = 1.332), which is the medium normally
used for Cherenkov counting of radionuclides. The higher index
of refraction of the polystyrene will reduce the electron (i.e.,
beta-particle) threshold energy for the production of Cherenkov
photons, as described in Chapter 15.

Smaller-sized plastic scintillator beads (<100 nm), also
referred to as nanosuspensions, were tested by Weekley et al.
(2004) for the analysis of '*C also to reduce costs of organic
liquid scintillation cocktails and cost of mixed organic radio-
active waste disposal. They reported a '*C counting efficiency
of 45.1%. Zhu and Jay (2007) synthesized fluor-containing
nanoparticles (nanosuspensions) from styrene-in-water
microemulsions to determine '*C activities in various sample
matrices by aqueous LSA. The average diameter of the
nanoparticles was ~30 nm. Several a- and (§-particle-emitting
nuclides were tested and the relative counting efficiencies are
listed in Table 7.14. The low detection efficiencies of the low-
energy B-emitters (e.g., “H and ®*Ni) are considered by Zhu
et al. (2006) and Zhu and Jay (2007) to be offset by the positive
environmental effects and reduced costs of mixed (organic)
waste disposal.

The size or diameter of the plastic scintillator beads will
affect the detection efficiency as reported by Tarancon et al.
(2007), particularly for low-energy beta-emitting radionuclides
and alpha-emitters (see Table 7.15). Higher detection efficien-
cies are reported with the smaller-diameter plastic beads
(100—250 pm) compared to beads of larger diameter
(500—1000 pum) for all beta- and alpha-emitters tested. This is
expected, as the smaller diameter beads would be more
compact, that is, there would be less space between beads
occupied by solution within which the beta- and alpha-particles
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/TABLE 7.14 Quantification of Various o and B-Emitting \
Radionuclides by Liquid Scintillation Counting Using Fluor-
Containing Nanoparticles. Relative Counting Efficiency is
Defined as CPM from the Nanosuspensions/CPM from
Conventional Organic LSC

Mode of Decay Relative counting

Isotope (Emax) (MeV) efficiency (%)
34 87 (0.018) 3.2

O3Ni 8~ (0.066) 8.19

Hc 8~ (0.156) 45.3

90g/20ya 8 (0.546/2.28) 82.5

2047) 8 (0.763) 71.3

32p g (1.71) 100

241 Am a (5.49) 96.2

239p o (5.15) 100

2908 samples contain progeny isotope °Y, which is likely why this sample

exhibited greater counting efficiency than 2°*Tl.

(From Zhu and Jay, 2007. Reprinted with permission from IOP Publishing Ltd.
@ 2007).

must travel before reaching the plastic beads. There is thus
a loss of particle energy during travel of the particle in the
medium prior to arrival of the particle at the plastic scintillator
microsphere. Santiago et al. (In Press) refers to such loss of
particle energy due to the interaction of the particle with the
medium as “particle quenching”.

Another advantage that plastic scintillator beads can offer is
the analysis of aqueous samples containing high salt matrices,
which can be difficult to mix with conventional liquid scintil-
lation fluor cocktails. Using '*C as a test nuclide and Detec"™
(UPS-89) polystyrene plastic scintillation beads between 180
and 250 pm diameter provided by Detec (Detec.com), Gatineau,
QB, Canada or Detec-Europe, F-56000 Vannes, France, Bagan
et al. (2009) demonstrated that samples high in salt content (up
to 2.8 M NaClOy) could be analyzed efficiently, and the plastic
beads can be reused after a simple citric acid wash. The high salt
concentrations, however, added a new dimension to the detec-
tion efficiency calculations, as the increase in sample density
with salt concentration would diminish slightly the detection
efficiency. Thus, two quench parameters should be considered,
color quenching and salt concentration quenching, as illustrated
in Fig. 7.103. There is no chemical quenching, as the solvent
and fluor molecules are components of the plastic beads and
sample chemicals do not penetrate the beads to produce any
chemical quenching effects. The slight decrease in detection
efficiency of the '*C with increased sample density is expected,
as the relatively weak beta particles must travel from the solu-
tion to plastic beads before excitation of plastic and fluor
molecules. As two detection efficiency factors are involved, the
overall detection efficiency of the radionuclide (Eyx) is calcu-
lated as

Enw = Ec X Es X Ey (7.145)
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BLE 7.15 Detection Efficiencies and Spectrum Position for Beta-Gamma and Alpha Emitters
(500—1000 um) Beads (100—250 pm) Beads
Isotope Activity (Bq g’1) Energy (Mev) Peak (channel) Detection efficiency (%) Peak (channel) Detection efficiency (%)
905r/20y 3.2 0.546 (100%) 517 £3 156.5 + 4.0° 490 + 4 185.6 + 1.4
2.274 (100%)
e 3.3-3.8 0.156 312+6 17.5+£1.5 301+7 41.8+1.0
*H 16.5 0.0186 103 +4 0.24 £0.01 100+3 0.53 £0.04
0Co 5.2—6.8 0.318 (99%) 41047 29.4+2.5 37743 49.8+0.4
1.491 (1%) 646+ 6 654+ 4
137¢Cs 86.5 0.512 (95%) 500 + 4 69.9+1.7 46442 91.5+0.6
1.174 (5%)
238py 1.0—-1.1 5.5 (100%) 647 £ 6 56.9+1.0 629+ 8 63.3+1.8
Maximum value corresponding to “°Sr *°Y is 200% (*°Sr+ ?°Y).
Qrom Tarancon et al., 2007, © Elsevier. Reprinted with permission) J
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FIGURE 7.103 Relative counting efficiencies of '*C as a function of color
quenching (lower curve) measured with an external standard quench-indicating
parameter [SQP(E)] and salt concentration quenching, i.e., sample density — G

(upper curve). (From Bagdan et al., 2009. Printed with permission from Elsevier
© 2009)

where Ec is the relative efficiency caused by color quenching,
i.e., the efficiency of the color-quenched sample divided by the
efficiency of the standard without quenching agent Ey, and Ef is
the relative efficiency caused by the salt concentration, i.e., the
efficiency of the salt-quenched standard divided by the effi-
ciency of the standard without quenching agent, Ej.

The relatively high detection efficiencies and low back-
grounds for *°Sr (°°Y) provide the plastic scintillator with the
required attributes to serve as a detector for the measurement of
OSr in environmental samples without the costs of mixed waste.
Bagan et al. (2011a,b) impregnated the polystyrene beads with
a 1-M solution of 4,4(5)-di-t-butylcyclohexano-18-crown-6
(DtBuCH18C6) to act as an extractant for Sr, in a similar
fashion as Sr-specific resins, to extract strontium from solution.
The extractant-impregnated polystyrene beads are added to
a converted 6-mL plastic counting vial, which acts as a Sr
extraction column, as illustrated in Fig. 7.104. The 8r is

FIGURE 7.104 Cross section of column counting vial. A: top cap, B: perfo-
rated round plastic disc, C: paper filter, D: DtBuCH18C6-impregnated poly-
styrene microspheres, E: paper filter, F: bottom cap, G: pump connector, H:
counting vial body. (From Bagdn et al., 2011b. Printed with permission from
Elsevier © 2011)

retained by the extractant-impregnated polystyrene beads, and
the *°Y remains with the rinse solution. The top and bottom of
the column can be capped and the column counted directly
in the liquid scintillation analyzer. Drinking water, seawater,
and river waters were tested, and a minimum detectable activity
of 0.46 Bq/L for a 10-mL sample is reported with sample errors
<4% (Bagan et al. (2011a,b).

The potential of polystyrene scintillator beads (micro-
spheres) as a detector for o/f pulse shape discrimination in
conventional liquid scintillation counters was investigated by
Bagan et al. (2010). Again, the study was implemented in light
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FIGURE 7.105 Liquid xenon scintillation light spectrum of >’Co and '¥’Cs. (From Arneodo et al., 2000. Printed with permission from Elsevier © 2000)

of the advantage of avoiding the use of organic liquid scintil-
lation cocktails and the disposal costs of mixed waste. In
a comparison of the performance of the plastic scintillator
beads to the conventional use of organic fluor cocktails in a/f3
discrimination, Bagan et al. (2010) demonstrated that the
detection efficiency and pulse heights produced by the beta
emitters with plastic scintillator microspheres were lower
yielding improved beta discrimination. On the other hand, the
analysis of alpha emitters with the plastic scintillator micro-
spheres yielded a poorer alpha discrimination. The o/
discrimination capability of the plastic scintillator is apparently
related to the particle energy loss during travel to the plastic
microspheres. Bagan et al. (2010) postulate that this energy loss
would reduce the excitation of the polystyrene and consequently
reduce the number of triplet excitation states key to the pulse
shape discrimination of alpha particles from beta particles. A
new approach to the o/ discrimination taken by Aboudou et al.
(2011), which would avoid the energy loss by both alpha and
beta particles, is to evaporate the samples to dryness with the
scintillator beads.

The possibility of applying plastic scintillator microspheres
for the standardization of beta-emitting radionuclides using the
free-parameter model in lieu of organic liquid scintillation fluor
cocktails was demonstrated by Tarancén Sanz and Kossert
(2011) and Taranc6n Sanz et al. (2011). The free-parameter
model applied to efficiency tracing and TDCR techniques of
radionuclide standardization are discussed in detail in Section
IX. Employing the free-parameter model with the TDCR
technique and efficiency tracing with 3Ni, Tarancén Sanz et al.
(2011) demonstrated the standardization of several beta-emit-
ters with deviations from known reference activities between
0.1 and 2.5%.

Plastic scintillator of cylindrical shape, capable of fitting in
a conventional liquid scintillation counting vial, was demon-
strated by Furuta et al. (2009) to be a powerful tool for the

identification of beta-emitting radionuclides. This is discussed
further on in Section XVIII.

XVII. SCINTILLATION IN NOBLE LIQUIDS

Liquid noble gases, such as helium, neon, argon, and xenon,
have properties of high scintillation yield as a medium for the
detection of ionizing radiation and nuclear recoil energy. In
particular, liquid xenon is considered most suitable for y-ray
detection, because of its high atomic number and short decay
constants of the scintillation light (t; =4.3 ns, 1, =22 ns for
short and long components, respectively), which comes close to
that of plastic scintillators (Hitachi et al., 1983; Tanaka et al.,
2001, and Aprile and Doke, 2010). The efficiency of liquid
xenon as a scintillator is reported by Aprile et al. (1990) to be
similar to that of Nal(TI) solid scintillation detector, but with
a shorter scintillation decay time. Both liquid argon (LAr) and
liquid xenon (LXe) are widely studied as efficient liquid scin-
tillation detectors for (i) alpha particles and internal conversion
electrons (Aprile et al., 1990, 2005; Miyajima, et al., 1992;
Tanaka et al., 2001; Ni et al., 2005, and Kastens et al., 2009), (ii)
a/y and n/y pulse-height discrimination (Benetti et al., 1993;
Peiffer et al., 2008), and (iii) y-radiation and neutron spec-
trometry from the scintillation efficiency of electron and nuclear
recoil events (Arneodo et al., 2000; Akimov et al., 2002; and
Aprile et al., 2005). Liquid rare gas detectors are currently being
studied for their utility in various fields including (i) nuclear
medicine as imaging detectors in positron emission tomog-
raphy, i.e., PET (Doke et al., 2006, Gallin-Martel et al., 2006,
2009, Grignon et al., 2007, Amaudruz et al., 2009 and Retiere,
2010), (ii) tomography imaging telescopes (time projection
chambers) for research in medium-energy gamma-ray astro-
physics (Aprile et al., 1990; Cennini et al., 1999; and Aprile and
Doke, 2010), (iii) galactic dark matter search consisting of
weakly interacting massive particles (Akimov et al., 2002;
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Neves et al., 2005, 2007, Aprile et al., 2006b; and Sorensen
et al., 2009), (iv) relativistic heavy ion detection (Tanaka, et al.,
2001), (v) the search for the rare muon decay, i.e., u™ —e™ + v
(Adam et al., 2010; Uchiyama, 2010; Iwamoto, 2010; Sawada,
2010; and Nishimura and Natori, 2011), and (vi) the EXO
(Enriched Xenon Observatory for Ov@(, i.e., neutrinoless
double beta decay (Leonard et al., 2008; Ueshima et al., 2008;
Arisaka et al., 2009; and Neilson et al., 2009). Applications of
liquid xenon are numerous in light of the advantageous detector
characteristics of high atomic number, scintillation efficiency,
and short fluorescence decay times.

The mechanisms of scintillation in liquid argon and liquid
xenon are similar and have been investigated thoroughly (Kubota
etal., 1978a,b, 1979; Doke, 1981; Doke et al., 1990). As described
by Cennini et al. (1999), Mei et al. (2008), and Aprile and Doke
(2010), scintillation light in liquid argon (LAr) is produced by
ionizing radiation either by direct ionization of an Ar atom fol-
lowed by excimer formation and de-excitation according to

Ar* + Ar— Ar5 —2Ar + hv(128 nm) (7.146)
or via ionization, recombination, excimer formation, and de-
excitation as

Ar® +Ar— Ar +e— Ary > 2Ar + (128 nm)  (7.147)

Deexcitation from the Arj to the dissociated ground state 2Ar
gives rise to fluorescence displaying fast and slow decay
components of about 5 ns and 1 ps, respectively, with relative
yields of 23% and 77% at an emission of approximately 128 nm
wavelength. The light emission is abundant with approximately
one photon emitted per 25 eV of energy dissipated in LAr by
ionizing radiation or 40,000 photons per MeV. In the case of
liquid xenon (LXe) excitation, light emission is at 175 nm and
the lifetimes of the singlet and triplet states of the excited dimer
Xe; are 4 ns and 22 ns, which makes liquid xenon the fastest of
the noble liquid scintillators (Hitachi et al., 1983 and Aprile
et al., 2005).

The wavelength of light emission is in the vacuum ultravi-
olet (VUV) region. Consequently, glass-faced photomultipliers
are used with wavelength shifters. Metal-channel photo-
multipliers (PMTs) are fabricated by Hamamatsu Photonics to
efficiently detect the fast scintillation light from LXe. These
PMTs are designed to operate within the LXe to efficiently
detect the 175-nm Xe light photons (Giboni et al., 2005). Other
photomultipliers with MgF, or CaF, windows have been used.
The addition of liquid xenon in small concentrations (<100
ppm) into LAr serves as a wavelength shifter from 128 to 173
nm permitting photomultipliers with quartz windows (Cennini
et al., 1999). The scintillation mechanism for liquid xenon is
similar to that described above for LAr with an average of one
photon emitted per 14.7 eV of energy dissipated by ionizing
a-particles (Tanaka et al., 2001). Avalanche photodiodes (APD)
and silicon photomultipliers are researched as alternatives to the
photomultiplier tube for liquid rare gas scintillation detectors
(Solovov et al. 2000; Aprile et al., 2006a; and Shagin et al.,
2009).

Arneodo et al. (2000) demonstrated the excellent linear
response of scintillation fluorescence versus energy deposited in
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FIGURE 7.106 Background subtracted spectra from activated Xenon 12 hours
after a 5-day neutron activation The energy resolutions for the 164- and 236-keV
peaks are 7.0% and 5.1%, respectively. (From Ni et al., 2007. Printed with
permission from Elsevier © 2007)

liquid xenon using several vy-ray sources. Typical energy
distribution in liquid Xe with °’Co and '*’Cs y-ray sources
placed outside the LXe scintillation detector measuring 5.0 cm
and 4.6 cm for the top and bottom diameters and 4.0 cm in
height are illustrated in Fig. 7.105. The width of each energy
distribution is dominated by a light collection efficiency that
varies from 5% to 12% depending on the point of interaction of
the y-ray within the LXe detector volume. The overall detector
efficiency was estimated by Arneodo et al. (2000) to be
approximately 1.5% for the 175-nm UV photons from the LXe
scintillation taking into account the average light collection
efficiency of 8%, PMT quantum efficiency of 19%, and photo-
extraction potential of LXe of 15 eV.

Calibration of LiXe detectors can be performed from the
decay of xenon metastable states, illustrated in Fig. 7.106,
produced by fast neutron activation. All of the short-lived
metastable states decay within a few days leaving no longtime
activity in the detector after the neutron activation as demon-
strated by Ni et al. (2007). The characterization of the response
of noble liquid scintillation detectors at low energies can be
performed with 83mKr as a calibration source (Kastens et al.,
2009). The **™Kr decays via isomeric transition with emission
of 9.4 and 32.1 keV conversion electrons and with a half-life of
1.83 hours. The spectral energy peaks, illustrated in Fig. 7.107,
at 9.4 and 32.1 keV are reported to have a 23% and 14 %
resolution, respectively. Such a source with short half-life leaves
no long-lived residue in the detector.

XVIIl. RADIONUCLIDE IDENTIFICATION

It is possible to use a liquid scintillation analyzer to identify
automatically an unknown pure @-emitting radionuclide
sample; once it is identified, the LSA can automatically deter-
mine the activity (DPM) of that same sample.

One of the obstacles encountered in identifying ($-emitting
radionuclides by LSA is that the pulse-height spectrum of all
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FIGURE 7.107 Activities of energy peaks due to 9.4- and 32.1-keV conver-
sion electrons after doping 5*™Kr into the liquid xenon detector. The 9.4- and
32.1-keV peaks have a resolution of 23 and 14%, respectively. (From Kastens
et al., 2009. Reprinted with permission © 2009 The American Physical Society)

(-emitters are broad over the range from 0 keV to the end point
energy corresponding to the Ey,,x of the S-emissions. Also, the
pulse-height spectrum of a given (-emitter changes in pulse-
height distribution and endpoint energy according to the level of
quench in a sample. Consequently, the pulse-height distribution
of a higher-energy (-emitter under a high degree of quench
could resemble that of a lower-energy (-emitter under a low
degree of quench.

By means of a double-ratio technique, Takiue et al. (1989b)
developed a method for identifying unknown (-emitters. The
technique is based on combining the information provided by
two quench-indicating parameters, tSIE and SIS, which were
described previously in this chapter. The tSIE is produced by
the external standard, and it provides information defining the
level of quench in the sample—scintillation fluor cocktail
mixture. The SIS is a sample-spectrum quench-indicating
parameter, which depends not only on the degree of quench in
the sample but also on the B-particle energy spectrum. The two
quench-indicating parameters together, therefore, provide
information, that reflects the pulse-height distribution and
shape of a particular pulse-height spectrum at any given
quench level. The combined information provided by the two
quench-indicating parameters is used to identify pure - or
(/v-emitting radionuclides.

The technique developed by Takiue et al. (1989a,b) requires
the preparation of a series of quenched “standards” of all of the
pure radionuclides that may need to be identified as unknown
samples. The word “standards” is enclosed in quotation marks,
because the activity need not be known in the series of quenched
standards. The activities of the quenched standards should be
high enough to determine accurately the SIS of each of the
standards, and they are used only once to prepare a double-ratio
curve for a particular radionuclide.

Once the series of quenched standards has been prepared for
each radionuclide of interest, the SIS and tSIE of each quenched
standard are determined and plotted as illustrated in Fig. 7.108.
The family of curves, illustrated in the figure, becomes sepa-
rated from the lowest curve for *H to the uppermost curve for
32p according to the maximum energy (Epna.x) and average
energy (E,y) of each radionuclide, because the SIS plotted along
the ordinate reflects both E,,,x and E,,. The curves, therefore,
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provide a definition of the magnitudes of the pulse-height
spectral distributions as a function of quench, which are
radionuclide specific.

To apply this technique, an unknown sample is monitored
for its SIS and tSIE value and then compared with the double-
ratio curves, such as those illustrated in Fig. 7.108, which were
prepared in advance. From the tSIE and SIS of an unknown
sample, the radionuclide can be identified using the double-ratio
curves, provided the deviation AS/S of the experimental plotted
point of the unknown sample is less than &+ 0.02, or

AS _ (logY —logYo)

< £0.02
S S

(7.148)

where AS is the difference in ordinate (logY; — logYy) between
the plotted point Y; and the corresponding value Yy on the
double-ratio curve, and S is the logarithm of the SIS value
(logYp) on the curve. Takiue et al. (1989b) demonstrated that the
activities of the unknown samples can also be determined
automatically, if the double-ratio curves are linked by computer
program to the quench-correction curve of the appropriate
radionuclide. In essence, therefore, an unknown pure (§-emitter
in scintillation fluor cocktail could be placed in an LSA for both
automatic identification and activity analysis.

The above procedure was demonstrated to work for several
radionuclides with the exception of "C and *3S. The close
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FIGURE 7.108 Double ratio curves for identifying an unknown radionuclide.
Each curve is constructed from the SIS and SIE of a series of quenched “‘stan-

dards” of each nuclide. (From Takiue et al., 1989b. Printed with permission from
Elsevier © 1989)
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similarities of the (-particle energy spectra of 4c (Eppax =
156 keV) and >*°S (Ep.x = 167 keV) produce overlapping
double-ratio curves, which prevents the identification of these
two radionuclides in unknown samples. However, Natake et al.
(1996) showed that pulse-height analysis could be used to
identify '4C and **S in unknown samples. The slight difference
in the pulse-height distributions could be distinguished using
the sample channels ratio (SCR), which is the ratio of two
counts in two measurement channels. The optimum channel
settings were selected to obtain as great a difference between
the two radionuclides as possible for a given quench level. The
SCR for a series of quenched “standards” of '*C and *°S are
then plotted against the H number in what is referred to as
a double-quench parameter (DQP) curve. The H number is an
external standard quench-indicating parameter (QIP) described
previously in this chapter. Other external standard QIPs, such as
tSIE or SQP(E), can also be used in this technique. To apply
the technique, the SCR and the H number are determined for the
unknown sample and the two QIP values are plotted on the
previously prepared DQP curve. The radionuclide is then
identified when the plot of that point lies in the neighborhood of
either the '*C or *>S DQP curve.

In another approach to identify unknown pure f—emitters,
Dodson (1996) developed the technique of characterizing the
pulse-height spectrum according to the following three prop-
erties: Enax, the isotope center number I, and the spectral
resolution (FWHM or F). The isotope center number [ is
defined as

> (NiEy)
> (Ni)

where E; is the energy of the N; electron. For quenched sets of
radionuclide standards, both I and F are found to be linearly
dependent on Ey,x. The slopes and intercepts of the linear
equations defining / and F as a function of Ey,,x over a range
of quench levels are tabulated for each radionuclide. The

I = (7.149)
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measurement of I, E ,,x, and FWHM of an unknown nuclide’s
sample spectrum coupled with a relevant algorithm permits the
identification of the unknown nuclide within the parameters of
the defined reference set.

Alpha-particle emitters were identified by Kaihola (2000) of
Wallac Instruments (now PerkinElmer, Inc.) who demonstrated
that the external standard quench-indicating parameter SQP(E)
could be used to correlate the alpha-particle sample pulse-
height distribution with its emission energy as a function of
quench level. Two known energy calibration lines as a function
of quench are required to verify the emission energy and
identify the radionuclide in liquid scintillation alpha
spectroscopy.

A new approach to the identification of pure beta-emitting
radionuclides with a conventional liquid scintillation counter
was taken by Furuta et al. (2009). They measured the pulse-
height spectra of 6 pure beta-emitting radionuclides using
plastic scintillator (Saint-Gobain BC-400) that is placed into
glass counting vials. Three different instruments were used
including Beckman Coulter LS-6000S, LS-6500, and Perki-
nElmer Tri-Carb 3270TR/SL liquid scintillation analyzers. The
radionuclides were dried onto separate plastic scintillator
sheets, which were inserted into plastic scintillator cylinders or
containers. The plastic scintillator containers were then placed
inside a conventional glass LSC vial. After calibrating the x-axis
of the pulse-height spectra to read 0.5 keV per channel, the
channel of the spectrum endpoint for 3H, 14C, 35 S, 4 Ca, and 3p
yielded the theoretical maximum beta energy (Epmax) of each
radionuclide, as illustrated in Fig. 7.109. The absolute nuclide
decay energy is not measured with the plastic scintillator;
however, the plastic scintillator permitted the identification of
the nuclides by the endpoints and shapes of the spectra. The
endpoint of the pulse-height spectrum of the high-energy **P
(Emax = 1710 keV) is not illustrated in Fig. 7.109. Furuta et al.,
(2009) demonstrated that the endpoint of this spectrum was
reported to reach up to 1612 keV, because the plastic scintillator
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FIGURE 7.109 Spectra of five nuclides measured with plastic scintillator and a quenched spectrum of '*C measured with ACS-2 liquid scintillator (dashed line).
(From Furuta et al., 2009, Printed with permission from Radiocarbon, University of Arizona © 2009 Arizona Board of Regents on behalf of the University of Arizona)
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was not thick enough to absorb all of the beta-particle energy in
this case.

XIX. AIR LUMINESCENCE COUNTING

An innovative approach to a-particle counting is the use of
a liquid scintillation counter to detect luminescence events
caused by the a-particle excitation of Nj in air. The technique
was devised by Takiue and Ishikawa (1979b). As explained by
these investigators, the alpha particle passing through air
dissipates its energy, forming excited nitrogen molecules N3,
excited nitrogen molecular ions N; *, and excited nitrogen
atomic ions N™" as follows with relative energy consumptions
as given in parenthesis:

N, +W, :» N (50%)
Ni"+e 45%)
N™+N+e  (5%)

where W, is the a-particle energy dissipated in air, e~ is an
electron, and N is the nitrogen atom. The emission spectra are
derived from entirely N3 and Nz+ * bands. Emission wavelengths
of the air luminescence are found in the region of 220—520 nm,
which is within the range of sensitivity of photomultiplier tubes
used in conventional liquid scintillation analyzers.

The oxygen in air (21%) does not contribute to the air
luminescence but rather acts as a quencher by forming
a complex with N3, leading to a radiationless deactivation of
excited molecular nitrogen. Argon, with a natural concentration
in air of only 1%, undergoes luminescence. However, its photon
emissions make little contribution to the overall nitrogen
luminescence because of the low concentration of argon in air
compared to that of nitrogen (78%).

The sample preparation and counting procedure recom-
mended by Takiue and Ishikawa (1979) are simple and rela-
tively inexpensive. Approximately 0.1 g of a solution of o-
particle-emitting nuclide is deposited onto a 0.84-mg/cm?>-thick
Tetoran film (Toray, Inc.), dried with an infrared lamp, and
inserted into an empty liquid scintillation glass counting vial so
that the film and sample remain suspended in the air around the
center of the vial.

The sample may be counted as such without further prepa-
ration, or the air in the vial may be purged with pure nitrogen as
a gas scintillator.

When the nuclides are counted in air, counting efficiencies
of 72 and 74% for >'°Po and 241Am, respectively, are obtained,
and purging with pure nitrogen leads to an increase of 10—15%
in counting efficiency. The method offers several advantages:
(1) there is no concern about quenching except for that of
oxygen, which remains constant from sample to sample; (2)
there is no need to be concerned about the preparation and
handling of costly scintillators, as air is the only medium of
detection; (3) the technique offers excellent reproducibility
from sample to sample because of the absence of variable
quenching agents; (4) the spectral emissions of nitrogen overlap
well with the spectral response of photomultiplier tubes used in
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liquid scintillation analyzers, obviating the need for wavelength
shifters; and (5) normal air containing 78 % nitrogen may be
used as the detection medium.

The main disadvantages of the air luminescence method are
(1) reduced counting efficiency, as liquid scintillation with fluor
cocktail provides 100% counting efficiency for o-emitters even
under high levels of quench; (2) there is no a-radionuclide
spectroscopy capabilities, since the pulse-height spectrum is
a peak produced by the air luminescence photons; (3) the limi-
tation of the sample size to about 0.1 mL of radioactive solution
that is deposited and dried on the transparent film; and (4) there is
no possibility of analyzing (-emitters in the sample, that is,
simultaneous o/ discrimination and analysis is not feasible.

These original findings of Takiue and Ishikawa were
expanded by Takiue (1980) for the routine analysis of a-emit-
ters on smear (swipe) paper in air without scintillation cocktail.
The technique involves swiping a 100-cm” contaminated area
with a smear paper (25-mm diameter, 30 mg/cm?) at a pressure
of about 0.2 kg/cm® The contaminated smear sample, thus
obtained, is placed directly in an empty glass scintillation
counting vial with the contaminated side of the paper facing
upward and measured without adding a liquid scintillation
cocktail, as illustrated in Fig. 7.110.

The a-particle counting efficiency is reduced because of the
27t counting geometry with the smear sample at the bottom of the
counting vial. Takiue (1980) observed variation in smear removal
efficiencies from different contaminated surfaces. The counting
efficiencies of *'°Po or *' Am as smear samples on paper varied
between 10 and 20% from sample to sample. The following
advantages of the air luminescence method for monitoring
a-emitter radioactive contamination can be cited: (1) sample
preparation for a-contamination surface monitoring is simple and
inexpensive, because no scintillation cocktail is required or
cocktail waste produced, and (2) low backgrounds are achieved
(~9 CPM with the instrumentation used by Takiue), providing
a detection limit of 1 x 10~ pCi/em? for loose contamination.
Disadvantages of the air luminescence method are (1) much
lower and more variable counting efficiencies (10—20%) are
obtained in air luminescence analysis of smear samples,

Vial cap
vial

Photomultiplier\

Photomultiplier

Smear sample ( 25mm¢)

FIGURE 7.110 Measurement geometry for a smear sample in air (contami-
nated side of paper is facing upward) and detector photomultiplier tubes of
a liquid scintillation spectrometer). (From Takiue, 1980. Printed with permission
from Wolters Kluwer Health/Lippincott, Williams & Wilkins © 1980 Health
Physics Society)
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compared to a constant 100% counting efficiency obtained by
liquid scintillation analysis and (2) $-emitters cannot be analyzed
by air luminescence, that is, simultaneous o/8 discrimination and
analysis with air luminescence is not possible.

Caution must be taken to assure that there are no significant
activities of (§-particles with energies in excess of 180 keV, which
is the threshold energy for the production of Cherenkov radiation
by @-particles (electrons) in glass. For samples containing high-
energy (-emitters, Takiue (1980) demonstrates that a double-
region counting technique could be used to discriminate between
pulses produced by Cherenkov photons and air luminescence.

Further studies by Homma et al. (1987) demonstrated the
possibilities of measuring **’Rn and its daughter nuclides in
air in the gaseous phase by air luminescence counting. A
counting efficiency of 42% was achieved. The endpoint of the
air luminescence spectrum produced by ***Rn is about 18 keV;
hence, a preset counting region normally used for *H liquid
scintillation analysis could be used for the air luminescence
analysis.

In the liquid scintillation analysis of **’Rn, Murase et al.
(1989a) demonstrated that air luminescence produced by 222Rn
and its daughters in the gaseous phase above the liquid scin-
tillator can give rise to significant air luminescence counts.
Therefore, to avoid error caused by air luminescence in the LSA
of ?*’Rn, currently approved methods require filling the liquid
scintillation vial to a total volume of 20 mL with sample and
fluor cocktail. For example, the procedure used by the U.S. EPA
(EPA/EERF-Manual-78—1) for the analysis of radon in water
(see Passo and Cook, 1994) calls for the injection of 10 mL of
freshly sampled water into 10 mL of an organic accepting liquid
scintillation cocktail (e.g., Opti-Fluor O). The 222Rn partitions
into the organic fluor phase, and insignificant gaseous space
remains in the standard 20-mL liquid scintillation counting vial
for any significant air luminescence interference. To avoid any
interference from luminescence by **Rn alpha particles in the
air above the liquid scintillation cocktail, Murase et al. (1999)
selected a lower-level discriminator setting of 25 keV. Thus, all
pulse events that may originate from air luminescence would be
rejected, as these are found in the 0—18-keV region only.

Murase et al. (1989b) demonstrated the air luminescence
analysis of 210Po, 238U, and **'Am. The technique involves
spotting small amounts (0.1 mL) of aqueous solutions of the
a-emitters on the bottom of glass liquid scintillation vials and
evaporating the samples to dryness with an infrared lamp. The
counting efficiencies obtained were between 33.3 and 33.7 +
0.23%. The air luminescence pulse-height spectra correspond to
the region of 0—18 keV for pulse height calibrated on an energy
scale. Therefore, a counting region preset for the analysis of *H
by LSA can be used for the air luminescence counting. Following
air luminescence counting, the samples can be recovered from
the vials for other studies. The counting efficiencies for the air
luminescence determinations are easily determined by subse-
quent liquid scintillation analysis of samples. These can be
carried out at random or for as many vials as desired. Liquid
scintillation analysis after air luminescence was carried out by
Murase et al. (1989b) after dissolving the radionuclide residue by
wetting the bottom of the vial with 0.5 mL H,O followed with
liquid scintillation cocktail. The liquid scintillation analysis of
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a-emitters is 100%. Therefore, simply the activities (DPM) of
samples obtained by liquid scintillation analysis can be used to
calculate the air luminescence counting efficiency, as the count
rate by LSA is also the disintegration rate. A disadvantage of the
air luminescence analysis is the very small sample size of 0.1 mL
that can be analyzed. Larger samples might leave too thick
a residue at the bottom of the scintillation vial after drying, which
would produce samples with significant self-absorption.

Air luminescence counting was used by Homma et al.
(1996) to standardize ***Rn samples that are applied to calibrate
detectors utilized for the determination of **’Rn in air. The
standardization of **’Rn as described by Homma et al. (1996)
involves collecting a sample of **’Rn from approximately 20
mL of sample of a 0.1-M HCI solution of 20 kBq **°RaCl, with
a syringe and then transferring the 222Rn gas to a standard liquid
scintillation counting vial, which was filled with air and closed
with a silicon rubber stopper. The **?Rn in the vial is allowed to
sit for 3.5 hours before measurement to allow the daughters
218Po, 214Pb, 214Bi, and 2'*Po to reach transient equilibrium
with the *’Rn. This sample is referred to as the **’Rn “stan-
dard.” The **°Ra solution from which the **’Rn is taken does
not have to be a standardized solution, because the 222Rn
determination is not based on secular equilibrium between
22°Ra and **?Rn. It is not even necessary to know how much
222Rn from the **°Ra solution was actually removed. It is
necessary only to standardize the **’Rn that is transferred into
the rubber stopper-sealed scintillation counting vial. Standard-
ization of the gaseous “*’Rn is done by air luminescence
counting. The air luminescence counting efficiency of the *’Rn
was determined by using the counting efficiency of a standard-
ized *'°Po source. The 2'°Po counting efficiency (E) was
determined by calculating E = o/A, where o is the air lumi-
nescence count rate of a 2'°Po source and A is the o-particle
emission rate of the 2'°Po source expressed in a-particles per
second in a solid angle of 27 steradians. Homma et al. (1996)
underscore the importance of measuring the air luminescence
counting efficiency of **?Rn, as instrument models may vary in
optical properties, PMT properties, and circuit properties.
Morita-Murase et al. (2001, 2003) have pursued further the
application of air luminescence counting to the measurement of
222Rn. They standardized a **Rn sample collected with
a syringe from the air space above a **°RaCl, solution. The
222Rn was injected into a small quartz tube (7 mm in diameter
by 40 mm in length) sealed at both ends with silicon rubber
stoppers. After 3.5 hours, transient equilibrium of **Rn with its
daughters 218Po, 214Pb, 214Bi, and 2'*Po is reached. The activity
of the **Rn was then determined via analysis of the daughter
214pp y-rays with a Ge semiconductor well detector. The small
quartz tube with known **’Rn activity was placed into a stan-
dard empty liquid scintillation vial, and the vial agitated until
the quartz tube was broken, liberating the **?Rn into the air of
the vial. The ***Rn was counted with a liquid scintillation
analyzer to provide the air luminescence counting efficiency of
222Rn for the particular liquid scintillation analyzer used. An air
luminescence counting efficiency of 42.6 = 0.2% for ***Rn was
reported. Morita-Murase et al. (2003) report that the low-level
count mode (LLCM) of the PerkinElmer TriCarb 3170 TR/SL
should not be used for air luminescence counting, because the
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LLCM rejects pulse events that are not produced in liquid
scintillator. Instead, the normal count mode (NCM) may be used
with the PerkinElmer Tri-Carb instruments.

XX. LIQUID SCINTILLATION COUNTER
PERFORMANCE

This chapter so far has dealt with the basic principles and
procedures of liquid scintillation analysis. The remainder of the
chapter will review the methods used to optimize the perfor-
mance of the LSA. This is particularly important when sensi-
tivity is key to our measurements. In addition, we need methods
that can be used to assess the performance of the LSA to ensure
that the instrument is providing reliable and reproducible data.

A. Instrument Normalization and Calibration

The first item to be addressed is that of assessing performance
and calibration of the LSC to be sure that the activity data
(DPMs) are accurate and reproducible. The first area to review
is the calibration methods that are used for LSCs. One method is
to use a flame sealed standard in scintillation cocktail, usually
a 'C source as the calibration normalization source for the
LSC. This sealed standard should be a calibrated standard such
as one traceable to a primary standard from a national institute
of standards so that its DPM is accurately known and it produces
light pulses similar to those found in real samples. Jaubert et al.
(2006) report that flame-sealed purely organic liquid scintilla-
tion sources can be used as reference sources for periods of
more than 10 years, provided the sources are stored at ambient
temperature in reduced light.

The calibration procedure of liquid scintillation analyzers
varies according to the manufacturer of commercial instrumen-
tation. One method of calibration (e.g., PerkinElmer Tri-Carb
LSAs) involves loading an unquenched "*C standard source into
the counting chamber, the high voltage for each of the PMTs is
set automatically to obtain the optimum '*C efficiency, and the
1€ endpoint energy of the standard is fixed at 156 keV with the
minimum background. Such a calibration should be performed at
least weekly as long as the instrument is being used.

B. Assessing LSA Performance

Assessing the performance of the LSA on a routine basis is
important to have assurance that the instrument is operating
within acceptable parameters and to have a standing record over
time of the instrument performance. To maintain good labora-
tory practice and satisfy regulatory agencies, it is often neces-
sary to have records of the instrument performance on a routine
basis, such as daily, weekly, or monthly, to provide proof that
deviations in instrument performance do not have any effect on
the analytical results. Instrument performance assessment (IPA)
is carried out generally with a set of standards that are traceable
to a primary standard from a national institute of standards.
These standards can be the same as those used for calibrating
the instrument.

The IPA is normally carried out on a regular basis and the
results stored and printed in a tabular and/or graphic form
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with a time and date stamp. Eight parameters should be
assessed using a set of three unquenched standards (e.g.,
purged with argon in a flame-sealed counting vial), namely,
(i) a tritium standard, (ii) a '*C standard, and (iii) a back-
ground standard, i.e. a standard consisting only of scintilla-
tion cocktail. The three standards can measure the following
instrument performance: (1) tritium efficiency, (2) tritium
background, (3) tritium figure of merit, (4) tritium chi-
square, (5) '*C efficiency, (6) "*C background, (7) '*C figure
of merit, and (8) ¢ chi-square. The tritium and 14C effi-
ciencies are determined by the LSA using two sealed stan-
dards counted in predefined counting regions. This requires
approximately 1 minute for each sample, as these samples
are generally of sufficiently high activity that only short
count times are needed. This test should be performed daily.
The backgrounds are determined using a sealed background
standard with two preset counting regions for tritium and
%C. This requires approximately 60 minutes because an
accurate CPM value of the background needs to be obtained
to assure reproducibility. Background assessment should be
performed at least weekly. The *H figure-of-merit and '*C
figure-of-merit performance values are determined using the
E*/B calculation, which is the percent counting efficiency
squared divided by the background count rate in CPM. This
is an excellent indicator of any change in performance for
the LSC. It can be calculated using the *H and '*C standards,
and it should be performed daily. The final performance
parameters are the “H chi-square and '*C chi-square. This is
a monitor of short-term stability in the LSA and involves
counting the *H and 'C sealed radionuclide standards 20
times for 0.5 minutes each. The chi-square tests are used to
confirm that the count rate measurements vary within the
normal and expected deviations; that is, the count rates are
neither too consistent nor too variable to be true. The chi-
square tests should be performed weekly. By monitoring and
recording these eight parameters, good laboratory practices
(GLP) can be satisfied.

The instrument performance assessment (IPA) can be per-
formed either manually by the LSC users with the data placed
into a spreadsheet or automatically by an LSC that has auto-
matic IPA and instrument calibration. Figure 7.111 shows
a plot of the data obtained with an automatic IPA program on
a PerkinElmer Tri-Carb LSA. This type of graph can be dis-
played, stored in computer memory, and printed for each of the
eight IPA parameters described previously. In any given graph
for any of the eight parameters, such as the example in
Fig. 7.111a, an average line is calculated and the one, two, and
three sigma values are provided so that the user can evaluate any
trends or outlying points. If an outlying point is observed, this
information is printed on the final data output. In addition,
a series of suggestions can be provided so that the user can
assess the problem further and take preventative action if any
parameters are too frequently outside of recommended limits.
An example is provided in Fig. 7.111b. Possible problems that
might be indicated are counting contamination, PMT failure,
dirty PMTs, and electronic failures. Jaubert et al. (2006) and
Chatupnik and Mielnikow (2009) provide thorough treatments
of the importance of instrument performance assessment or the
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FIGURE 7.111

Chi-square instrument performance assessment (IPA) data displayed on the computer monitor of a liquid scintillation analyzer (a, upper chart) as

a chart and (b, lower table) as a table with instructions if measured parameters are obtained too frequently outside of recommended limit. (© 1998 PerkinElmer, Inc.

Printed with permission)

implementation of a quality assurance system for the moni-
toring of the long-term stability of LSAs.

C. Optimizing LSC Performance

The procedures for determining sample activities in DPM in
routine sample analysis are dealt with in detail in previous parts
of this chapter. This section will describe methods used to
optimize performance particularly for low-count-rate samples
when LSA sensitivity is most important. There are several
methods of optimizing performance, and these will be described
in detail in this section.

1. Counting Region Optimization

If a radionuclide, such as 14C, is to be analyzed and a low level
of detection is required, the counting region, defined by

lower-level (LL) and upper-level (UL) pulse-height discrimi-
nators, must be optimized for best performance measured by the
figure of merit (E%/B). The figure of merit is calculated as the
square of the percent counting efficiency of the radionuclide of
interest divided by the background count rate expressed in
CPM. Optimizing the counting sensitivity (E%/B) with spectrum
analysis of sample and background is achieved by the following
procedure:

a. Count a known activity (DPM) of the radionuclide of
interest and store the sample spectrum, as illustrated in
Fig. 7.112 (upper plot), in the computer memory. The
sample size, sample chemistry, and amount of cocktail
used should be similar to those of the experimental
samples.

b. Prepare a blank sample (no radionuclide) plus cocktail in
a counting vial to measure background. Count the blank
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sample and store the background spectrum, as illustrated in
Fig. 7.112 (lower plot). It is important to prepare the
sample and background (blank) counting vials in steps 1
and 2 with the same cocktail and any other chemical
components in identical amounts to provide the same
chemistry and the same quench levels in both counting
vials. For example, if the experimental samples will have
a 50% water load (e.g., 10 mL H;O + 10 mL cocktail), then
the blank background vial should be prepared similarly, but
without radioisotope. Ideally, the background counting vial
should have the same chemical composition and QIP, that
is, the same tSIE, SQP(E) or H#, as the sample vial with the
exception that the background vial will not contain any
added radionuclide.

c. Start with a wide-open counting region defined with the
LL discriminator at 0 keV and the UL discriminator at
the sample pulse-height spectrum endpoint, and measure
the count rates from the sample and background vials
in the wide-open counting region. From the count rate
data from the sample and background calculate the figure
of merit E*/B.

d. Repeat step 3 by increasing the LL discriminator by suitable
increments and calculating the E*/B after each change of the
LL discriminator setting.

e. Decrease the UL discriminator by suitable increments and
measure the E%/B for each setting of the LL discriminator
already tested. Record the E%B for each of the LL—UL
counting regions tested.

f. Select the optimum counting region as that region defined by
the LL—UL settings that gave the highest E*/B.

The above procedure can be carried out using a “Replay” option
that is included with many liquid scintillation analyzers. This

Handbook of Radioactivity Analysis

€0 70 80 90 100 110 120
FIGURE 7.112 Pulse-height spectra of a '*C sample (above) and a background or blank sample (below). For this particular sample and blank, chemical
composition, sample load, cocktail, and vial type, the LL (left) and UL (right) discriminator settings of 9.0—73.5 were found to provide region optimization. In this
example, the reduced counting region produced a sacrifice of 18% in the '*C counting efficiency but a reduction of 54% in the background counts. Region opti-
mization is specific to radionuclide, sample—cocktail chemistry or quench level, and vial type and size. (L’Annunziata, M.F., 1996, unpublished work)

allows the variation of the LL and UL discriminator settings to
obtain new count rates from computer-stored pulse-height
spectra without having to recount the sample or background.
Also, certain liquid scintillation analyzers are equipped with
SpectraWorks =~ or similar computer program that will (1)
process automatically the sample and background spectra, (2)
calculate the optimum LL—UL discriminator settings for
a counting region, and (3) provide a value of the E*/B for that
optimum region. SpectraWorks will also calculate the lower
limits of detection (LLD) or minimal detectable activity (MDA)
for a particular radionuclide, counting efficiency, and back-
ground obtained. The LLD or MDA is defined further on in
this chapter. For more information on SpectraWorks' , see
Floeckher (1995), which is a reference available on-line.

An example of results obtained with region optimization can
be taken from the following case:

A sample of C and a background blank were prepared
similarly in liquid scintillation counting vials with the exception
that the background vial had no radionuclide added. For a wide-
open counting region of 0—156 keV defined where LL and UL
discriminators are calibrated in keV, the instrument gave a 95%
counting efficiency for the '*C, a background count rate of 25.0
CPM, and a calculated E%/B of 361. After region optimization
according to the foregoing procedure, an optimum counting
region of 18—102 keV was found, which gave a '*C counting
efficiency of only 63.1% but a background of 3.38 CPM, and
a calculated E*B of 1178. Region optimization caused
a reduction by more than 30% in the counting efficiency from
95% to 63.1% but an even greater reduction of more than 10-
fold in the background. The counting region of 18—102 keV is
the optimum counting region for the particular sample and
instrument used in this example. Region optimization is
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important when sample count rates are low (close to back-
ground) and low levels of detection are required.

It is important to emphasize here that an optimum counting
region so determined is good only for the particular radionu-
clide, sample size, vial type, cocktail—sample chemistry (i.e.,
quench level), and liquid scintillation analyzer used. Therefore,
we should keep in mind that when samples vary in quench, the
optimized counting regions (window) vary as well. If the
quench level between samples varies only slightly, one can
widen slightly the optimum counting region to accommodate
small changes in spectral shifts.

2. Vial Size and Type

Optimization of performance for the LSC is achieved also by
selection of the proper size of vial and vial material (e.g., glass
or plastic). The data in Table 7.16 provide *H counting effi-
ciencies, backgrounds, and figures of merit (E2/B) for a standard
(wide-open) counting region and an optimized counting region
for two counting vial types and sizes. The data in this table
provide evidence of some well-known generalities that should
be considered when optimizing counting performance. First,
plastic vials produce a lower background count than the cor-
responding glass vials. In this example, a 15—30% improve-
ment in performance (E*/B) was obtained with plastic vials.
Second, small vials for low-volume samples provide a lower
background with about the same counting efficiency as large
vials. Third, the optimized counting region gives a better
performance than the standard counting region. From the
example taken in Table 7.16 the total performance was
enhanced with small plastic vials over large glass vials in an
optimized counting region by almost a factor of 3 (E*/B
103.9—306.0). The only problem with using smaller vials is that
the sample capacity is lower, and, if maximum sample size is
required, the larger vials should be used.

3. Cocktail Choice

Choosing the proper liquid scintillation fluor cocktail optimizes
counting performance. When sample counts are low, it is best to
choose a cocktail that can hold as much sample as possible and
still provide the maximum counting efficiency with a minimum
amount of background. Chapter 8 provides a great deal of
information that can be helpful in selecting a cocktail as
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a function of sample chemical properties to optimize counting
performance.

4. Counting Time

The error associated with the measurement of sample counts
and count rate is a function of counting time. As demonstrated
in Chapter 2, the standard deviation of the counts collected and
the calculation of the associated count rate are reduced
according to the length of the counting time. This is particularly
relevant when the sample counts are very close to background,
and accurate measurements of sample counts and background
counts must be made to distinguish their difference in magni-
tude within reasonable error limits. Therefore, liquid scintilla-
tion counting performance can be optimized by increasing the
sample and background counting times. The longer the counting
time, the lower is the detection level or minimal detectable
activity (MDA). The MDA also referred to as the lower limits of
detection (LLD) in units of Bg/L can be calculated by the
following equation from Prichard et al. (1992) as described by
Passo and Kessler (1993), Passo and Cook (1994), and Biggen
et al. (2002):

Lp

LLD = ———
60EVTX

(7.151)
where LLD is the lowest activity concentration in Bq/L, that
yields a net count above background with a 95% probability; the
detection limit, Lp , according to Currie (1968) and Hurtgen
et al. (2000), is the true net signal, that can be detected with
a given probability; 60 is a factor for conversion of DPM to Bq
(i.e., 60DPM/1 Bq); E is the fractional detection efficiency
(CPM/DPM); V is the sample volume in liters, T is the count
time in minutes; and X is any factor that is relevant, such as
decay correction or chemical yield. As described by Passo and
Cook (1994), when the background and sample are counted as
pairs, that is, at the same counting time, and the background
counts (B) collected are >70, the detection limit, at a 95%
confidence level, may be written as

Lp = 4.65VB (7.152)

Other working expressions of detection limits (Lp) may be
used and these are described by Prichard et al. (1992) and Passo
and Cook (1994). When the lower limit of detection (LLD) is

/

Performance Comparison

TABLE 7.16 Tritiated Water in Ultima Gold LLT Scintillation Cocktail in Glass and Plastic, Large and Small Vials,

~

Counting region 0—18.6 keV

Counting region 0.5—5.0 keV

Vial size Vial Water Efficiency® Background Efficiency® Background
(mL) material (%) (%) (CPM) F*/B (%) (CPM) F’/B
20 Glass 0.5 30.95 16.87 56.8 28.91 8.04 103.9
20 Plastic 0.5 31.71 10.15 99.1 29.31 3.88 221.1
7 Glass 0.5 29.55 12.81 68.1 27.75 5.92 130.1
7 Plastic 0.5 30.10 7.82 115.8 28.10 2.58 306.1

7% Counting efficiency = (CPM/DPM)(100).
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expressed in the less common units of pCi/L, the conversion
factor 60 of Eqn 7.151 is replaced with the factor 2.22 for the
conversion of DPM to pCi (i.e., 2.22 DPM/pCi).

To illustrate the application and interpretation of calculated
lower limits of detection (LLD) and detection limits (Lp) let us
take the following example to calculate the LLD and, from these
calculations, determine how many sample counts must be
acquired to reach a calculated LLD:

If a particular LSA counting region and cocktail chemistry
in the analysis of *H yielded a total of 1300 background counts
in a 500-minute counting time, that is, B = 1300 and back-
ground = 2.60 CPM, the counting efficiency for *H was 35% or
0.35, and the sample volume analyzed was 10 mL, the lower
limit of detection according to Eqn 7.151 would be

4.65+/1300 counts

LLD =
(60 DPM/Bq)(0.35)(0.01L)(500 minutes)
= 1.60Bq/L (7.153)
In the above calculation the limit of detection is
Lp = 4.65v/1300 counts = 168 counts (7.154)

Therefore, to achieve the calculated LLD of 1.60 Bq/L,
a minimum number of sample counts defined by

Lp + B = 168 + 1300 = 1468 counts (7.155)

must be registered with a 10-mL sample in a 500-minute
counting time to conclude that 1.60 Bq/L are detected with
a 95% confidence level.

The denominator of Eqn 7.153 may include additional
factors, such as chemical yield, if an extraction of a radionuclide
is less than 100% or decay corrections, which is the variable X in
Eqn 7.151. Detailed treatments of calculations involved in the
determination of limits of detection are available from Currie
(1968), Prichard et al. (1992), and Passo and Cook (1994). From
Eqgns 7.151 and 7.152 and the calculation 7.153, we can see that
increasing the counting time and reducing the background will
reduce the lower limit of detection or minimal detectable
activity. This is illustrated by Fig. 7.113 where we can see that,
by reducing the background count rate, we can achieve a desired
LLD with a shorter counting time.

5. Background Reduction

Often the easiest method of optimizing LSC performance is to
reduce the background. As described previously in this chapter,
region optimization, vial size, and vial material are important
variables to control in the reduction of background. This section
will discuss five other methods that can be used to reduce
background and enhance performance for liquid scintillation
analysis.

a. Temperature Control
The original purpose of temperature control or cooling
during the early years of liquid scintillation counting was to
reduce background counts from thermal noise from the
PMTs. Modern bialkali photomultiplier tubes are manu-
factured to have a low noise even at room temperature.
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FIGURE 7.113 The calculated LLD or MDA in Bq/L as a function of sample
background in CPM for 4 different sample and background counting times: 100,
250, 500, and 1000 minutes for *H tritium analysis with a counting efficiency of
35% or 0.35 and sample volume of 10 mL.

The purpose of temperature control in contemporary liquid
scintillation counting is to control and maintain the sample
temperature, sometimes required for optimizing sample
chemistry even at extremes of external temperatures. The
sample chemistry in some cocktails requires lower temper-
ature to accept more sample, and, as a result, temperature
control is necessary.

b. Underground Counting Laboratory
This method of background reduction can be used for very
low level counting and this extreme measure has been taken
more often in the past for the measurement of very low
levels of naturally occurring radionuclides such as *H in
ground water and %C dating. This involves building
a special counting room below the ground to reduce high-
energy cosmic radiation that may cause background counts
in the liquid scintillation counter. However, modern pulse
discrimination electronics, described briefly in Part
d following, will reduce instrument backgrounds to levels at
which underground laboratories are generally not needed for
the conventional measurement of environmental radioac-
tivity. The placement of detectors deep underground is still
utilized for the liquid scintillation measurement of rare
events, such as double-beta (84) decay and the detection and
measurement of neutrinos, etc., as described in Sections XI
and XIIL

c. Shielding
Shielding the instrument from external radiation can reduce
background. There are two types of shielding, passive and
active shielding.
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Passive shielding is the “brute force” approach. This may
require lead (up to 1000 kg) barriers to reduce background.
The extra lead reduces background from environmental
gamma photons associated with building materials and
instrument construction materials. In addition, this extra
lead can reduce the “soft” cosmic muon components of
background. The lead shielding is usually lined internally
with cadmium and/or copper to absorb any secondary
X-rays and cosmic components.

Active shielding can be one of two types, a guard
detector with or without anticoincidence circuitry and
components. The guard detector is an external detector
[e.g., bismuth germanate (BGO)] that surrounds the area
between the PMTs and the sample. The BGO has special
properties described in detail in Chapter 16. BGO is
a solid crystal scintillator with a high density and high
atomic number. The high density and atomic number give
BGO excellent “stopping power” for the detection of
highly penetrating radiation. BGO can be used to
discriminate against gamma and muon components of
cosmic background. This property of BGO in combination
with time-resolved LSC (TR-LSC™) pulse discrimination
electronics (described subsequently) can discriminate
more background events.

Another approach to active shielding to reduce back-
ground is to manufacture a detector shield above, below,
and surrounding the sample vial and PMTs consisting of
an external counting chamber of a liquid or solid scintil-
lator, such as mineral oil scintillator, plastic scintillator
(e.g., NE110), or even a Nal(T1) crystal. In addition to the
guard material, PMTs and an anti-coincidence circuit are
added. The detector guard rejects much of the environ-
mental gamma radiation, as well as soft and hard cosmic
radiation.

. Pulse Discrimination Electronics

Three different pulse discrimination methods are used,
namely, pulse shape analysis (PSA), pulse amplitude
comparison (PAC), and time-resolved LSC (TR-LSC).

PSA relies on the fact that a true nuclear decay signal
produces a very prompt pulse in the LSC, whereas a back-
ground event produces a pulse with a longer decay time. By
setting up the instrument to discriminate pulses on the basis
of their shape, background can be discriminated from a true

553

nuclear decay signal. This discrimination is specific and
must be optimized for each vial material, vial size, and
sample—cocktail chemistry.

The second method is PAC, which compares the ampli-
tude of the pulse from each of the two PMTs. If the event
occurs in the scintillation vial, photons of approximately the
same intensity will be seen by both PMTs, but if the event
originates from outside the sample, it will produce pulses in
each of the PMTs of different pulse heights. If the PAC
deviates significantly from unity, the pulse is discriminated
as background.

The third method, TR-LSC™, is a patented method of
reducing background by discriminating against pulses on
the basis of the number of afterpulses that occur following
an initial pulse event over a given period of time. These
afterpulses are most commonly created by background
events. Afterpulses are generally more numerous among
nonquenchable background events and less numerous with
events originating from the scintillation cocktail. With the
TR-LSC technique, the liquid scintillation analyzer can be
manufactured or programmed to count afterpulses, known
as pulse index discrimination, which can identify back-
ground events by counting afterpulses with varying degrees
of sensitivity. Therefore, among various liquid scintillation
analyzers, the amount of pulse index discrimination for
background rejection can be factory set or programmed to
provide different sensitivities for the reduction of back-
ground (e.g., high-sensitivity count mode, low-level count
mode, and ultra-low-level count mode with BGO detector
guard). Tables 7.17 and 7.18 illustrate how significantly
background can be reduced and performance enhanced
using this latter technique of background reduction. The
data shown in these two tables might typically be found in
a low-level counting laboratory. The samples are placed in
the optimum counting geometry, optimum vial size and vial
material, optimum cocktail, and counted in the optimum
counting region with the TR-LSC method of electronic
discrimination at various levels of pulse index discrimina-
tion with and without an active guard.

The data of Table 7.17 illustrate that the use of TR-LSC
alone and in combination with an active BGO guard detector
greatly increases the performance of the LSC for 'C
samples. This is also the case for many other radionuclide

/TABLE 7.17 Radiocarbon Dating Samples as 3.5 mL Benzene with PPO/POPOP Scintillator® \

Amount of pulse index discrimination Detector guard

14C efficiency (%)

Background (CPM)  Figure of merit (F*/B)

None No 83.45 9.67 720
Normal TR-LSC No 81.87 7.07 948
High-sensitivity TR-LSC No 78.51 4.74 1,300
Low-level TR-LSC No 70.10 1.38 3,560
Ultra-low-level TR-LSC + BGO Active Guard Yes 65.01 0.33 12,675

“The optimized counting region is 10—102 keV with various levels of TR-LSC pulse index discrimination applied to the pulse events.

@ 1998—2010 PerkinElmer, Inc. Printed with permission.
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/TABLE 7.18 Environmental Tritium Water Samples as 10 mL Water in 10 mL Ultima Gold LLT Scintillation Cocktail®

\

Amount of Pulse Index Discrimination Detector Guard

3H efficiency (%) Background (CPM) Figure of Merit (F*/B)

None No 26.50 18.45 38
Normal TR-LSC No 26.24 12.75 54
High-sensitivity TR-LSC No 24.68 9.25 66
Low-level TR-LSC No 22.59 3.33 153
Ultra-low-level TR-LSC + BGO Active Guard Yes 20.01 1.00 400

@ 1998-2010 PerkinElmer, Inc. Printed with permission.

“The optimized counting region is 0.5—5.0 keV with various levels of TR-LSC pulse index discrimination applied to the pulse events.

/

samples with low count rates. For the case of '*C about
15—20 times better performance is obtained with the ultra-
low-level TR-LSC and the BGO guard detector.

The data of Table 7.18 illustrate that the use of TR-LSC
alone and in combination with a BGO active guard detector
greatly increases the performance of the LSC for tritium
samples in general with low count rates. For the case of
tritium about a 10-fold better performance is achieved with
the use of ultra-low-level TR-LSC in combination with the
BGO guard detector.

For additional information on time-resolved liquid scin-
tillation counting (TR-LSC), see papers by Roessler et al.
(1991) and Passo and Roberts (1996).

e. Conclusions

In conclusion, the best ways of optimizing performance of
the LSC for low-level samples are to (1) optimize counting
geometry, such as optimum sample size, vial size, and vial
material; (2) increase counting time; (3) optimize counting
region; (4) optimize cocktail selection, and (5) use shielding
together with electronic discrimination and an active guard
detection method to reduce background.

“Readers may view, browze, and/or download material for
temporary copying purposes only, provided these uses are
for noncommercial personal purposes. Except as provided
by law, this material may not be further reproduced,
distributed, transmitted, modified, adapted, performed, dis-
played, published, or sold in whole or part, without prior
written permission from the American Physical Society and
other organizations that own copyright to the material in the
references listed herein.”
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