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1 Introduction

Metrology is the science of measurement and provides the conceptual and practical basis
required to obtain results that are reliable, comparable, and traceable. It encompasses the defini-
tion of measurands, the realization and dissemination of units, the establishment of calibration
chains, and the evaluation of measurement uncertainty. In modern measurement practice, trace-
ability is achieved through an unbroken chain of calibrations linking a measurement result to a
primary standard, together with a documented uncertainty budget. This metrological structure
is essential whenever measurements must be compared across laboratories, instruments, or
time, or when results support regulatory compliance and decision-making.

Radionuclide metrology provides the foundation for quantitative applications of ionizing
radiation, including environmental monitoring, nuclear medicine, radiation protection, and fun-
damental research. Central to this discipline is the determination of activity with demonstrated
traceability and well-quantified uncertainty. The measurand “activity” is defined as the mean
number of disintegration of the radionuclide per unit of time. For many radionuclides — in
particular low-energy S emitters and electron-capture nuclides — liquid scintillation counting
remains the best measurement technique because it offers near-4x detection geometry, high
efficiency, and low detection thresholds. Among primary methods based on liquid scintilla-
tion counting, the Triple-to-Double Coincidence Ratio (TDCR) technique has become widely
adopted for absolute activity determination, relying on statistical and physical models that
links measured coincidence counting rates to detection efficiency.

Historically, the earliest scintillation counters were visual instruments: individual scintilla-
tions on activated zinc sulfide screens produced by « particles were counted by an observer
using a microscope in a dark room. Although the achievable count rates were limited by physi-
ological constraints (typically of order of 60 events per minute), visual scintillation counting
played an important role in nuclear research from its introduction by Crookes and Regener
in 1908 until the 1930s [1]. A decisive advance followed the development of photomultiplier
tubes with high gain and sensitivity to low light levels. Replacing the microscope and the
human observer with a photomultiplier tube made it possible to convert scintillations into
measurable electrical pulses, which could then be amplified and counted in a manner analogous
to gas-filled detectors [1].

One of the first widely cited demonstration of organic scintillation detection was reported
by Broser and Kallmann [2], who showed that large transparent blocks of naphthalene produce
scintillations detectable with a photomultiplier under irradiation with f particles and y rays.
This was soon followed by early implementations of liquid organic scintillators [3]. Since
these initial developments, organic scintillation counting has continuously progressed through
advances in scintillator chemistry, detector instrumentation, statistical modeling, and analysis
methods for quantitative activity determination. Broad overviews of these developments can
be found in [1, 4, 5, 6, 7, 8].

A key milestone for radionuclide metrology was the development of absolute methods for
pure S emitters using liquid scintillation counting. One of the earliest published attempts at
direct activity determination of a pure f emitter using a two-PMT system and a statistical de-
scription of light detection was presented by Kolarov et al. [9]. This approach was subsequently
extended to three-PMT systems, leading to the proposal of the Triple-to-Double Coincidence
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Ratio method [10]. Since then, TDCR has been continuously refined and is now applied for
primary standardization of pure f and electron-capture radionuclides in liquid scintillation
sources [11], thereby providing traceable calibration sources for secondary measurement
systems.

Despite its maturity, the TDCR analysis retains a well-known sensitivity to the scintillator
response function, particularly for low-energy emitters where ionization quenching and non-
proportional light yield are pronounced. In practice, this response is often parameterized by
semi-empirical models (e.g. Birks-type relations) using an adjustable quenching parameter
kB [11]. While effective in many cases, the applicability of such parameterizations depends
on scintillator composition, the energy range of interest, and acquisition settings, and it
can introduce systematic effects [12]. Consequently, an experimental method capable of
characterizing the scintillator response as a function of deposited energy—under metrologically
controlled conditions and within the same detection chain used for TDCR counting—is of
significant interest for improving the robustness of primary activity measurements.

Compton-coincidence techniques with liquid scintillators [13, 14, 15, 16] provide a route
to such an experimental characterization. By measuring the energy of a Compton-scattered
y ray in coincidence with the scintillation signal, the deposited energy of the corresponding
Compton electron in the scintillator can be calculated. This enables the construction of an
energy-dependent response function without relying solely on an assumed quenching model.
When combined with TDCR counting, a Compton-TDCR system [15] offers the prospect
of energy-selective scintillator characterization, reduced reliance on adjustable quenching
parameters in TDCR efficiency calculations, and pathways toward model-independent ("zero-
model") approaches [17] based on experimentally determined response functions.

Aim of the thesis

The aim of this thesis is to construct and commission a performant Compton-TDCR counting
system. This aim is divided in several tasks:

« to study the photocathode response of the PMTs used in the TDCR channel and to
verify their suitability for TDCR counting; to characterize the geometry of the y-ray
spectrometer and to optimize the acquisition setup for best attainable energy resolution;

« to develop and validate a Compton-TDCR system for studying scintillators response
by combining of a TDCR liquid scintillation channel with a high-resolution y-ray spec-
trometer and using dedicated coincidence logic for energy-selective gating of Compton
events;

« to validate the TDCR channel measurements by comparing activity estimates of liquid
scintillation samples with results obtained using three other TDCR systems;

+ to perform measurements of scintillator response, to fit Birks’ ionization-quenching
formula to the experimental data, and to compare the resulting kB values with those
obtained using efficiency variation techniques.

Main contributions

The main contributions of this thesis can be summarized as follows:
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« development of a performant Compton-TDCR measurement system suitable for metro-
logical use;

« tests of a coincidence acquisition scheme enabling efficient multi-ROI data collection in
the y spectrum;

« validation of TDCR counting performance using various radionuclide sources and estab-
lished TDCR counters;

« application of the system to derive energy-dependent scintillation response functions
relevant to low-energy f-emitter metrology.

Beyond the development and application of the Compton-TDCR system, this thesis also
investigates the influence of the analytical correction for accidental coincidences [18] on the
selection of the ionization-quenching parameter kB and on TDCR efliciency calculations, using
both experimental data and Monte Carlo simulated list-mode files. The TDCR method is further
applied to standardization of *?Rn-in-water samples, which was proposed in [19], including
the development of a practical sample preparation procedure. Finally, the permeability of #**Rn
in a plastic scintillator is used to evaluate the partition coefficient and diffusion length.

Structure of the thesis

Chapter 2 reviews the physical principles of scintillation, quenching, and coincidence counting,
and introduces the TDCR formalism. The discussion follows the scintillation process from
energy deposition in an organic medium to photon emission, summarizes scintillator and
photomultiplier characteristics relevant to liquid scintillation counting, and outlines practical
aspects of TDCR acquisition and analysis.

Original results are presented in Chapters 3 to 8 and appendix A.

Chapter 3 begins with studies of photocathode-response non-uniformity in several photomul-
tiplier tubes, with emphasis on the PMTs selected for the Compton-TDCR system. The design
and realization of the Compton-TDCR instrument are presented in Chapter 5, including the
scintillation and y detection channels, shielding and optical considerations, and the acquisition
logic for coincidence gating. Performance validation, experimental results, Monte Carlo studies,
and scintillator-response measurements are reported. The ionization-quenching parameter kB
obtained by fitting Birks’ equation to the measured response is compared with estimates from
efficiency variation measurements. Chapter 6 presents the comparison of the TDCR channel of
the newly developed system to three established TDCR counters and the results from efficiency
variation with grey filters.

Chapters 7 and 8 present experimental and Monte Carlo simulation-based studies of the influ-
ence of the accidental coincidence correction on kB selection and TDCR efficiency calculations,
with emphasis on low-energy f emitters. A practical application is described in Appendix A:
standardization of %22Rn-in-water samples, demonstrating that the TDCR method is well suited
for this task and that relative activity uncertainties below 1% are achievable.
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Standardization

Liquid scintillation counting (LSC) determines the activity of a radionuclide dissolved in a
scintillation cocktail by recording the rate of scintillation light pulses. The sample is typically
prepared in a 20 mL glass or polyethylene vial and measured in a dedicated liquid scintillation
(LS) counter, where one or more photomultiplier tubes (PMTs) view the vial inside an optical
chamber. The counting rate n of the source of interest is evaluated by counting the pulses
in a defined counting interval and the net counting rate n, is the background and dead-time
corrected counting rate of the source. The detection efficiency ¢ links this rate to the activity A
through A = ny/e. Because the radioactive material is effectively inside the sensitive volume,
LSC can achieve high efficiencies—often close to 100% for a emitters and high-energy f emitters
— whereas ¢ may be substantially lower for electron-capture (EC) nuclides and low-energy
emitters. For these cases, ¢ must be determined with high accuracy in order to obtain reliable
activity estimates.

A common route to estimate ¢ is detector calibration using sources traceable to primary
standards; however, the activity of many calibration sources is itself established by LSC, so the
efficiency cannot be assumed a priori and this is not a primary method. This motivates the use
of a detector-response model. Building on earlier work [4, 20, 9], the free-parameter model
developed by Broda et al. [21] and Grau Malonda et al. [22] provides a statistical description
of scintillation-light production and detection and forms the basis of modern LSC methods in
radionuclide metrology. LSC is particularly well suited to calibrate pure EC and pure f emitters
(e.g.3H, 14C, %Fe, %®Ni), whose emissions are charged particles that have very limited range in
matter.

This chapter introduces the physical principles of LSC as a primary technique for radionu-
clide standardization. The discussion starts with the scintillation mechanism in organic media
and the processes that govern the time profile and non-linearity of the light yield (ionization
quenching, delayed scintillation component kinetics, and energy-transfer/quenching effects).
It then summarizes the role and performance requirements of PMTs and liquid scintillation
counters, and presents the statistical (the free parameter model) model used to calculate counting
efficiencies. The TDCR method is then described as a primary method for activity determination
of f-emitters and electron-capture radionuclides. The chapter concludes with an introduction
to Compton-coincidence approaches, which provide an experimental way to characterize scin-
tillator response at low energies and thereby reduce reliance on purely parametric quenching
descriptions.

2.1 Organic scintillators

Organic scintillators have a long history in ionizing-radiation detection, dating back to the
pioneering work of Kallmann [2]. A major advance of that period was the demonstration
that scintillation light produced in naphthalene crystals by f particles and y rays could be
detected with a photomultiplier. Naphthalene thus became one of the first widely used organic
scintillators and among the first scintillators operated in a large-volume configuration.
Scintillation is a luminescence process, i.e. the emission of light with a characteristic spectrum
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following absorption of radiation whose energy exceeds that of the emitted photons. In organic
scintillators, luminescence arises primarily from aromatic molecules and is governed by their
electronic structure. Because the molecules interact predominantly via weak van der Waals
forces, they largely retain their electronic structure — and therefore their luminescent properties
— regardless of the aggregation state of the medium [1].

2.1.1 Molecular basis of luminescence in aromatic compounds

The structure and optical response of organic scintillators are strongly linked to the valence
electronic configuration of carbon. In the ground state, carbon has the configuration 1s22s?2p?;
upon excitation, a 2s electron can be promoted to the 2p level, enabling hybridization of the 2s
and 2p orbitals into equivalent hybrid states [1, 23].

Three hybridization schemes are of primary relevance. In the sp® configuration, four equiv-
alent orbitals are oriented tetrahedrally and form ¢ bonds as in methane (CHy4) and other
saturated hydrocarbons, which typically do not exhibit luminescence. In the sp? configu-
ration, three coplanar orbitals form o bonds, while the remaining p orbitals overlap above
and below the molecular plane to create delocalized 7 systems (e.g. the six-electron 7 bond
in benzene; Fig. Figure 2.1). These 7-electronic states are of particular importance because
radiative transitions between them give rise to the luminescence underlying scintillation in
aromatic compounds. In the sp configuration, characteristic of carbon-carbon triple bonds,
two sp orbitals form o bonds and two mutually perpendicular p orbitals generate two 7 bonds;
such unsaturated structures may also exhibit luminescence [1, 23].

Organic scintillators are rarely used as single-component systems because the intrinsic
emission and light transport properties of many pure organic liquids are not optimal for
photomultiplier tube readout: their fluorescence is usually in the ultraviolet region which does
not match the maximum PMT sensitivity and is often further degraded by self-absorption and
non-radiative relaxation. A common solution is therefore to employ multicomponent mixtures.
In a binary scintillator, a small fraction (typically ~ 1% by volume) of a primary fluorophore
— chosen for high fluorescence quantum yield and efficient excitation-energy transfer from
the solvent — is dissolved in a bulk organic solvent. Since most of the energy deposited by an
ionizing particle is initially absorbed by the solvent, intermolecular transfer processes convey
a fraction of this excitation to the fluorophore [24], which then emits scintillation light with
high probability. In many scintillation cocktails, a secondary fluorophore (typically ~ 0.1%by
volume) is added as a wavelength shifter to shift the emission toward longer wavelengths,
thereby improving the spectral matching to the PMT response [1].
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p orbitals

7 cloud

Figure 2.1: Left: benzene molecule showing the non-hybridized p-orbitals; right: the delocalized 7-
orbital (r-electron cloud) formed by overlap of the p-orbitals.

2.1.2 Track structure and excitation-density effects

A central element of the track-structure interpretation introduced by Voltz et al. [25, 26, 27]
— widely used in the context of organic scintillation — is the explicit distinction between
primary excitations and ionizations produced directly by the incident charged particle and
secondary-electron excitations produced by atomic electrons ejected in close Coulomb collisions.
Figure Figure 2.2 schematically illustrates a short segment of the ionization track left by
a medium-energy, highly ionizing particle (e.g. a 10 MeV proton, deuteron, or « particle)
immediately after it traverses the scintillator. Direct Coulomb interactions generate ionized and
excited molecules within a narrow region surrounding the trajectory (the track core), typically
extending only a few molecular dimensions from the path. In parallel, a fraction of collisions
transfer sufficient energy to an atomic electron to eject it from the molecule; these energetic
“knock-on” electrons are commonly referred to as § electrons (or § rays).

O Excitation
(® lonization

@ High activation
density regions

particle path
- >

Figure 2.2: Schematic illustration of the spatial distribution of excitations produced by a charged
particle [28].

The mean excitation density decreases with radial distance from the trajectory, while it
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grows along the path as the stopping power (dE/dx) increases. For heavily ionizing particles
it is therefore useful to introduce a dense core of radius ry (measured from the trajectory;
Fig. Figure 2.2), within which the excitation density is highest. Fast secondary d-rays can
escape this core and produce additional energy deposition outside it, forming localized clusters
commonly illustrated as spurs (approximately spherical regions) and blobs (more elongated
regions). High-energy electrons f particles do not form a well-defined dense core and instead
generate predominantly spur/blob-like structures. At the opposite extreme — when the ion-
ization density is very high — the external spur/blob regions may overlap and approach a
quasi-continuous annulus of elevated excitation density around the core [28].

For a given segment of the trajectory (as in Fig. Figure 2.2), the partition of deposited energy
between the core and the surrounding region, and the corresponding excitation densities,
depend on dE/dx, the particle charge Z, and its velocity. Each region contributes differently to
the scintillation yield, and the total light output is obtained by integrating these contributions
along the finite path length of the particle in the scintillator [28].

2.1.3 Singlet and triplet states; prompt and delayed emission

Energy deposition in organic scintillators produces electronic excitations (and ionizations) of
the 7-electron system, leading to the population of both singlet and triplet excited states. These
states, in turn, give rise to prompt and delayed components of the scintillation emission [1].

In the ground state of benzene, the six 7 electrons occupy three bonding 7 molecular orbitals
as three spin-paired electron pairs. Upon excitation to a singlet state (S,), the electron spins
remain paired and the total spin is s = 0. By contrast, a triplet state (T;,) involves two unpaired
electrons with parallel spins, yielding s = 1 (Fig. Figure 2.3). The spin-projection quantum
number takes the value m; = 0 for a singlet and m; = —1, 0, +1 for a triplet. Accordingly, triplet
states are threefold degenerate in m;, whereas singlet states are non-degenerate, which is often
expressed as a 3:1 statistical weight in favour of triplets.

Ground singlet Excited singlet Excited triplet
state state state

Figure 2.3: Spin orientation of the x electrons in the ground state, the excited singlet state, and the
excited triplet state.

Under low excitation densities — where interactions between excited molecules are negligi-
ble — higher singlet excitations relax rapidly (typically < 107!! s) via non-radiative internal
conversion to the lowest vibrational level of S;. The excess energy is transferred to molecu-
lar vibrations through vibronic coupling and subsequently dissipated as heat. An analogous
relaxation pathway applies for higher triplet states, T,, — T;. Intersystem crossing refers to
transitions between states of different multiplicity, S, <> T,,, enabled by spin—orbit coupling
and associated spin mixing [24].

Although triplet excitations have larger statistical weight, radiative decay from T; to Sy is
strongly suppressed by the spin-multiplicity selection rule. Consequently, emission associated
with T; (phosphorescence) is typically weak and occurs on longer timescales than fluorescence
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from S;. As illustrated in Figure 2.4, T; can contribute to light output only if population is
transferred back to the singlet manifold (e.g. by intersystem crossing), followed by radiative
de-excitation.

Sg R
'_‘Q
<2 TZ
QU)
R
22
S, 1758z --oooo-
1 P T T T < nterSySt
CrOSSin.g- _ - - -----=-=F - - = T]-
o S
=t S g g
o g =g 3! g
L ] =
] g g‘o . . b -
@ @ H o) =]
) e S o : = =
< s g - % a, 2
. ) w
= As ¥ 3 )
- = = <
: A~
SO _____"'________é ___________________________ - =

Figure 2.4: Scheme of the z-electron energy levels in organic scintillators. Sy denotes the ground state,
Sy and S, the excited singlet states, and Ty and T; the excited triplet states. The transition from S; to
T; is indicated as intersystem crossing. Solid lines represent pathways leading to prompt fluorescence,
whereas dashed lines denote pathways associated with delayed fluorescence [29].

Fluorescence (or prompt fluorescence) refers to photon emission associated with the radiative
transition S; — Sp. Emission from higher singlet states (S,, n > 1) is generally negligible
because internal conversion to S; is the dominant process which occurs on a much shorter
timescale than the S; lifetime, which is typically ~ 107°-107% s [1].

Phosphorescence corresponds to radiative decay T} — S;. Owing to the required change in
spin multiplicity, this transition is forbidden and therefore usually weak.

A more pronounced delayed component compared to the contribution of phosphorescence
is delayed fluorescence. In this process, the T; states are converted back to the singlets states
and subsequently emits via the same radiative transition as prompt fluorescence, S; — Sy.
The spectrum is therefore identical to prompt fluorescence, but the characteristic decay time
is typically on the order of ~ 107 s [30]. In organic scintillators, the dominant mechanism
enabling this conversion is triplet-triplet annihilation, in which two molecules in T; interact
to produce one molecule in S; and one molecule in the ground state. The intensity and decay
kinetics of delayed fluorescence — typically much weaker than prompt fluorescence — depend
on the energy gap between Ty and S, the lifetime of Tj, temperature, and the frequency of
T,-T; encounters, which is governed by the spatial density of triplet excitations.

For oragnic binary scintillator systems (liquid and plastic), the overall process includes an
additional energy-transfer step from solvent singlet states (S;) to solute singlet states (F;). At
typical fluor concentrations this transfer is sufficiently fast that it does not significantly alter
the emission kinetics.

After the formation of S; and T; states (within a few nanoseconds), the processes most
relevant to LSC are often discussed using the following highly simplified reaction scheme,
which neglects intermediate states and detailed kinetics [26, 31]:

1. S > SgorS;+Sy — Sp+ 5o non-radiative relaxation of singlets;
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2. 51+ Sy > So+ 54 energy transfer in the solvent;
3.7 = S non-radiative relaxation of triplets;
4. 51+Q > S5 +0 singlet chemical quenching;
5 T+0Q— So+0 triplet chemical quenching;
6. T +T1 — 51 +5 triplet-triplet annihilation followed by intersystem crossing;

triplet—triplet annihilation producing triplet and ground-

7. i+T > T+ S
state molecules;

8 S1+F > F+S Forster energy transfer to a fluorescent molecule;

9. Ff -» Fy+hv fluorescence of the solute and photon emission;
10. F{ —» F, non-radiative relaxation of the solute;
11. F+Q > Fy+Q chemical quenching of the solute.

In an LS cocktail, solvent molecules, primary-fluor molecules, and potential quenchers are
essentially homogeneously distributed, whereas excited singlet and triplet states are generated
predominantly near the charged-particle track (Fig. Figure 2.2). In this high-density region,
fluorescence yield is reduced because additional non-radiative channels become accessible,
including bimolecular interactions between excited species and energy transfer to quenchers.

In the track-structure model of Voltz et al. [26, 27], these ionization quenching processes
compete with the rapid (~ 10711-1071° s) and otherwise efficient internal conversion from higher
m-electronic states (S, and T, to the lowest excited states (S; and T7). The higher z-electronic
Sn and T, states undergo rapid non-radiative internal conversion and subsequent vibrational
relaxation, reaching the lowest excited singlet and triplet states. The excess electronic energy
is transferred to molecular vibrations and is effectively dissipated as heat. The model places the
dominant ionization quenching before population of S;, rather than as a depopulation process
acting on S;. This interpretation is supported by experimental evidence that the lifetime
of the prompt component is largely independent of the excitation mode (photoexcitation,
electrons, protons, or « particles), whereas the magnitude of the quenching effect increases
with increasing dE/dx [5].

Ion recombination provides an additional pathway for the formation of excited molecular
states in organic scintillators. Following ionization, the initially produced molecular ions and
electrons undergo thermalization, spatial redistribution, and eventual recombination. This
process is not instantaneous and therefore occurs after the earliest, highest-density stage of
the particle track, during which, ionization quenching is most effective. Consequently, excited
states formed by recombination are generated after the local density of ionized and highly
excited species has already decreased.

Recombination can populate both singlet and triplet states; however, it represents an im-
portant source of triplet excited states T;, which may undergo triplet-triplet annihilation,
producing an excited singlet state that decays radiatively and gives rise to delayed fluorescence.
Since the triplet population relevant for this mechanism is formed later than the dominant
early ionization-quenching stage, it is generally less strongly depleted by ionization quenching
than the singlet population responsible for prompt fluorescence. The delayed component is
therefore expected to show a weaker dependence on dE/dx than the prompt component.
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2.1.4 Time-dependence of the emission of scintillation light

The temporal evolution of scintillation emission in organic media is inherently multi-stage
process and involves competing radiative and non-radiative pathways. Nevertheless, a number
of established models provide practical descriptions of the total light output and its prompt
and delayed components [32, 26, 28]. In early developments of these models, the experimental
time resolution did not allow direct access to the earliest relaxation processes (e.g. ultrafast
internal conversion from higher electronic states). Consequently, the time dependence of the
scintillation intensity was formulated primarily in terms of the lowest excited singlet and triplet
states, S; and Tj, and, for multicomponent scintillators, the lowest excited singlet state of the
fluor, F;.

For the prompt component, the emission intensity I,(¢) is commonly found to follow an
exponential decay, with a time constant equal to the mean lifetime of the emitting singlet state,
s (or 7F for fluor emission) [1]:

I(t) = Le '™, (2.1)

where I(t) and I, denote the scintillation intensity at time ¢ and at t = 0, respectively. In a
binary scintillator, the prompt emission is not necessarily described by a single exponential
because excitation energy is first created in the solvent and is then transferred to the solute
(primary fluor) on a finite timescale. This additional transfer step modifies the time profile
of the prompt component and can introduce a rise time and/or a sum of exponential terms,
depending on the relative magnitudes of the transfer and fluorescence lifetimes. For a binary
system, the prompt scintillation intensity ]/ (¢) may be written as [1]:

asr/tfs + 1/tisF (e_t/TF _ e_t/fs)

1/15—1/1p 22)

Ij’)’(t) = nes
where ngs is the number of solvent molecules initially excited at t = 0, agr is the fraction of
the solvent excitation transferred to the fluorophore, Tfs is the intrinsic radiative lifetime of
the solvent, 7;sr is the characteristic time for non-radiative energy transfer from solvent to
fluorophore, 77 is the fluorescence decay time of the fluorophore, and 75 denotes the mean
lifetime of the solvent singlet state.

In a single-component scintillator, if excitation is effectively instantaneous and delayed
components are neglected, the prompt fluorescence decay can often be approximated by a
single exponential. Binary scintillators, however, generally exhibit a more complex time profile,
with both a finite rise and a finite decay. This behavior arises because the excitation is produced
mainly in the solvent and must first be transferred to the fluorophore before the observed
fluorescence is emitted.

In the simplified sequential description, the solvent excitation acts as a feeding population
for the fluorophore. As this population decreases with the characteristic time g, the excited
fluorophore population builds up and subsequently decays with the characteristic time 7. The
resulting light pulse is therefore described by a combination, or difference, of exponential terms
involving both 75 and 7p, rather than by a single exponential [1]. The leading part of the pulse
reflects the build-up of fluorophore excitation, whereas the long-time tail is governed by the
slower of the two characteristic times.

The delayed component of the scintillation light has been modelled in detail by King and
Voltz [32] using a diffusion-kinetic approach that accounts for bimolecular reactions between
triplet excitations leading to the formation of delayed singlet states. This approach was also
used by Blanc et al. [29]. In this work, the local density of delayed singlet excitations, cg(r, t),
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obeys [32]:
acg(r,t)

ot

where Dy is the diffusion coefficient of the excited singlet states and 75 is as defined above.
The source term k;; c%( r, t) describes the production rate of delayed singlets via triplet-triplet
annihilation, i.e. the interaction of two molecules in the triplet state at a distance r from the
particle track. It is typically assumed that ci(r,0) = 0, i.e. no delayed singlets are present
immediately after excitation [32].

The initial spatial distribution of triplet excitations, cr(r, 0), is treated differently depending
on the stopping power of the incident radiation. Particles with high dE/dx generate compact
regions of high excitation density (spurs), whereas low dE/dx particles produce spurs that
are more widely separated. To obtain an analytical solution of Equation (2.3), King and Voltz
assume a Gaussian form for c7(r,0) [32].

On the timescale relevant for delayed fluorescence, it is often sufficient to consider t < 77,
where 77 is the triplet-state lifetime. In this regime, the dominant processes are triplet diffusion
and bimolecular annihilation. For the pure diffusion problem (i.e. neglecting the annihila-
tion term), the relaxation of the triplet density at the spur centre occurs on a characteristic
timescale [32]:

1
= Dy Vfc’s(r, t) — —cg(r t) + ke c%(r, t), (2.3)
Ts

2
I (2.4)
a 4DT’ .
where Dr is the diffusion coefficient of triplet excitations and ry denotes the characteristic
initial spur radius.
Building on the King-Voltz formulation, Laustriat [28] investigated the delayed component
for different media — pure organic crystals, liquid scintillators, and liquid scintillators with
dissolved oxygen. For pure crystals, the delayed intensity is given by

L t [e§)
Ii(t) = 27 Is kit / dL/ e~ (=7 da/ c%(r, a)rdr, (2.5)
7s 0 0 0

where 75 is the fluorescence quantum yield, L is the particle range and cr(r, t) is the local
concentration of T states at time t and distance r from the particle path.

For the asymptotic time region t > 75 (i.e. after the prompt emission has effectively vanished),
Equation (2.5) can be expressed as [28]:

N
[1+Aln(1+ t/ta)]z (1+1t/t,) ’

I (1) = s (2.6)

The parameters N and A arise from the solution of the coupled diffusion and triplet-triplet an-
nihilation problem and should be regarded as effective, scintillator-dependent quantities unless
a specific microscopic track-structure model is adopted. In particular, N sets the overall scale
of the delayed component, while the dimensionless parameter A characterizes the efficiency of
bimolecular triplet-triplet annihilation during diffusive expansion and therefore governs the
shape of the long-time tail through the logarithmic depletion factor [28].

For an oxygen-free liquid scintillator, the delayed emission amplitude is further modulated
by solvent-solute transfer, yielding a multiplicative factor espyr, where esr is the transfer
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efficiency and nr is the solute fluorescence quantum yield. In this case:

N

. 2.7
[1 +A1n(1+t/ta)]2(1+t/ta) @7

I'(t) = espnp

In the presence of dissolved oxygen, triplet states are efficiently quenched, leading to a modified
asymptotic expression [28]:

Ne—zt/TT
14(t) = espF 5 , (2.8)
{1 + Aetalr [El(—%) - Ez(—;—T)]} (1+1t/t,)
where the exponential integral is defined as
o0 -
Ei(—x) = —/ ¢ da. (2.9)
x «

The qualitative interpretation of the temporal scintillation profile is illustrated in Figure 2.5:

« for 0 < t < 1075 the observed intensity is the sum of prompt and delayed contributions;

« for t > 15 the delayed component dominates and the decay tail is described by the
corresponding asymptotic expression for the given scintillator medium.

10° | === Prompt emission
& Delayed emission in pure material
=== Total emission in pure material
—— Delayed emission in oxygen-free liquid scintillator
10-1 = Total emission in oxygen-free liquid scintillator
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Figure 2.5: Schematic contribution of the prompt and delayed components to the total scintillation
intensity for three cases: a pure scintillator, a binary liquid scintillator, and a binary liquid scintillator
with dissolved oxygen [28].

The proposed description of the scintillation time profile — an exponential decay for the
prompt component combined with a diffusion-kinetic model for the delayed component — was
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fitted to experimental data, demonstrating that the model captures the essential features of the
emission and provides physically meaningful insight into the underlying processes. A notable
outcome is that the functional form of the delayed-emission decay is largely insensitive to both
the solute (fluorophore) and the type of incident particle. In contrast, dissolved oxygen produces
a pronounced quenching of the delayed component by shortening the effective triplet lifetime
7r; as a result, a larger fraction of T excitations relax non-radiatively before participating in
triplet-triplet annihilation, which is a principal pathway to delayed fluorescence [28].

While the decay laws of the prompt and delayed components are, to first order, independent
of radiation type, their integrated intensities depend strongly on the stopping power dE/dx
and on the charge of the incident particle, reflecting changes in the local excitation density
along the track. Consequently, the relative contributions of prompt and delayed light vary
between particle types [28]. This difference in temporal composition underlies pulse-shape
discrimination methods, which exploit the particle-dependent balance between fast and slow
scintillation components and is briefly discussed hereafter.

2.1.5 Pulse shape discrimination

The pulse-shape discrimination (PSD) technique was introduced as a means to distinguish
fast-neutron interactions from y-ray background in organic scintillators [33]. Its development
was motivated by early observations by Wright [34], who determined that the scintillation
decay in anthracene is slower for a-particle excitation than for electron excitation. The physical
origin of this behavior was subsequently clarified by Owen [35], who showed that the observed
pulse-shape differences arise from changes in the relative contributions of the prompt and
delayed scintillation components. A comprehensive review of the early development of PSD is
provided in [5].

An useful qualitative interpretation of the dependence of pulse shape on the stopping
power dE/dx can be obtained by assuming that ionization quenching affects primarily the
prompt (fast) component, while the delayed (slow) component originates from processes that
are comparatively less sensitive to the dominant "static" quenching within the dense track
core [1]. Under this assumption, interactions producing high dE/dx (e.g., recoil protons from
fast neutrons) suppress the prompt light yield more strongly than interactions producing low
dE/dx (e.g., Compton electrons from y rays), thereby increasing the relative weight of the slow
tail. This particle-dependent balance between fast and slow emission components forms the
basis of PSD methods used in neutron/y discrimination (see Fig. Figure 2.6).
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Figure 2.6: Characteristic light pulses, showing distinct shapes and durations, produced by the passage
of a- and f-particles through an organic scintillator [7].

Owen [36] measured the ratio R between the relative magnitudes of the slow scintillation
components produced by recoil protons and by fast electrons. Specifically, he compared the
slow components Ly, (for recoil protons of energy E,, up to 12 MeV) and Ly, (for fast electrons
of energy E.), while normalizing the corresponding fast components L, and L, to a common
reference level. Under this normalization, the ratio can be written as [1]:

= Lo e : (2.10)
L, L

If the slow component L; were independent of the stopping power dE/dx, then the slow
light yield would scale approximately with the deposited energy, i.e. Ly, o< E, and L o< E,. In
that case [1]:

Rolp L (2.11)
L, E.

Since the electron scintillation efficiency L./E, = S is approximately constant for fast
electrons, the right-hand side of Equation (2.11) can be evaluated from the measured relative
scintillation response to electrons and protons of comparable energy. Owen’s results suggested
that, to a first approximation, the slow component is only weakly dependent on dE/dx for
electrons and protons. Subsequent studies [37, 38] refined this conclusion: although L; is
substantially less sensitive to dE/dx than the fast component, it is not strictly independent of
particle type.

It should also be emphasized that an increased fractional contribution of the slow component
does not necessarily imply a larger absolute slow-light yield. For example, despite the slow
component representing a larger fraction of the total emission under « excitation than under y
excitation, the slow-light yield per unit deposited energy can be lower for « particles than for
y rays.

Three general approaches have been used to implement PSD measurements:

« Prompt versus total light integration: one measures the prompt component and the total
scintillation, or equivalently compares the prompt and delayed integrals, thereby forming
a shape-dependent discriminator [39].
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« Space-charge saturation method: the prompt component drives the final stage of the
photomultiplier into space-charge saturation, producing a shape-dependent output [40].

« Zero-crossing method: a time difference is measured between the start of the scintillation
pulse and the time when the pulse integral reaches a chosen fraction of its final value;
this can be implemented with a zero-crossing discriminator on a double-differentiated
signal [41, 42].

A fourth, more recent approach to pulse-shape discrimination was proposed by V. Jor-
danov [43] and implemented in the nanoPSD device [44]. The method is based on ballistic-
deficit measurement using digital time-invariant pulse shaping. In this approach, the PMT
signal is processed in parallel by fast and slow digital shapers, and the maximum amplitude of
each shaped pulse is determined by peak-detection algorithms.

The Time-Invariant Pulse-shape Signature (TIPS) is defined as the ratio of the maximum
amplitude of the slow-shaped pulse to that of the fast-shaped pulse [43]. Since scintillation
pulses produced by different particle types have different temporal profiles, they yield different
TIPS values and can therefore be discriminated. The nanoPSD records four spectra simultane-
ously: one PSD spectrum based on TIPS, the total pulse-height spectrum containing both a-
and f-like events, and the separated « and f pulse-height spectra.

Pulse-shape discrimination is a standard approach for particle identification in organic
scintillators because it exploits differences in the temporal dependence of the scintillation
signal, rather than relying only on total light output. PSD enables efficient separation of
event classes such as neutrons and y rays, which is essential in applications including nuclear
nonproliferation [45, 46, 47] and measurements in nuclear physics and astrophysics [48, 49].
The discrimination performance is governed by the intrinsic scintillation decay characteristics
(i.e. the relative contributions and time constants of the prompt and delayed components), as
well as by the signal processing methods. Ongoing improvements in PSD are driven both by
advances in scintillator materials and by the development of discrimination algorithms [50, 51,
52, 53].

2.1.6 lonization quenching

Ionization quenching is the reduction of scintillation yield per unit deposited energy caused
by the high local density of ionizations and excitations along the charged particle track. The
magnitude of the effect depends on the scintillator composition but the same qualitative
behavior is observed: particles with higher linear energy transfer produce denser excitation
tracks, increasing the probability of non-radiative de-excitation and bimolecular quenching
processes [1]. Consequently, the scintillation response is not strictly proportional to the
deposited energy. Instead, the light yield depends on the stopping power dE/dx, which itself
varies with particle type and kinetic energy (see Fig. Figure 2.7).
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Figure 2.7: Dependence of the electron stopping power on its kinetic energy in a vinyltoluene-based
plastic scintillator. The plot data was generated using ESTAR. [54].

A general phenomenological description of ionization quenching is often expressed as:

ar_m g
dx QCF’

dE_(dE\?
QCF_1+dex+C(dx) + (2.12)
where 1) is the absolute scintillation efficiency (ratio of total emitted photon energy to deposited
energy), and the Quenching Correction Factor (QCF) is parameterized by quenching constants
such as kB and C. The Birks model retains only the first-order term in the QCF [55] and is
intended to describe quenching of the prompt scintillation component only [1]. The second-
order term was introduced by Chou [56] and represents bimolecular quenching, i.e. non-
radiative relaxation through interactions between excited molecules.

Wright subsequently proposed a phenomenological model for ionization quenching [57]:

a_ In{iew)

(2.13)
dx Hrd
di

where W has units identical to kB. Hong et al. proposed an extension of the Birks model aimed

at heavy ions [58]: ( ) ( )
a S &E) +5,(E
dx 1+kBe(§E;)e +an(;§)” ' .

In this model, electronic (subscript e) and nuclear (subscript n) stopping are treated separately,
motivated by the expectation that these contributions affect quenching and absolute scintillation
efficiency differently for heavy ions. Yoshida later extended this formulation by adding a
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bimolecular-quenching term [59]:

a_ S{E)es(E),

ren(f) re(f) < (#)

(2.15)

The models above build upon the Birks framework and typically describe only the prompt
scintillation component. An alternative approach due to Voltz et al. treats prompt and delayed
scintillation components separately. For electrons, the scintillation intensity as a function of
stopping power can be expressed as [25]:

AT ardE (L -
A Plwedx P\ dx) T wrdx TP\ x| '
For other charged particles the expression becomes [25]:
dI LB dE ool -Bo(1—F S| 9B P dE (B (2.17)
— = —exp|-— —Fg)— |+ —— ——exp|-— — .
de - T ax CPTY T Y T wsdx T T wrde TP\ TG

where Ws is the mean energy required to produce a singlet S; state, and Wr is defined analo-
gously for producing a T; state. The parameters Bs and Br are the quenching parameters for
the prompt and delayed components, respectively, ®7dE/dx is the fraction of the energy loss
activating molecules in high-density regions where triplet-triplet interactions occur, Fs is the
fraction of energy carried away by energetic secondary electrons (J-rays), and « is the number
of S; states created per triplet-state relaxation during triplet-triplet annihilation.

Recent work compared the models of Birks, Hong et al., Yoshida et al., and Voltz et al. for
describing ionization quenching of proton and carbon light-yield data in plastic and liquid
scintillators [60]. It was concluded that the models of Birks and Hong did not reproduce the
proton light yield over a broad energy range, whereas the Yoshida and Voltz models provided a
reasonable description of the proton data. None of the models adequately reproduced the carbon-
ion data, suggesting that a more sophisticated treatment of excitation-density distributions is
required [60].

An alternative approach addressing ionization quenching was presented in [61], where
the kinetic Blanc model [29] is employed as a more general framework than Birks-type laws.
In this approach, exciton transport and quenching are derived from material properties and
track structure rather than solely from an empirical quenching curve; the model was validated
against proton-irradiation quenching data with good agreement over most of the measured
range.

In the LSC community, Birks’ equation remains the most commonly used model for correcting
ionization quenching. The scintillation light yield according to Birks’ equation is:

L(E) = / A rop) (2.18)
o 0 1+I<B%_’70 '

where the integration upper limit is the initial kinetic energy of the particle and Q(E) is the
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ionization quenching function:

1 rE dE
Q(E):E/O T iBE (2.19)

dE
kB

Integration of Equation (2.18) is rather straightforward, but practical implementation requires
an experimentally determined value of the ionization quenching parameter kB, stopping-power
data at low energies, typically below a few keV, and reliable information on the scintillator
composition and density for stopping-power calculations. These issues are discussed further
in the subsequent sections, where the calculation of stopping power is discussed and its
implications for TDCR efficiency calculations are outlined.

2.1.7 Stopping power

Integration of Equation (2.18) requires knowledge of the stopping power dE/dx over the relevant
energy range. For low-energy electrons in particular, the combination of rapidly varying
stopping power and pronounced scintillator non-linearity makes the calculation sensitive to
both the chosen stopping-power formalism and to the assumed material properties of the
scintillator. In addition, the numerical value of kB is often extracted by fitting procedures, so
uncertainties or biases in dE/dx can propagate directly into the determined quenching behavior
and, consequently, into TDCR efficiency calculations.

The stopping power of a particle in a medium is defined as the mean rate at which it
loses kinetic energy per unit path length in that medium. Microscopically, it arises from
electromagnetic interactions between the particle and the electrons and nuclei of the medium:
as a charged particle traverses matter, its electric field perturbs atomic electrons, transferring
energy that leads to ionization and excitation, and (depending on particle type and energy) to
other loss channels such as bremsstrahlung or elastic energy transfer to atoms.

Depending on particle type and energy, the stopping power is commonly decomposed into
contributions:

« Collision (electronic) stopping power — energy loss due to inelastic interactions with
atomic electrons (ionization/excitation).

« Radiative stopping power — energy loss through bremsstrahlung, which is present for
electrons and positrons at all energies but becomes significant only at high energies,
particularly in high-Z materials. In low-Z organic scintillators, it is generally negligible
for the keV-MeV electron energies relevant to liquid scintillation counting.

« Nuclear stopping power — energy transfer to recoiling atoms via elastic collisions (rele-
vant mainly for heavy ions at low energies).

Accordingly, the total stopping power is often written as:

« for electrons — Sior = Scor + Srads

« for protons/ions — Syt = Scor + Snuc-

For heavy charged particles at sufficiently high energies, dE/dx can be estimated using the
Bethe-Bloch formalism [62]:

) <dE> B nz? ( e? ) [ln( 2mec*p? ) —ﬁz]’ (2.20)

dx |~ mec? B2 \4rne, I(1-p?%)
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where v is the particle speed, z is the particle charge, and c is the speed of light. Furthermore,
&o is the vacuum permittivity, f = v/c, I is the mean excitation energy of the medium, and e
and m, are the electron charge and rest mass, respectively. The electron density of the medium
is given by:
_ N A Z P

"= TAM,
where N, is Avogadro’s number, Z is the atomic number, p is the material density, A is the
atomic mass, and M, is the molar mass constant.

While Equation (2.20) provides the correct asymptotic behavior at intermediate and high
energies, the determination of electron stopping power in the low-energy regime relevant
to LSC (keV-scale electrons) requires additional corrections and dedicated formalisms. In
particular, binding effects, exchange, and density-effect corrections become important, and a
practical route is to use the recommendations of the International Commission on Radiation
Units and Measurements (ICRU) and evaluated stopping-power tables.

ICRU Report Ne37 recommends the following expression for the collisional stopping power
of electrons and positrons:

(2.21)

dE\*  27NarZmec® Z| (E\?
() =R 2 (5] #n (14 5) +Fe0 -0 @22)
dx ), ppB A I 2
E +2 2 \?
T= , G ):1— e ) (2.23)
Mmec? (r+1)2 mec? + E
Here F~(7) is defined for electrons:
2
F(r)=(1-p) 1+§—(27+1)ln2], (2.24)
and F*(7) is defined for positrons:
2 14 10 4
F*(r)=2In2-—|23+ + + . (2.25)
12 T+2 (t+2)2 (r+2)3
In practical implementations, the constant
27TNAr62mec2 =0.153536 MeV cm? mol ™! (2.26)

is often used, where r, is the classical electron radius and m.c? is the electron rest energy.

Equation (2.22) depends explicitly on the material parameters Z/A and p. This dependence
introduces a practical limitation for commercial scintillation cocktails, for which detailed
chemical composition and density are not always provided. In the case of some liquid organic
scintillators, approximate compositions can be obtained from the literature [11, 63]; however,
the associated uncertainty should be kept in mind when interpreting fitted kB values or
comparing results between cocktails.

The sensitivity of scintillation-quenching models to stopping-power input data is emphasized
in [60]. Laplace et al. [60] reported that the choice of stopping-power database has only a
minor effect for protons, as SRIM [64] and PSTAR [65] agree to within about 3%. In contrast,
for carbon ions the dependence is substantially stronger: in polyvinyltoluene, SRIM [64]
and MSTAR [66] predict Bragg-peak positions that differ by approximately 1.5 MeV, and no
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dedicated experimental data are available to validate either prediction. Although fits to carbon
light-yield measurements yielded slightly improved statistical agreement when using SRIM,
the overall description remained unsatisfactory for both libraries. Consequently, Laplace
et al. concluded that the existing data do not permit a definitive preference between the
stopping-power databases for carbon ions [60].

2.2 Photomuliplier tubes

Photomultiplier tubes are vacuum electron devices designed to convert scintillation light into a
measurable electrical signal. They remain the dominant photosensors in LS counting because
they provide high gain, low noise, and excellent sensitivity at low light levels. A PMT typically
comprises a transparent entrance window, a photocathode (transmission- or reflection-type),
focusing electrodes, an electron-multiplication chain (dynode system), and an anode.

The detection process proceeds as follows. A photon enters through the window and may
be absorbed in the photocathode. If the photon energy exceeds the effective work function of
the photocathode material, photoemission can occur and a photoelectron is emitted into the
vacuum with probability characterized by the quantum efficiency, ¢, (defined as the ratio of
emitted photoelectrons to photons incident on the photocathode). The photoelectron is then
accelerated by the electric field between the photocathode and the first dynode. The focusing
electrodes shape this field to guide photoelectrons toward the first dynode, ideally with high
collection efficiency over the full photocathode area. Upon impact on the first dynode, the
primary photoelectron generates secondary electrons. These are accelerated toward subsequent
dynodes by the potential differences between dynodes, forming an electron cascade whose
overall amplification (gain) is the product of the secondary-emission yields at each stage.
The amplified charge is finally collected at the anode and converted into an output pulse. A
schematic representation of a PMT and the associated electron-multiplication process is shown
in Figure 2.8.
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Figure 2.8: Schematic representation of the photoelectron formation process and secondary-electron
multiplication in a PMT.

The entrance window is most commonly made of low-potassium borosilicate glass; fused or
synthetic silica is used when high transmission in the ultraviolet is required. The photocathode
composition is selected to match the application. For scintillation spectroscopy and counting,

20



Liquid Scintillation Counting for Radionuclide Standardization

bialkali photocathodes (Sb—K-Cs) are widely used because they provide comparatively high
quantum efficiency and low dark-noise levels. Typical peak quantum efficiencies, £,(A), are
on the order of 20-40% depending on photocathode type and wavelength. High-efficiency
PMTs are advantageous in coincidence counting because an event must be detected by several
PMTs simultaneously. Therefore, increasing the detection efficiency of each PMT increases the
probability of detecting double and triple coincidences [6, 7].

PMT dynodes are typically metal electrodes (e.g., nickel, stainless steel, or Cu-Be) and
they can be coated with a secondary-emissive layer (e.g., alkali-antimonides, MgO/BeO, or
GaP:Cs/GaAsP) to maximize secondary-electron yield. The resulting multiplication chain
defines the achievable gain. For scintillation applications with low light intensities (few detected
photons per keV deposited), sufficiently high gain is required so that single-photoelectron
pulses are clearly resolved.

In scintillation counting, several models measurement require non-zero single-photon sensi-
tivity. This generally implies operation at sufficiently high PMT gain (typically > 10°) such that
the single-photoelectron (SPE) peak is clearly separated from the dark-noise and electronic-
noise pulse distributions. The resolution of the SPE is dominated by the multiplication factor of
the first dynode. When setting discriminator thresholds in the readout electronics, the objective
is to suppress electrical noise while retaining essentially all SPE pulses.

One of the most important timing characteristics of PMTs — particularly relevant for fast
organic scintillators and coincidence-based methods — includes the rise time, fall time, transit
time, and transit time spread (TTS). The rise time is usually defined as the interval required
for the pulse to increase from 10% to 90% of its maximum amplitude and is typically 1-2 ns
(Fig. Figure 2.9). The fall time is defined analogously (90% to 10%) and is typically a factor
of 2-3 longer than the rise time. The full width at half maximum of the anode pulse is often
1-7 ns, but depending on the dynode structure it can be significantly larger [67]. The transit
time is the delay between photon arrival at the photocathode and the appearance of the
corresponding pulse at the anode. The event-to-event fluctuations of this delay define the TTS,
which is typically in the range 0.3-0.5 ns. These timing characteristics depend on the applied
high voltage: increasing the electric field accelerates photoelectrons and secondaries, thereby
reducing the transit time.
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Figure 2.9: Schematic representation of the time characteristics of a PMT.
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When a PMT operates in pulse-counting mode, as in scintillation measurements, spurious
pulses may appear shortly after the main output pulse; these are referred to as afterpulses.
Afterpulses can interfere with the detection of low-level signals that follow large pulses and
may degrade the energy resolution in scintillation counting.

Afterpulses arise primarily from ion feedback: residual gas molecules inside the tube can be
ionized during an event, creating positive ions that drift back toward the photocathode. Their
impact can release secondary electrons, generating delayed pulses. The magnitude of these
delayed signals depends on the ion species and on where the ions were formed, while the delay
time — typically from a few hundred nanoseconds up to several microseconds — varies with
the applied high voltage. Helium is a well-known contributor because it can permeate silica
glass envelopes [67].

In practice, both the occurrence rate and the associated charge of afterpulses can be prob-
lematic. Although the ion production rate may be similar, operation at higher supply voltage
(i.e., higher gain) increases the output charge per afterpulse. In pulse-counting measurements,
afterpulses become relevant when their amplitude exceeds the discriminator threshold. To
mitigate the effect of afterpulses, a dead time of at least 10 ps is often applied after each detected
pulse (or after the end of the coincidence window). For the same reason, within a coincidence
window only the first pulse from a given PMT is typically accepted, and subsequent pulses
are rejected.An extending-type dead-time is preferred as the detection of a new pulse is only
possible after a period without any pulse.

2.2.1 Origin of the photocathode response non-uniformity

The photon detection efficiency (PDE) of a PMT can be expressed as the product of the quantum
efficiency (QE) and the collection efficiency (CE), i.e. the probability that an incident photon
produces a photoelectron at the photocathode and that this photoelectron is subsequently
collected by the first dynode. Spatial non-uniformity arises when QE and/or CE vary across
the photocathode area.

The main factors affecting the photocathode quantum efficiency are:

PE.1 Photocathode material and fabrication: the composition and activation determine the
work function and thus the attainable QE and spectral range. Quantum efficiency is
strongly wavelength dependent; matching the PMT spectral response to the scintillator
emission is therefore a primary practical consideration [67].

PE.2 Incidence angle and polarization: QE can vary with incident angle because reflection, ab-
sorption depth, and electron escape probability depend on the optical path and boundary
conditions; polarization effects can also become relevant at larger angles [68].

PE.3 Photocathode thickness and optical stack: spatial variations in photocathode thickness
can modify absorption and interference conditions, thereby affecting QE; window prop-
erties and anti-reflection coatings also contribute [68].

PE.4 Temperature: while QE is typically less temperature-sensitive than dark current, tem-
perature can influence the effective work function and carrier transport. In practice,
decreasing temperature is most clearly associated with reduced dark current [67].

The main factors affecting the PMT collection efficiency are:
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CE.1 Electric field near the photocathode: CE depends strongly on the potential difference
between the photocathode and the first dynode and on field shaping in the entrance
region [67].

CE.2 Electron optics and dynode geometry: the focusing system is designed to steer photo-
electrons efficiently, but trajectory deviations can occur and lead to collection losses; the
dynode structure also matters, with larger effective first-dynode acceptance generally
improving CE.

CE.3 Magnetic fields and orientation: external magnetic fields can deflect photoelectrons
between the photocathode and first dynode, reducing CE.

CE.4 Voltage-divider design and HV stability: divider ratios, HV ripple, and loading at high
anode currents can alter early-stage fields and degrade CE [67].

CE.5 Initial photoelectron energy and angle spread: photoelectrons are emitted with dis-
tributions of energies and angles; the focusing optics must capture this distribution
consistently across the photocathode.

CE.6 Space-charge effects: at high instantaneous currents, space charge can distort fields in
the early stages and reduce collection to the first dynode [69].

CE.7 At high gain, the last stages of the multiplication chain in the PMT might become
saturated [67].

The combined influence of the effects listed above leads to a position-dependent PDE. Spatial
non-uniformity of PMT response has been recognized as a limiting factor in scintillation
spectroscopy since the early studies of Schardt [70] and later Godlove and Wadey [71], who
also noted differences between nominally identical tubes and emphasized the role of electron
optics. Subsequent work has addressed photocathode response non-uniformity across a broad
range of PMT types and applications [72, 73, 74, 75, 76, 77,78, 79, 80, 81, 82, 83]. In large-volume
neutrino detectors, detailed PMT optical models incorporating spatial response variations have
been developed to predict the detector energy resolution for large detector volumes [84].

2.3 Liquid scintillation spectrometers and counters

Liquid scintillation spectrometers and counters are detection systems in which one or more
PMTs are optically coupled to a vial containing the scintillation sample inside a light-tight
optical chamber. The chamber is typically lined with reflective material to maximize photon
collection at the PMT entrance windows while simultaneously suppressing interference from
ambient light. In some instruments, such as PERALS [85], optical oil is applied between the
vial and the PMT window to improve optical coupling by reducing refractive-index mismatch,
thereby mitigating total internal reflection losses at the vial boundary.

In LS counting — and in particular in primary activity measurements — PMTs are commonly
operated at high gain in the single photon counting regime. Under these conditions, electronic
noise and dark pulses can represent a non-negligible fraction of detected signals, especially at
low activities. Because scintillation light is emitted approximately isotropically and the light
yield is typically on the order of ~ 10 photons per keV deposited by f particles [7], a decay event
has a good probability to produce detectable photoelectrons in one or more PMTs. As discussed
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in Section 2.1.4, scintillation emission is not instantaneous; photons are emitted over a finite
time interval and the corresponding photoelectron pulses are therefore distributed in time.
This motivates the use of a coincidence resolving time (coincidence window), which defines
the maximum temporal separation for pulses to be attributed to the same decay event. In the
context of primary activity measurements, the choice of coincidence window is not trivial [12].
Moreover, with the availability of analytical corrections for accidental coincidences [18], longer
coincidence windows — previously avoided to limit random coincidences — have become
practical and are increasingly used [86].

2.3.1 Applications of LS counting

Liquid scintillation counting is a versatile technique for measuring ionizing radiation, partic-
ularly for low-energy f emitters and radionuclides that are difficult to assay with detectors
where there is a physical barrier between the radionuclide and the detector. Typical applica-
tions include radiation monitoring in nuclear facilities [87, 88], environmental radioactivity
studies [89, 90], 1*C dating [91], high-energy and neutrino physics [92, 93], and radionuclide
metrology [94, 95].

Several standardization approaches employ LS counting. The 47—y coincidence method [96]
is applicable to nuclides that emit simultaneously both f particles and y rays; however, it is not
applicable for pure § emitters and typically requires a more complex multi-detector arrangement.
The CIEMAT/NIST efficiency tracing method [97] enables standardization of a broad range of
radionuclides and is implemented in commercial LS counters, but it is not purely primary, since
it relies on a tracer (commonly *H) whose activity is itself established by primary methods.
The TDCR method was developed to enable primary activity determination for f-emitting and
electron-capture radionuclides [10]. It relies on a statistical model applied to counting rates
measured with a three-PMT LS counter.

2.4 Radionuclide standardization by liquid scintillation
counting

Liquid scintillation counting provides a robust basis for radionuclide standardization when the
detection efficiency is close to unity. This is often the case for a emitters and for high-energy f
emitters, for which the probability that a decay produces at least one detectable scintillation
burst in the counter is very high [98]. For low-energy f emitters and electron-capture (EC)
radionuclides, however, the detection efficiency can deviate substantially from unity and may
depend on measurement conditions (cocktail composition, optical coupling, discriminator
thresholds, and acquisition logic). Because the standardized activity is subsequently used to
calibrate secondary instruments, its uncertainty directly propagates into downstream measure-
ments. Therefore, metrological applications require an accurate determination of the detection
efficiency and associated with a sound uncertainty budget. A widely used approach for this pur-
pose is the free parameter model, which provides a statistical description of scintillation-photon
production and detection in an LS counter [11].
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2.4.1 The free parameter model

Following a radioactive decay, energy E can be deposited in a liquid scintillator and the expected
mean number of emitted photons can be written as [11]:

_nQ(E)E

M
hv

(2.27)

where 7 is the absolute scintillation efficiency and hv is the mean energy of the scintillation
photon. The function Q(E) accounts for the scintillator non-linear response — the light yield
of the scintillator is not proportional to the energy deposited in the scintillator. If we assume
that the photon emission follows the Poisson distribution with a mean value M, the number of
photons that reach the PMT photocathode, m also follows the Poisson distribution [11]:

Hm

p(m, i) = %e—m (2.28)
m = ME, (2.29)

where m is the mean number of photons that reach the PMT and ¢ is the geometric efficiency
of the PMT. After the emission of m photons in a scintillation burst, that would, on average,
lead to the creation of n photoelectrons from the PMT photocathode, which is given by [11]:

n=meg, (2.30)

where ¢ is the quantum efficiency of the PMT and y is the spectral matching factor between the
scintillator’s spectrum and the spectral response of the photocathode. The absolute efficiency
of a PMT ¢, is the product of &, £; and . Combining Equations (2.27), (2.29) and (2.30), the
mean number of photoelectrons 7 created by a particle depositing energy E in the scintillator
can be expressed as:
3
A= Meyy, = '75:1—‘1”@(5)5 (2.31)
v

The photoelectric process in the photocathode can be described by the binomial distribu-

tion [11]:

m! _n

b(n; m, gq,u) = (gq,u)n (1 - gqy)m , (2.32)

n! (m—n)!
which represents the probability that when m photons reach the photocathode they would
produce exactly n photoelectrons. In LSC, the relevant quantity is usually the probability that
a scintillation burst produces a detectable pulse, i.e. at least one detected photoelectron. This
can be written as the complement of producing zero photoelectrons [11]:

pe(m) =1—-b0; m, gqu) =1— (1 - gq,u)m. (2.33)

For a detector with R number of PMTs, the m photons incident on the photocathodes can be
partitioned as a set {m;} satisfying m = my + my + - - - + mg. The probability for the realization
of a given partition is [11]:

1 m!
Py

TR mmol - mal (2:34)
R™ mq!my! mpg!

The probabilities for different pulse types in each PMT can then be computed from Equa-
tion (2.33), and the overall counting probability Pr is obtained by summing over all admissible
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photon partitions {m;}. In the special case of a single PMT (R = 1), Py = p.(m) and P; = 1, so
the probability to detect a scintillation event for a mean number of 7 photons reaching the
photocathode is [11]:

P = ZP(m, m) [1 - (1—eqn)"]

m=0
[} I’hm -
=1- We m(l—gqﬂ)m
m=0

=1-—¢ ™ i [m(1- fqﬂ)]m

!
=0 m:
=1- e—rﬁe(rﬁ(l—eqy))
=1—e ™t =1_¢", (2.35)

Thus, the cascade of three random processes — Poisson emission Equation (2.28), binomial
photoemission Equation (2.32), and multinomial photon sharing between PMTs Equation (2.34)
— can be reduced to an effective Poisson description for the mean number of photoelectrons
p(n,n) [11]. For common pulse types and coincidence conditions, the resulting counting

probabilities, expressed via the non-detection probability py, are summarized in Table 2.1 [11].

Table 2.1: Probability of counting P(E, A) for various types of pulses produced by a monoenergetic
particle in LS detector with R PMTs of identical or non-identical response. The non-detection probability
is py = eR_The kind of signals are: U — no coincidence, D — double coincidence, D3 — the logical
sum of double coincidences and T — triple coincidence.

R Signal mode  Signal Probability of counting P(E, 1)

Identical PMTs, pa = pg = pc = po

1 A U 1-po
2 AB U 1-p

AB D (1 —po)2
3 A;B;C U 1—-po

AB; BC; AC D (1-po)?

ABC T  (1-py)?

Non-identical PMTs, p4 # pp # pc

1 A U 1—-pa
2 A;B U (1-pa); (1-pp)

AB D (1-pa)(l-pp)
3 A;BC U (1-pa) (1-pB); (1-pc)

AB; BC; AC D (1-pa)(1-pp); (1—pa)(1-pc); (1-pp)(1-pc)

AB+BC+AC D3  (1—pa)(1—pp)+(1-pa)(1-pc)+
(1-pB)(1=pc)-2(1=pa)(1—-pp)(1-pc)
ABC T (1-pa)(1=pp)(1-pc)

The performance of an LS counter can be expressed through the relationship between the
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energy deposited in the scintillator, E (equal to the particle’s initial energy only under full energy
containment), and the mean number of scintillation photons m (or detected photoelectrons 1)
produced. This parameter is widely known as a figure of merit (FOM). The term free parameter
A, coined in [99] and adopted here, is defined as the mean number of photoelectrons produced
at the photocathode per unit of energy deposited in the scintillator taking into account the
ionization quenching:
o néep
"~ EQ(E)  hv
If the detection probability of a single photoelectron is non-zero, the non-detection prob-
ability for R identical PMTs is py = e /k; therefore, the corresponding counting probability
follows directly as P = 1 — py. In practice, achieving non-zero single-photoelectron detection
probability requires setting discriminator thresholds just below the single-photoelectron peak.
The counting probability of an LS counter including R identical PMTs is given by [11]:

A

(2.36)

P=1-¢k (2.37)
where the mean number of photoelectrons produced in all PMTs is:
n=EQ(E)A (2.38)

The counting probability P depends on the energy E and the free parameter A. For high-energy
particles, the deposited energy can differ from the initial kinetic energy because a fraction
of particles (or secondaries) may escape the scintillator volume ("wall effects"). Such effects
can be corrected using Monte Carlo simulation [99, 100]. A further simplifying assumption
of the free-parameter model is that the optical collection (and thus ¢) is independent of the
decay position within the sample volume. In practice, the light collection can exhibit position
dependence, particularly for low-energy depositions, and this can lead to measurable efficiency
variations [101].

2.4.2 Calculation of counting efficiency

The counting efficiency for an LS counter, ¢, is a function of the FOM and depends on the
decay mode of the radionuclide. For pure S emitters, ¢ is obtained by weighting the pulse
counting probability P(E, 1) (see Table 2.1) by the f spectrum S(E) and integrating over the
full decay-energy range [11]:

Enax
o) = /0 S(E) P(E. A)dE, (239)

where E,x is the maximum energy of the  spectrum.

For electron capture, the electron vacancy is followed by atomic re-arrangements, leading to
the emission of photons and Auger electrons. In this case, the counting efficiency is expressed
as a discrete sum over emitted radiations with energies E; and intensities I(E;) [11]:

k
p(A) = > I(E)) P(E}, 2) (2.40)

j=0

27



Liquid Scintillation Counting for Radionuclide Standardization

2.4.3 Calculation of energy spectra

The efficiency calculation requires the calculation of the energy spectrum that is effectively
deposited in the liquid scintillator. This spectrum is not necessarily identical to the theoretical
spectrum of particles emitted in the nuclear decay. Therefore, it is useful to distinguish between
two steps. First, the theoretical f spectrum is calculated from nuclear decay theory and decay
data. Second, this theoretical spectrum is transferred to the deposited energy spectrum in the
scintillator by accounting for particle transport, photon interactions, finite sample geometry,
and possible energy escape.

For radionuclides undergoing i~ or f* decay, the starting point is the theoretical f-particle
spectrum. In the Femri theory, the probability of emitting an electron or positron with total
energy W = 1+ E/myc? in the interval (W, W + dW) can be written as [11]:

N(W),dw = zg—;VWZ —1, W, (Wy — W)2F(Z, W)(1 + Sr(W, Z))C(W), dW, (2.41)

where g is the weak-interaction coupling constant, Wj is the maximum energy, F(Z, W) is the
Fermi function, dg(W, Z) accounts for radiative corrections, Z is the atomic number of the
daughter nucleus, and C(W) is the shape-factor function. After normalization, this expression
gives the theoretical emitted f§ spectrum, denoted here as Sg(Ey), where Ej is the kinetic energy
of the emitted particle.

Several codes are available for the calculation of theoretical f spectra, including EFFY [102]
and SPEBETA [103]. A more comprehensive implementation is provided by the BetaShape
code of X. Mougeot [104], where atomic effects are taken into account. BetaShape spectra
are available through the DDEP resources [105]. High-precision analytical descriptions of
allowed S spectra are reviewed in [106]. The influence of spectral-shape assumptions on TDCR
efficiency calculations has been studied in detail by Kossert and Mougeot [107].

The spectrum entering the liquid-scintillation efficiency calculation is the spectrum of
deposited energy, here denoted by S(E). It is normalized as [11]:

Emax
/ S(E),dE = 1. (2.42)
0

For many pure f emitters, especially at low energies, the emitted electron is assumed to deposit
its full kinetic energy in the scintillator. In this approximation, the deposited-energy spectrum
is equal to the theoretical emitted spectrum:

S(E) = Sy(E). (2.43)

This approximation is commonly used when the electron range is small compared with the
sample dimensions and when wall losses are negligible.

The best practice is to convert the theoretical f-spectrum into the corresponding deposited
energy spectrum. This conversion describes the probability that a particle emitted with kinetic
energy E, deposits an energy E in the scintillator. This probability distribution is usually
obtained by Monte Carlo transport calculations rather than by an analytical expression. For
high-energy f emitters, such simulations can be used to estimate wall effects and incomplete
energy deposition; the spectrum distortion can be non-negligible, but its effect on the detection
efficiency is often small because the overall detection efficiency is already close to unity [108].

Following an electron-capture process, a vacancy is created in the atomic shell of the daughter
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atom. Subsequent relaxation leads to emission of Auger electrons and characteristic X rays;
emitted X and y rays may also generate secondary electrons in the scintillator via photon
interactions. Consequently, calculating the detection efficiency of EC radionuclides requires
replacing the continuous f spectrum with an inventory of emitted Auger electrons and of
secondary electrons produced by photon transport and interaction. In practice, Monte Carlo
procedures are typically used to account for the contribution of X- and y-ray interactions in
the finite sample geometry. An overview of models used to compute counting efficiency for EC
radionuclides is given in [11], and recent efforts toward higher-precision EC decay modelling
are discussed in [109].

Except for pure f emitters, many decays are accompanied by photon emission. Low-energy
X rays (typically a few keV) often deposit a large part of their energy within the scintillator [11].
However, because the scintillator response is non-linear, the partition of photon energy among
secondary electrons matters. For example, if a photon transfers its full energy E to a single
electron, the light-yield contribution scales as EQ(E), which can differ from the case in which the
same energy is shared between two electrons contributing E;Q(E;) + E2Q(E,) with E = E; + E,.
For higher energy photons, photon escape and Compton scattering becomes more probable, the
deposited-energy fraction decreases, and the probability of photon escaping without interaction
increases.

The deposited energy distribution and photon interaction probabilities in the scintillation
cocktail can be computed using Monte Carlo transport code. The dimensions of the sample must
be included as they affect the absorption probability and escape fraction for photons. Finally,
photon-transport simulations should also include interactions in the immediate surroundings of
the sample, since backscattered photons or electrons can contribute to the detected signal [11].

2.4.4 The Triple-to-Double Coincidence Ratio method

The Triple-to-Double Coincidence Ratio (TDCR) method is a primary liquid scintillation tech-
nique based on the free-parameter model and a dedicated three-PMT counter. By exploiting the
relationship between the measured coincidence counting rates and the corresponding detection
efficiencies, the method enables activity determination without the need for calibration against
an external radioactive standard. A historical overview and practical implementations of TDCR
counting are discussed in [94]. Typical TDCR counter design have been reported, for example,
by Cassette and Vatin [110]. The correct application of the TDCR method also requires dedi-
cated acquisition electronics capable of applying a well-defined coincidence resolving time,
recording the relevant coincidence channels, and imposing a the dead time. In most TDCR
systems, an extendable dead time is applied after each accepted event. During this interval,
additional pulses are rejected and, if they occur before the end of the interval, the dead time is
extended.

For precise activity determination, it is not sufficient only to define the dead-time base
duration. This is usually achieved by recording both the real time and the live time of the
acquisition, so that the counting rates can be calculated for the live measuring time. The
best method for recording the live-time is in using a live-time clock: short pulses (a few ns
duration) are generated from a reference oscillator and these pulses are sampled by the dead-
time signal. The number of surviving pulses gives the live-time of the measurement, without
requiring cumbersome calculations, as this is the case when using fixed dead-time. Accurate
determination of the live time is essential, because this directly affect the measured double-
and triple-coincidence rates used in the TDCR efficiency calculation. Even small errors in the
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dead-time correction can therefore propagate into the calculated activity, especially at higher
counting rates.

Widely used implementations of the acquisition electronics include the MAC3 module [111],
while later developments include the PTB 4KAM [112] which is an implementation of the
MACS3 logic in a FPGA, compact systems such as nanoTDCR [113], and digital approaches
based on CAEN digitizers [114]. In all cases, the minimum requirement is the ability to record
the three double-coincidence counting rates (AB, BC, AC) and the triple-coincidence counting
rate T for the application of the TDCR method.

For a three-PMT system (R = 3), the coincidence efficiencies can be calculated by com-
bining the appropriate counting probability P(E, 1) (see Table 2.1) with the deposited energy
spectrum S(E) through Equation (2.39). Assuming identical PMTs, the efficiencies for the
double-coincidence channel and for triple coincidences are given by [11]:

Emax _ 2 Emax 2
0y = / S(E) (1 —e—"/3) dE = / S(E) (1 —e—AEQ@)/S) dE, (2.44)
0 0

Emax B 3 Emax 3
or = / S(E) (1 —e—"/3) dE = / S(E) (1 —e—ﬂEQ<E>/3) dE, (2.45)
0 0

where E,,,y is the maximum charged particle energy, Q(E) is the ionization-quenching function
( Equation (2.19)), and A is the free parameter.

For activity determination it is convenient to use the logical sum of the double coincidences,
whose efficiency is [11]:

Emax 2 3
op = / S(E) [3(1 - e‘AEQ(EW) - 2(1 - e‘AEQ(EW) ]dE. (2.46)
0

The logical sum of the double coincidences is defined as [11]:
D =ABV BCV AC, (2.47)

and can be expressed in terms of the measured double- and triple-coincidence counting rates
as [11]:
D=AB+BC+AC-2T. (2.48)

For identical PMTs, the TDCR observable is the ratio T/D, which converges (for a suffi-
cient number of recorded pulses) toward the ratio of efficiencies ¢r/¢p which is the ratio of
probabilities of detection. This ratio can be written as [11]:

3
o ST s(E) (1 - eHeBs) dE

(pD ‘/(;Emax S(E) [3(1 _ e—AEQ(E)/:S)Z — 2(1 - e_AEQ(E)/?))S]dE .

(2.49)

Thus, the experimentally determined ratio T /D provides an estimate of ¢r/¢p, while the right-
hand side can be evaluated once S(E) is specified and a value for the ionization-quenching
parameter kB is assumed. Solving Equation (2.49) yields the free parameter A, which can then
be used to calculate the coincidence efficiencies (e.g. ¢p) required for activity determination.
In practical TDCR counters, the assumption of identical PMTs is not strictly satisfied. To
account for inter-channel differences, three independent efficiency-ratio equations are solved
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using the three measured coincidence ratios T/AB, T/BC, and T/AC [11]:

/OEmax S(E)(l _ e—/lAEQ(E))(l _ e—ABEQ(E))(l _ e—/lcEQ(E)) dE

YT _
PAB JA Fimax S(E)(1 — e 14EQ(B)) (1 — e~48EQ(E)) dE ’

[E 5 (E) (1 _ e—AAEQ<E)) (1 _ e—ABEQ(E)) (1 _ e—AcEQ(E>) dE
or _Jo _ , (2.50)
©BC /(; max S(E)(l _ e—ABEQ(E)) (1 _ e—).CEQ(E)) dE

Emax - - -

o /0 S(E)(l e )LAEQ(E))(I e /IBEQ(E))(l _e AcEQ(E)) dE
PAC fOEmax S(E) (1 — e~ MEQ(B)) (1 — ¢~AcEQ(D)) dE

where A4, Ap and A¢ are the figures of merit of the individual PMT channels and A = A4 +
Ap + Ac. For sufficiently large counting statistics, the experimental ratios converge toward the
corresponding efficiency ratios, and the system Equation (2.50) can be solved numerically. A
common approach is to determine (A4, Ap, Ac) by minimizing [11]:

oy TN\ (o T\ (@& T\
A= L - —| +[=2L-=] +[L-—]|, (2.51)
&, AB dgc  BC Pyc AC

for example using the Downbhill Simplex algorithm [115].

Once the figure-of-merit parameters are determined for a given kB value, the coincidence
efficiencies can be computed (e.g. ¢p), and the activity is typically obtained from the logical
sum of the double coincidences as

D
A= .
¢p(kB, A, A, Ac)

(2.52)

For pure f emitters, the minimization problem associated with Equation (2.51) generally yields
a single physically relevant solution. For electron-capture radionuclides or f—y radionuclides,
multiple solutions can occur, and the counting efficiency is therefore varied experimentally to

identify the correct branch of the efficiency curve corresponding to the measured TDCR value.

Finally, it should be emphasized that the TDCR efficiency calculation depends on the choice
of the ionization-quenching parameter kB, which is the main adjustable parameter in the
standard implementation of the model. For high-energy f emitters (typically above a few
hundred keV), the detection efficiency is close to unity and the influence of kB is small. In
contrast, for low-energy f8 emitters such as *H, the efficiency is strongly dependent on kB

(Fig. Figure 2.10), making a robust kB determination essential for accurate standardization.

Consequently, reliable TDCR measurements require not only an appropriate counter design,
but also well-controlled vials, acquisition logic, and data-analysis procedures.

2.4.5 Practical considerations of the TDCR method

The practical implementation of the TDCR method requires careful control of both the LS
sample (in particular the vial, cocktail stability and optical coupling) and the detection system
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Figure 2.10: Dependence the detection efficiency for *°H in toluene-base cocktail as a function of the kB
parameter while other parameters are the kept the same.

(PMTs, coincidence logic, and dead-time handling), as these factors directly influence the
counting statistics and the validity of the assumptions underlying the efficiency model.

Liquid scintillation vials

Liquid scintillation vials are designed to safely enclose the radioactive sample and the scintilla-
tion cocktail while providing stable optical conditions during measurement. The most widely
used vials are either plastic (polyethylene or PTFE-coated polyethylene to reduce absorption in
the walls) or glass (standard or low-potassium borosilicate) with a nominal volume of 20 mL.
Plastic vials typically provide higher apparent light-collection efficiency than clear glass be-
cause their diffusive walls reduce total internal reflection and promote more uniform photon
escape toward the optical chamber [116]. This advantage is partly offset by increased light
absorption in plastic and by diffusion of cocktail components into the vial walls, which may
affect long-term stability.

Glass vials offer superior chemical compatibility and lower permeability, but due to the
refractive-index mismatch between glass and air, a fraction of the scintillation light can be
trapped by total internal reflection. This reduces the detected light yield and, importantly,
can introduce position dependence: light emitted closer to the vial wall may be more strongly
affected. Such effects conflict with the fundamental assumption that the number of photons
reaching each PMT photocathode is Poisson-distributed with a position-independent same
mean over the sample volume. To mitigate total internal reflection in glass vials, the outer
surface can be made diffusive (e.g. by chemical or mechanical etching) or, more simply, by
wrapping the vial with diffusive adhesive tape [11].

Liquid scintillation counters

For low-energy f emitters, the scintillation light yield per decay is small, and reliable counting
therefore requires optimized optical transport and sensitive photodetectors. Photomultiplier
tubes remain the preferred choice because they offer high gain, low noise, and quantum
efficiencies typically in the range 20-40% [67]. In TDCR counting, the PMTs must exhibit non-
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zero sensitivity to single photons; in practice, this requires that the single-photoelectron peak be
sufficiently separated from electronic noise so that discriminator thresholds can be set to reject
noise while retaining essentially all single-photoelectron pulses. This is facilitated by PMTs
with high gain and a favorable peak-to-valley ratio in the single-photoelectron spectrum [117].

A further stringent requirement is imposed on the acquisition electronics. Scintillation light
pulses are typically only a few nanoseconds long, and the readout must implement coincidence
logic with a well-defined coincidence resolving time. The selection of an appropriate coincidence
resolving time is non-trivial and has been examined in several recent studies [18, 118, 119];
it is also discussed in Chapter 8. In addition, the electronics must reliably handle noise and
correlated late pulses (e.g. afterpulses) in a way consistent with the chosen counting logic.

In radionuclide standardization by LS counting, it is common practice to apply a dead-time
after each detected event in order to suppress spurious coincidences arising from thermal
emission, afterpulses, and delayed scintillation. The dead-time base duration is typically a few
microseconds. Accurate estimation of the real dead time of the measurement is particularly
important for decay chains containing short-lived daughters. For example, in the #*’Rn decay
chain, a significant fraction of ?!*Po decays (half-life 164 us) may occur during the dead-time
following the decay of its parent, effectively reducing the detection efficiency unless corrected.
A comparison of two common implementations—common dead time (CDT), where any pulse
triggers dead time in all channels, and individual dead times (IDT), where dead time is applied
only to the channel that fired—showed excellent agreement between the two logics based on
experimental data and Monte Carlo simulations [120].

The PMTs are typically arranged symmetrically around the vial inside a reflective optical
chamber. The consistency of the acquisition logic can be verified using the balance relations [94]:

A+B+C=T+D+S, (2.53)
AB+BC+AC=2T+D, (2.54)

where A, B, and C are the single-channel counting rates, AB, BC, and AC are the double-
coincidence counting rates, T is the triple-coincidence counting rate, D is the logical sum of the
doubles, and S is the logical sum of the non-coincident singles. To evaluate these relations and
to apply the TDCR method, the acquisition system must be able to record A, B, C, S, AB, BC,
AC, D, and T. Agreement with Equation (2.54) provides a useful diagnostic that the coincidence
logic and channel bookkeeping are implemented correctly [94].

Efficiency calculation code

Applying the TDCR model in practice requires numerical integration of Equation (2.50) together
with Equation (2.19), calculation of electron stopping power, and minimization of Equation (2.51).
A dedicated computer program developed by P. Cassette has been widely used for this purpose.
In this work, the TDCR18 code was used to determine the figure-of-merit parameters and the
detection efficiencies for f-emitting radionuclides measured with a TDCR counter. The main
features of the program include:

« scintillation emission following Poisson statistics, consistent with Equation (2.35);
« scintillator non-linearity described by Birks’ formula Equation (2.19);

« electron stopping power computed using ICRU Report Ne37 (Equation (2.22)) above 100 eV,
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with linear extrapolation below 100 eV; alternatively, stopping-power estimates by Tan
and Xia [121] may be used for relevant scintillators;

« [ spectra computed internally using SPEBETA [103] or imported as an external normal-
ized spectrum.

The program requires the radionuclide atomic data, the scintillator density and Z/A ratio,
and the range of kB values for which the calculation is performed. A particularly useful option
is the use of the three experimental ratios (T/AB, T/BC, T/AC), which accounts for channel
asymmetry. The outputs include the detection efficiency of the logical sum of the doubles, ¢p,
the triple-coincidence efficiency, er, and estimates of the relative PMT quantum efficiencies.
In addition, many calculation codes were developed in National Metrology institutes, like the
MICELLE code at CIEMAT and PTB [122], and others codes using Mathematica, C++ and
Root and in-house Python scripts for TDCR applications and kB variation in SU [123]. A
Python-based TDCR efficiency calculation tool is now maintained by the Bureau International
des Poids et Mesures (BIPM) [124].

Efficiency variation method

The efficiency variation method is the standard metrological approach for determining kB in
TDCR-based standardization, particularly for low-energy f emitters such as *H, where the
calculated efficiency is strongly dependent on kB. For higher-energy emitters, the efficiency is
closer to unity and the accurate activity calculation is not strongly dependent on the kB parame-
ter. Efficiency variation techniques also provide a practical means of resolving ambiguities that
can arise when a single TDCR value corresponds to more than one possible counting efficiency,
as may occur for certain electron capture or -y radionuclides. By deliberately changing the
detection efficiency and observing the corresponding evolution of the TDCR value, it becomes
possible to identify the relevant region of the efficiency curve associated with the experimental
measurement.

For a correctly modelled system, the activity estimate should be invariant under changes in
detection efficiency. This principle motivates the efficiency variation approach: the counting
efficiency is deliberately reduced in a controlled manner and the activity is recalculated for
a range of kB values. The kB is determined as the value that minimizes the variation of the
calculated activity across the set of measurements.

In practice, efficiency variation is commonly achieved by: defocusing the PMTs, introducing
chemical quenchers into the cocktail, or placing coaxial gray filters over the vial. Because a
properly designed counter operates near maximum efficiency under nominal conditions, these
methods act primarily in one direction, i.e. they decrease the efficiency. Comparative studies
have shown good overall agreement between these approaches [98], although differences
between chemical quenching and gray-filter methods have also been reported [119]; the
applicability of PMT defocusing is discussed in Section 3.1.10.

Accidental coincidence correction

In TDCR/LSC coincidence counting, accidental (random) coincidences are events where pulses
from unrelated origins (different decays, background, PMT dark noise, or electronics) fall
within the coincidence resolving time and are therefore registered as a coincidence. For two
uncorrelated channels with rates N; and N, and resolving time (), the basic accidental rate is
(N; = 2tN; N,) [18].
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In [18], two complementary correction approaches were described. The experimental (list-
mode) correction method uses the time-delay distribution between the first (“primary”) pulses
in the PMT channels. The measured distribution is treated as a sum of a true-coincidence
component concentrated at short delays and an accidental component that dominates at long
delays. By fitting the tail of the delay distribution in a region where true coincidences are
negligible (e.g., 2000-2500 ns), one estimates the accidental background level and integrates it
over the resolving time to obtain the accidental contribution for each coincidence channel.

In the implementation of the analytical correction, first the “pure” counting rates are recon-
structed by removing overlaps between coincidence channels: for a three-PMT TDCR system
this involves estimating the pure singles (P4, Pp, Pc) and pure coincidences (Pag, Psc, Pac)
from the measured channels. The accidental rate is then computed by summing contributions
of two kinds [18]:

« type-1: if an uncorrelated P happens and, within 7, an uncorrelated P4 happens, then the
electronics sees A and C within one coincidence window and registers an AC coincidence

« type-2: they occur when an event of the channel that is corrected (e.g. Psap when
correcting the AB channel) is recorded inside a coincidence window that was opened
by some other uncorrelated channel. For example Pc starts the window and then a Pyp
event arrives; the P4p contributes to the measured AB rate, but it is “accidental” because
the window was started by an unrelated decay.

For the analytical method, the required inputs are the single/double/triple counting rates,
the resolving time (7), and the detector dead-time logic. The experimental method additionally
requires list-mode timing information (typically via a fast digitizer/FPGA acquisition) to build
and fit the time-delay distributions. The importance of this correction has been well acknowl-
edged by the LS metrology community and its application is becoming a standard practice [118,
86].

2.5 The Compton coincidence method

Compton-coincidence spectrometers were developed to investigate scintillator non-linearity by
measuring the light output produced by Compton electrons of known energy [13, 125]. In such
measurements, monoenergetic photons interact in the scintillator and produce recoil electrons
by Compton scattering. The main motivation of this approach is to determine the scintillator
response as a function of electron energy directly from experiment, rather than relying only on
semi-empirical descriptions such as Birks model. The measured response can then be fitted by
this model in order to determine quenching parameter. Compton-coincidence techniques have
been widely applied to inorganic scintillators [125, 126, 127, 128], and analogous measurements
have also been performed for liquid scintillators [13, 14].

The central concept is to expose the scintillator to a collimated monoenergetic y-ray beam
and to detect, in coincidence, both the scintillation signal and the scattered y ray, as shown
in Figure 2.12. For low-Z organic media and for the photon energies typically employed,
Compton scattering is the dominant interaction. If the energy of the incident photon is E, and
the scattered photon is emitted at an angle 6, its energy is given by the Compton relation:

Ey

E = ,
! b (1 —--cosb)

1+

(2.55)

Mec?
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where m.c? is the electron rest energy. The kinetic energy of the Compton electron is therefore:
E.=E, - E,. (2.56)

By measuring the energy of the scattered photon with a y detector, the energy deposited by
the Compton electron in the scintillation cocktail can be calculated.

The choice of the y-ray energy is important because the expected non-linearity of the liquid
scintillator response is most pronounced at low electron energies, particularly below about
20 keV. Therefore, low-energy monoenergetic y-ray sources are required. In this work, 4! Am
is used because its 59.54 keV y ray produces Compton electrons in the 3-6 keV region for
scattering angles around 90°.

The angular distribution of Compton scattering is described by the Klein-Nishina differential

cross section: )
do  r2(E)\’[E, E
o L) |2y —i/ —sin® 4|, (2.57)
E, Ey

daQ ~ 2

E

Y

where r. is the classical electron radius. The angular dependence calculated from Equation (2.57)
is shown in Figure 2.11. For the 59.54 keV photons emitted by 24! Am, the scattering probability
at intermediate and large angles is still appreciable. This contrasts with higher-energy y rays,
for which Compton scattering becomes increasingly forward oriented. The Compton-TDCR
geometry therefore takes advantage of this property by detecting photons scattered near 90°.
In this configuration, the corresponding Compton electrons have sufficiently low energy to
measure in the non-linear response region, while still producing enough scintillation light to
be detected by the TDCR channel.

Selecting a narrow region of interest (ROI) in the scattered-y spectrum defines a narrow
interval of Compton-electron energies. This provides an approximately monoenergetic electron
probe, whose energy can be changed by the ROI definition, enabling a direct mapping of
scintillation response as a function of deposited energy.

; T e Figure 2.11: Klein—-Nishina differ-
s Sk ential cross section in bsr™! as a
function of the scattering angle
for selected incident y-ray energies.
For the 59.54 keV photons emitted
by 4! Am, scattering at intermedi-
ate and large angles remains signif-
icant compared with higher-energy
photons, for which the angular dis-
tribution is more strongly forward
180 directed.

270°

Early Compton-scattering spectrometers for liquid scintillators employed a single PMT
to record the scintillation pulse-height spectrum in coincidence with the y detector. Subse-
quently, a TDCR counter was introduced as a scintillation channel [15]. More recently, compact
Compton-TDCR system has been used to study both light-yield non-linearity and timing prop-
erties of commercial liquid scintillators, as well as plastic and inorganic scintillators [16]. A key
advantage of a TDCR-based scintillation channel is that it allows the mean number of detected

36



Liquid Scintillation Counting for Radionuclide Standardization

LS sample

Ee =E_Eoy
!

Figure 2.12: Scheme of a
Compton-coincidence system, in
which the energy deposited by
the electron in the scintillation
cocktail is determined from the

measured energy of the scattered
Monoenergetic

y-ray source }/ ray.

High-resolution
y-ray detector

PMT/PMTs

Coincidence logic

acquisition system

photoelectrons to be determined directly for a given Compton electron energy, provided that
the PMTs are operated with single-photon sensitivity.

If the thresholds of all PMTs are adjusted to allow single photon sensitivity, the detection
probability of a light pulse emitted after the absorption of energy in the scintillator can be
derived from the calculation of the non-detection probability. For an energy deposition E
producing, on average, m scintillation photons, the detection probability in PMT X is [15]:

_é‘Xrﬁ)

ple—e( I X=A B,C, (2.58)
where ex denotes the quantum efficiency of a given PMT X, and nix = exm is the corresponding

mean number of detected photoelectrons. Assuming no correlation between the PMTs, the
double- and triple-coincidence efficiencies are then [15]:

pxy = (1 - e(‘y)) (1 - e(_#)), XY = (AB, BC, AC), (2.59)

pr=[] (1_e(‘gx3m)), (2.60)
X=AB,C

For sufficiently large counting statistics, the measured ratios of coincidence counting rates
approach the corresponding efficiency ratios. In particular, for a given double coincidence XY,
the ratio T/XY estimates the single-channel detection probability of the remaining PMT Z
(with Z = C for XY = AB, Z = B for XY = AC, and Z = A for XY = BC). Hence, the mean
number of detected photoelectrons in channel Z can be written as [15]

_ pr T)
fiz=-3ln|l-— ]~ -3In(1-—|, Z € {A,B,C}. 2.61
z ( PXY) ( XY { } (261

This approach implicitly assumes that, independent of where the Compton interaction occurs
within the vial, the optical transport leads to identical photon sharing among the PMTs. In
clear glass vials, this assumption may be compromised by total internal reflection and position-
dependent light-collection effects. The assumption is better fulfilled when diffusive vials are
used, when the vial walls are wrapped with diffusive material.

The method is most informative when the system is not saturated (i.e. when coincidence
efficiencies are well below unity). This condition is typically fulfilled in the low-energy regime,
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which is particularly valuable because scintillator non-linearity is most pronounced there. In
this context, Cassette and Do [15] proposed using the Compton-TDCR approach to determine
the scintillator non-linearity as a function of deposited energy and to incorporate this experi-
mentally derived response into TDCR analyses. This replaces the Birks equation by a purely
parametric description and eliminates the need of adjusting the kB arameter, which is a major
source of uncertainty for low-energy radionuclides. Building on this concept, Bignell et al. [17]
proposed the Zero Model by Using Coincidence Scintillation (ZoMBieS) method.

The Compton spectrometer efficiency tracing (CSET) method uses the same setup. Events in
a ROl in the y spectrum are recorded in coincidence with the LS double coincidences, and the
Compton electron energy is derived from the spectrum of the scattered Compton photons. The
intrinsic figure of merit is solved for that specific source, then the external source is removed,
and the detection efficiency for the relevant radionuclide is calculated from this FOM. The
method is less dependent on the kB value than TDCR method because the Birks formula is
applied twice, and it requires no radioactive standard . The CSET method is similar in principle
to the CIEMAT/NIST method but offers several advantages: the characterization is done with
the source itself rather than a separate tracer, no radioactive standard is needed, and moderate
changes in the external y-source geometry do not affect the result [15].

The Zero Model by Using Coincidence Scintillation method is an absolute activity measurement
technique that avoids assuming a specific scintillation-response or PMT-efficiency model (hence
the term "zero model"). It is based on a Compton-coincidence configuration in which a TDCR
counter is operated in coincidence with an y detector to measure the energy of monoenergetic
Compton-electron energy deposits in the scintillator. For a given energy, the ratio of the triple-
coincidence rate T to a selected double-coincidence rate XY approaches the detection probability
of the remaining PMT Z, i.e. T/XY — ¢z, thereby providing an experimental estimate of the
single-channel detection efficiency as a function of deposited energy. Repeating this procedure
over multiple y energy ROIs yields an efficiency—versus—electron energy curve spanning the
measurable Compton electron range. The resulting efficiency curve is then parameterized
(using an ’arbitrary’ function) and integrated over the f-spectrum of the radionuclide of interest
to obtain the corresponding detection efficiency. The activity is finally determined directly
from the measured count rate and the calculated efficiency, without introducing a dedicated
light-yield (e.g. Birks) model or assuming a Poisson distribution of the photoelectrons.
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3 Studies of PMTs photocathode response non-uniformity

The influence of photon detection efficiency (PDE) non-uniformity on the TDCR method is
connected with several assumptions underlying the TDCR efficiency calculation. The TDCR
method presupposes that the scintillator emits photons following a Poisson distribution, that
single-photon detection occurs with non-zero probability, and that the scintillation light yield
as a function of deposited energy follows Birks’ law, characterized by the non-linearity constant
kB [11].These assumptions inherently depend on additional, often implicit, conditions: the
photodetectors exhibit uniform sensitivity across their active surfaces; the likelihood of detect-
ing individual photons is identical at every point of the photocathode; and the non-linearity
model applies solely to the prompt component of the scintillation emission [1]. To assess
the validity of the first two implicit conditions, we conducted an investigation of the spatial
response uniformity of some PMT photocathodes used in TDCR systems.

In our previous work at the MIL laboratory, measurements with a plastic scintillator revealed
a position dependence of the energy resolution [129]. This finding motivated the development
of a manually operated scanning system, which was used to map the photocathode response
of the Hamamatsu R7600U-200 and H11934-203 PMTs [130]. Although the manual operation
limited the number of measurement points, the study demonstrated that the PDE can vary
substantially with the position on the photocathode and that the response pattern depends
on the dynode structure. Furthermore, the impact of photocathode non-uniformity on the
energy resolution of plastic scintillators was investigated more systematically, and a position-
dependent effect on pulse-shape discrimination was also observed. These results were the
motivation for developing an automated scanning system capable of mapping the full PMT
window. The next section describes this system and presents the corresponding results for
PMTs used in TDCR counters for primary activity measurements.

3.1 Automatic system for scanning the photocathode
non-uniformity

The setup used to map the photocathode spatial response is shown schematically in Figure 3.1.
It includes a custom-built LED pulser (see Figure 3.2) a holder for calibrated neutral-density
(ND) filters (Thorlabs NDKO01), used to adjust the light intensity, and a fiber collimator coupled
to a 200 pm-core multimode optical fiber. The scanning stage is a custom motorized assembly
that translates the fiber across the PMT window. Motion is provided by a x-y mechanics driven
by stepper motots and controlled by a commercial microcontroller board (Arduino Uno with
a CNC shield). The minimum step is effectively limited by the fiber diameter, and the usable
scan area is 3.6 X 3.2 cm®.
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Figure 3.1: Schematic of the experimental setup employed to characterize the spatial non-uniformity of
the PMT photocathode response [131].

The fiber collimator directs the LED light into one end of the optical fiber, while the opposite
end is positioned at about 1 mm off the PMT window. The wavelength of the LED in the pulser
(Figure 3.2) is 405 nm. The LED is driven by a fast-switching signal with a frequency of 2.6 kHz,
which can be controlled by a variable-frequency oscillator. The transistor driving the LED
operates in avalanche mode, allowing a switching time constant of approximately 0.25 ns. The
coincidence counting capability of the nanoPSD device [44] is used to analyze the PMT anode
signal in coincidence with the reference frequency signal generated by the LED pulser. The
acquisition time for each measurement point in all scans is set to 30 seconds.

—> Reference signal (to nanoPSD)

Variable frequency Avalanche
oscillator JUuUuLl| transistor

200-300V
3-5V High voltage
supply power supply

Figure 3.2: Schematic of the custom-built LED pulser used in the experimental setup [131].

The distribution of the light pulses from the generator (see Figure 3.3), as recorded by the
photomultiplier tube, exhibits a Gaussian-shaped peak. The variation of the photocathode
response with respect to the position of the light spot was evaluated using the centroid position
obtained from fitting the light pulses peak, since the centroid position is proportional to the
number of photoelectrons produced in the PMT per event. For each spectrum, the standard

deviation was also determined and taken as an estimate of the uncertainty of the PMT response.
A photo inside the light tight box with a PMT and the scanning stage is shown in Figure 3.4.

In addition to scanning the photocathode response, a TOPDON TC001 thermal camera [132]
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was employed to monitor the heat distribution generated by the PMT during operation. This
device offers a resolution of 256 X 192 pixels, operates over a temperature range of -20 °C to
550 °C, and can detect surface temperature variations as small as 0.1 °C. Real-time visualization
and data acquisition were performed via USB connection to a computer or through a dedicated

mobile application.
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l " e

Figure 3.4: Photo of the scanning system with the PMT mounted in a holder and ready for scanning.
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The spectra acquisition performed with the nanoPSD software and the motion control of
the scanning system were coordinated by a custom script developed by P. Cassette. The script
automated the measurement sequence by moving the scanning stage to predefined positions
and triggering the corresponding spectrum acquisition at each point. A Python script was
developed for the purposes of the thesis to batch process all nanoPSD spectra, compile the
results into tabular form, and generate the corresponding figures.

During scanning, each PMT was securely positioned in a dedicated holder. For circular
PMTs exceeding the available scanning area, the scan was conducted in four quadrants. After
completing one quadrant, the PMT was rotated by 90°, and the process was repeated until all
four quadrants were scanned. The boundaries of each quadrant were manually marked at their
outer midpoints. However, this method introduces a limitation: the imperfections stemming
from manual PMT repositioning after each rotation and marker placement accumulate, resulted
in minor misalignments between the quadrants. These misalignments induce as artifacts along
the central axes in the final composite image of the PMT.

3.1.1 Testing the scanning system

To evaluate the performance of the scanning system, an extended series of measurements was
conducted at a fixed point on the photocathode of the Hamamatsu H11934 photomultiplier
tube. Only during the testing of the system, each measurement lasted for five minutes. The
parameters of the peak in the spectrum of the LED light-pulse generator (see Figure 3.3) were
used to assess the temporal stability of the system. Figure 3.5 illustrate the time evolution of
the LED peak centroid, the full width at half maximum (FWHM) of the peak, and the counting
rate (s™!), estimated as the peak area divided by the measurement duration.
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Figure 3.5: Time variation of the centroid, FWHM and the counting rate of the peak at a single point
on the photocathode of a Hamamatsu H11934 PMT.
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From the results presented in Figure 3.5, it can be seen that during the first few hours, the
position of the peak centroid varies significantly. However, between the 40" and 80 hour, the
variation is only about five channels. Despite the observed drift in the centroid position, this
effect would not lead to a noticeable shift in the data when studying the non-uniformity of the
photocathode response, since the measurement time at a single point on the photocathode is
short.

Furthermore, the variations in the position of the LED peak centroid observed during
scanning of the photocathode are considerably larger than the change of the centroid during
the operation of the system. To ensure that the operating characteristics of the system remain
stable between consecutive scans, the LED pulse generator was left running continuously.

From the variations in the FWHM of the peak and in the counting rate shown in Figure 3.5,
we observed that, after the first few hours, the fluctuations in these parameters become smaller
and remain nearly constant until the end of the measurement series.

The tests presented above indicate that the scanning system for studying the non-uniformity
of the PMT photocathode response exhibits good temporal stability after the initial transient
period. This stability supports reliable mapping of PMT photocathode non-uniformity and
minimizes the risk of systematic bias in the measured response.

3.1.2 PMTs included in the study

Two of the scanned PMTs — the Hamamatsu R7600U-200 and Hamamatsu H11934-203 are
compact, square PMTs featuring a borosilicate glass window, an ultra-bialkali photocathode,
and a metal-channel dynode structure. The entrance windows of these PMTs are shown in Fig-
ures 3.6 (a) and 3.6 (b). A schematic cross-section of this PMT type is presented in Figure 3.6 (c),
and the coordinate system used for the scans is shown in Figure 3.6 (d).

The other PMTs are circular, featuring bialkali photocathodes and linear-focused dynode
structures. These include the Hamamatsu R9779 [133], the Hamamatsu R331-05 [134] — which
has a frosted concave-convex borosilicate window — and the Philips XP2020Q [135], which has
a fused silica window allowing transmission down to 160 nm. The high voltage applied to each
PMT was either optimized for single-photon detection or set to the manufacturer’s maximum
recommended level: +850 V for the Hamamatsu R7600U-200, +1000 V for the Hamamatsu
H11934-203, -1700 V for the Hamamatsu R9779, +1500 V for the Hamamatsu R331-05, and
+2000 V for the Philips XP2020Q.

3.1.3 Automatic scan of the Hamamatsu R7600U-200

The automatic scan of the Hamamatsu R7600U shown in Figure 3.7 is an extension to the
manual scan shown in [130] bringing a full scan of the photocathode response.
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Figure 3.6: (a) Photograph of the entrance window of the Hamamatsu R7600U-200; (b) Photograph
of the entrance window of the Hamamatsu H11934-203; (c) Cross-section of a metal-channel dynode
structure [67]; (d) Coordinate system used for scanning the photocathode of the PMT [130].
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Figure 3.7: Photocathode response map of the Hamamatsu R7600U-200 PMT (a), and a cross-sectional
profile along the Y-axis at X = 1.5 cm (b) [131].
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The presented scan confirms the findings in [130] that the structural non-homogeneity spans
across the whole PMT window and is probably due to the first dynodes. A brighter spot with
higher quantum efficiency is present on the top right corner and could be due to a difference
in the thickness of the photocathode layer. The cross-sectional profile shown in Figure 3.7 (b)
reveals the influence of the dynode structure, manifested as peaks and valleys in the PMT
response, with amplitudes of approximately 15% between the minimum and maximum values.
The photocathode’s effective area, specified by the manufacturer as 1.8 X 1.8 cm?, spans from
0.8 to 2.6 cm along the X axis and from 0.9 to 2.6 cm along the Y axis. Given that the total
window size of the PMT is 2.57 X 2.57 cm?, the effective photocathode area comprises only
about 49% of the window area.

The regions outside the effective area exhibit significantly reduced sensitivity to incident
photons, which leads to degraded resolution in scintillation spectrometry [72, 129, 130] and a
loss in counting statistics. This effect is particularly critical in applications that rely on high
single-photon detection efficiency, such as TDCR counting,.

3.1.4 Automatic scan of the Hamamatsu H11934-203

Building on and extending the studies reported in [130], the Hamamatsu H11934-203 PMT
— previously characterized with the manual scanning system — was also mapped using the
automated setup. The resulting scan are shown in Figure 3.8.
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Figure 3.8: Photocathode response map of the Hamamatsu H11934-203 PMT (a), and a cross-sectional
profile along the Y-axis at X = 1.5 cm (b) [131].

Based on the scan, the effective area of the H11934 PMT was found to be approximately
2.3 2.3 cm?, consistent with the specifications provided by the manufacturer. This represents a
substantial increase in the span of the effective area — up to about 78% of the total window area
(2.6 X 2.6 cm?) — compared to the R7600U PMT. However, the dynode configuration appears
to influence the uniformity of the detector’s response, as evidenced by the pattern observed
in Figure 3.8 (a) and the distinct peaks and valleys in Figure 3.8 (b), which exhibit variations of
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approximately 13%. Moreover, a broader non-uniformity across the photocathode surface is
apparent, with certain regions demonstrating noticeably higher sensitivity.

The compact Hamamatsu PMTs enable more portable TDCR counter design but the periodic
efficiency pattern makes them not optimal considering the assumptions used in the TDCR

model.

3.1.5 Automatic scan of the Hamamatsu R9779

To the best of our knowledge, the Hamamatsu R9779 PMTs are not used in TDCR counters.
The interest in scanning the response of this PMT stem from the fact that they are used in
liquid scintillation detector in the Metrology of Ionizing Radiation laboratory in the Faculty of
Physics, Sofia University. Figure 3.9 presents the results from scanning the response of this
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Figure 3.9: Photocathode response map of the Hamamatsu R9779 PMT (a), and a cross-sectional profile
along the Y-axis at X = 2.8 cm (b) [131].

The photocathode scan shows no non-homogeneities attributable to the dynode structure of
this PMT. The same observation applies to the other scanned PMTs employing a linear-focused
dynode configuration. The only non-uniformity of the response appears at the periphery of
the PMT window, outside the effective area specified by the manufacturer (2 4.6 cm, see Fig-
ure 3.9 (b)). Nevertheless, this peripheral non-uniformity could still influence measurements in
which single-photon counting is required.

The “ineffective” points at the midpoints where alignment markers were located and a
discontinuity visible along the boundaries where the quadrants are joined are an unavoidable

artefact inherent to scanning the PMT response in four separate segments with our system.

These considerations apply to all circular PMTs scanned with this method; however, they do not
impede the determination of each PMT’s effective area nor the characterisation of its response

outside this region.
Although this PMT features a very homogeneous response over its effective area, it was
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not suitable for single electron counting due to excessive noise and therefore was not used for
constructing a TDCR counter.

3.1.6 Automatic scan of the Hamamatsu R331-05

The response of the Hamamatsu R331-05 PMTs was characterized as part of the photocathode
response study performed in this work as possible candidate for a TDCR counter.
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Figure 3.10: Photocathode response map of the Hamamatsu R331-05 PMT (a), and a cross-sectional
profile along the Y-axis at X = 2.8 cm (b) [131].

In the lower portion of the scan shown in Figure 3.10 (a) at X = 3.0 cm, the darker region
intruding slightly into the effective area is caused by the quadrant-boundary marker rather
than by any intrinsic feature of the PMT. The response of the R331-05 PMT appears largely
homogeneous; however, the region of reduced efficiency near the edge of the photocathode
is nearly twice as wide as that observed for the R9779 (see Figure 3.9 (a) in comparison
to Figure 3.10 (b)). The larger uncertainties estimates of the PMT response originate from the
diffusive window of this PMT. Given its homogeneous response, large effective area and high
gain, this PMT has proven to be suitable for the Compton-TDCR counter shown in Section 5.1.
For both the Hamamatsu R9779 and R331-05 tubes, knowledge of the extent of this ineffective
peripheral region enables mitigation by masking the outer perimeter of the PMT window.

3.1.7 Automatic scan of the Philips XP2020Q

The final PMT investigated was a Philips XP2020Q, an older model manufactured in the early
1990s. Its measured response is shown in Figure 3.11.
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Figure 3.11: Photocathode response map of the Philips XP2020Q PMT (a), and a cross-sectional profile
along the Y-axis at X = 2.8 cm (b) [131].

The scan results reveal a pronounced non-uniformity in the response of this PMT, consistent
with the findings reported in [136]. No visible damage was observed on the photocathode
window during visual inspection. Thus, the reduced sensitivity in the lower-left region of
the photocathode, manifested as an effective "blind spot", does not appear to originate from
macroscopic damage.

The cross-section at X=2.8 cm, shown in Figure 3.11 (b), indicates that the response is uniform
within the interval Y=0.3 to 4.2 cm. A small discontinuity at Y=2.6 cm, corresponding to the
boundary between two scanned quadrants, is attributed to a scanning artefact.

From the cross-section taken along the diameter of the PMT Figure 3.11 (b), the distance
between the points at which the response falls to 90% of its maximum value is measured to
be 4.3 cm. Although the manufacturer specifies a useful diameter exceeding 4.4 cm, both the
present results and earlier studies [136] indicate a slightly smaller effective diameter.

Despite their age, XP2020Q PMTs remain in operation [31], including in certain systems
used for primary activity standardization [137]. However, the pronounced non-uniformity
observed in this study suggests that these tubes may no longer represent an optimal choice for
modern scintillation detector applications.

3.1.8 Automatic scan of defocused Philips XP2020Q

An investigation of the photocathode response under non-optimal operating conditions was
carried out. Defocusing of PMTs is commonly employed in TDCR measurements as a means of
adjusting the detection efficiency [137]. However, the possibility that defocusing may induce
spatially non-uniform variations in photodetector sensitivity is often overlooked, even though it
violates key assumptions of the TDCR model. The defocusing of the XP2020Q tube was achieved
by reducing the potential difference between the focusing electrode and the photocathode. The
resulting PMT response after defocusing is presented in Figure 3.12.
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Figure 3.12: Photocathode response map of the defocused Philips XP2020Q PMT (a), and a cross-
sectional profile along the Y-axis at X = 2.8 cm (b) [131].

Figure 3.12 (a) shows that, following defocusing, the previously observed low-response re-

gion Figure 3.11 (a)

expands significantly, occupying a much larger portion of the photocathode

surface. Based on the cross-section shown in Figure 3.12 (b), the diameter of the effective region
is reduced to approximately 3.8 cm. Furthermore, the ineffective area is clearly asymmetric with

respect to the cent

er of the PMT window, implying that the tube’s light-detection efficiency

becomes strongly dependent on the emission position.
To further illustrate the impact of defocusing on the PMT response, Figure 3.13 presents a
comparison of cross-sections taken at Y=1.0 cm from Figure 3.11 (b) and Figure 3.12 (b).
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Figure 3.13: Comparison of X-axis cross-sections at Y=1.0 cm for the XP2020Q operated under nominal
conditions (green) and in a defocused state (red) [131].

The results presented in Figure 3.13 indicate that defocusing leads to a reduction in the
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response at both edges of the PMT. It should be noted that this cross-section passes through
the low-response region already present under nominal operating conditions. The difference
in the extent of the effective area before and after defocusing is particularly pronounced for
Y>2.4 cm. Moreover, the relative change in the area over which the response exceeds the values
of 1500 a.u. (see Figures 3.11 (a) and 3.12 (a)) was approximately 13%.

3.1.9 Heating of PMTs and its possible effects on detection efficiency
stability

The response-mapping experiments also provided an opportunity to investigate the temperature
distribution of PMT during operation. This assessment was performed using the TOPDON
thermal camera described at the beginning of Section 3.1.

Prior to acquiring the thermal images, the PMTs were kept powered off for more than 12 h
to ensure thermal equilibrium with the ambient room temperature (= 23 °C). After applying
the high voltage, the PMTs warmed up and reached a steady operating temperature after
approximately 3—-4 h for the devices investigated in this study.

(@) (b)

Figure 3.14: Thermal images of the PMTs: (a) front view of the Hamamatsu R7600U-200 taken 3 hours
after applying +850 V, and (b) side view of the Hamamatsu H11934-203 taken 1 hour after applying
+1000 V [131].

Figure 3.14 shows that the R7600U PMT operates at a temperature approximately 1-2 °C
higher than that of its surrounding plastic holder. The hottest point (P6) on the tube corre-
sponds to the location where the photomultiplier is connected to its voltage divider. For the
H11934 PMT, the measurements indicate that, only one hour after applying high voltage, the
photocathode temperature exceeds that of the system enclosure by more than 4 °C. Although
the compact design of these PMTs offers clear advantages, it also presents challenges for TDCR
counter implementations, particularly with regard to ensuring adequate thermal management.
Other studies have shown that custom-built PMT voltage dividers can substantially mitigate
photocathode heating in TDCR applications [138].

For conventional and larger PMTs—where the voltage dividers are positioned farther from
the photocathode - the heat generated by the divider does not propagate to the photocathode.
Consequently, it is unlikely to contribute to any temperature increase in the liquid scintillator
sample being measured.
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Figure 3.15: Thermal images of (a) the Hamamatsu R331-05 PMT after 50 hours of operation at +1500 V,
and (b) the Philips XP2020Q PMT after 50 hours of operation at +2000 V [131].

For both PMTs presented in Figure 3.15, the hottest regions correspond to the voltage dividers,

while the areas surrounding the photocathodes remain at approximately room temperature.

The placement of the divider in these PMTs also facilitates more effective thermal management,
as it can be cooled more easily and isolated from the rest of the detector assembly.

3.1.10 Effect of photocathode non-uniformity on TDCR detection
efficiency

The TDCR model relies on the assumption that the number of emitted photons follows a
Poisson distribution and that the photomultiplier tubes are capable of registering individual
photons with uniform sensitivity across the photocathode. When the photocathode response is
non-uniform, this assumption is no longer valid. In such cases, the photon-detection process is
more accurately described by a compound Poisson distribution, in which the mean number
of photoelectrons becomes a random variable dependent on the spatial location at which the
photons are detected.

As suggested by P. Cassette, for large numbers of photons, the impact of this non-uniformity
is negligible due to the effective averaging over the entire photocathode surface. However,
for events involving only a small number of photons, the spatial variations in photocathode
sensitivity introduce additional variance into the detection process. This effect is described
in Chapter 4 and has been published in [139]. Although the magnitude of the extra variance is
relatively small [139], it should nevertheless be taken into account when measuring low-energy
pure B-emitters such as >H and ®*Ni, as well as pure electron-capture radionuclides such as
>Fe.

In light of these findings, several implications arise for TDCR counting systems employing
the PMTs investigated in this study:

1. Optical chamber design: It is advisable to design the optical chamber such that the
ineffective regions of the PMTs are covered or excluded from the field of view, as these
areas effectively act as photon sinks and do not contribute to the detection process.

2. Uncertainty estimation: Owing to the observed spatial variation in PMT response, the
standard deviation of the count rate should be used when estimating measurement
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uncertainties, rather than the standard deviation of the mean as previously suggested
in [139].

3. Thermal management in compact PMTs: For TDCR counters featuring compact PMTs,
dedicated thermal-management strategies should be implemented to dissipate the heat
generated during operation and prevent temperature-induced instabilities in the LS
cocktail.

4. Considerations regarding efficiency variation techniques: Defocusing is sometimes em-
ployed in TDCR measurements as a means of varying the detection efficiency in order to
determine the kB parameter for the scintillator nonlinearity model. However, as shown
in Figure 3.12, defocusing reduces the effective detection area of the photocathode. This
constitutes a change in detection geometry, meaning that measurement conditions are
no longer strictly comparable. Since the validity of the nonlinearity model requires that
the inferred activity be independent of the global detection efficiency — provided that all
other conditions remain unchanged — defocusing introduces a systematic change that is
inconsistent with this assumption.

For this reason, defocusing is unlikely to be an optimal technique for efficiency variation.
The use of neutral-density (grey) filters represents a more robust alternative, as it allows
the detection efficiency to be modified while preserving the measurement geometry
and other experimental conditions. Chemical quenching is sometimes used for the
same purpose, but it may also alter the physical processes governing scintillation light
production — particularly by changing the relative contributions of prompt and delayed
components — and therefore modify the global measurement conditions.

Beyond TDCR counting, PMT response non-uniformity is also important in scintillation
spectrometry, where the measured pulse-height distribution is used to determine the deposited
energy and where energy resolution is often a key performance parameter. If the photocathode
response is spatially non-uniform, scintillation photons produced at different positions or
reaching different regions of the photocathode may contribute differently to the detected signal.
This can broaden the measured energy distribution and degrade the energy resolution, even
when the intrinsic scintillator response remains unchanged.

Such effects are particularly relevant when studying the intrinsic energy resolution or non-
proportionality of scintillators, since variations caused by the photocathode non-uniform
response may be incorrectly attributed to the scintillator itself. Therefore, PMT selection,
optical coupling, reflector geometry, and sample positioning must be carefully controlled in
precision scintillation spectrometry measurements.

The following chapter presents the practical studies on how the optical effect — photocathode
response non-uniformity and the vial walls (clear or diffusive) affects the uncertainty of TDCR
measurements.
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4 Optical effects and their impact on
TDCR measurement uncertainty

The purpose of the study was to assess whether spatial variations in the photon detection
response of the PMTs could influence the assumptions used in liquid scintillation coincidence
counting. The study presented in this chapter was initiated following a proposal by P. Cassette,
who suggested both the scientific objective and the experimental approach used to investigate
the possible effect of the spatial response non-uniformity of PMT photocathodes and the LS
vials on TDCR systems.

Assuming that scintillation light production follows a Poisson distribution, the distribution
of photons among the different detection channels can be described by a multinomial process,
while the generation of photoelectrons at the photocathode adheres to a binomial distribution.
As shown in [11], the combined effect of this cascade of stochastic processes can be reduced to
an equivalent Poisson distribution.

When an ionizing particle deposits an energy E in the liquid scintillator, a number of
scintillation photons is produced. If the mean number of emitted photons is denoted by m,
and if photon production is assumed to follow Poisson statistics, the probability of emitting x
photons is given by [139]:

X ,—m

m-e

P(x|m) = pr

(4.1)

In a liquid scintillation counter, the counted quantities are the pulses generated by photo-
electrons within the PMTs. The mean number of detectable photoelectrons, n, corresponds to
the average number of emitted photons multiplied by their probability of detection [139]:

n(E) = m(E) - EabsP (4.2)

This detection probability is governed by several factors, including the source—detector
geometry, the quantum efficiency of the photocathodes, and the probability that photoelectrons
produced at the photocathode are subsequently detected. In Equation (4.2), ¢,,5 denotes the
absolute efficiency of the PMT, while p represents the probability that a photoelectron emitted
from the photocathode ultimately produces an electrical pulse. The value of ¢,5; depends on the
photocathode material and on the wavelength of the scintillation photons, whereas p, which
in a well-adjusted PMTs is considered equal to one, is determined by the electrostatic field
configuration within the PMT and can be modified by defocusing or perturbed by the presence
of an external magnetic field.

In a three-PMT counter with 120°symmetry and identical photodetectors, the detection
efficiency for a single PMT, for a given energy deposit E, can be expressed as the complement
of the non-detection probability — that is, the probability of registering zero pulses when an
average of m photons is expected [139]:

e1=1-P0ln)=1-¢* (4.3)

Here, n is defined by Equation (4.2) and, for a single PMT, corresponds to one third of
that value. Assuming that the detection processes in the individual PMTs are statistically
independent, the detection efficiency for double coincidences between two PMTs is given

by [139]:
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e2 = (1= P(0n)* = (1 - ¢5)? (4.4)

An analogous expression can be obtained for the detection efficiency corresponding to triple
coincidences [139]:

e3=(1-P(0[n))® = (1-¢5)° (4.5)

The detection efficiency associated with the logical sum of the double-coincidence channels
(D) is given by:

n 2 n 3
eD:362—2€3:3(1—63) —2(1—65) (4.6)

For simplicity, the three PMTs are assumed to possess identical characteristics; however,
the expressions in Equations (4.4) to (4.6) can be readily generalized to the case of PMTs with
differing quantum efficiencies.

Within the classical free-parameter model, n is treated as a constant that characterizes the
intrinsic efficiency of the liquid scintillation photodetector for a given counter, scintillation
source, and absorbed energy E. Since n is assumed to be constant for a fixed energy deposit, it
is considered to have no associated variance and does not contribute to the uncertainty.

In practice, however, n may exhibit variability arising from the following effects [139]:

« When optically non-diffusive glass vials are used in liquid scintillation counting, same
light emission is produced from the whole volume of the LS cocktail; however, the
probability of detecting the emitted photons depends on the position at which the
scintillation event occurs. The photons must propagate toward the photodetectors while
traversing several refractive index discontinuities — from the cocktail (= 1.5), to air (= 1),
and then to the PMT window (= 1.5). Light originating near the vial walls is subject
to attenuation due to internal reflection effects. This behavior becomes particularly
significant when the energy of the emitted electrons is low, resulting in a quasi-pointlike
light source for each disintegration event.

+ The quantum efficiency of PMT photocathodes is not uniform across the entire active
surface, and the probability that an emitted photoelectron reaches the first dynode
depends on the local electric field in the vicinity of the focusing electrode. As a result,
this probability is generally not constant over the photocathode area. Consequently, both
the emission and detection of photoelectrons are influenced by the spatial location at
which the scintillation photons are produced and subsequently detected.

For a given deposited energy in the scintillator, n should be regarded as a random variable
rather than a fixed constant. Under these conditions, the statistical distribution of the number
of photoelectrons is more accurately described by a compound Poisson distribution, which
retains the structure of a Poisson law but with a mean value that itself follows a probability
distribution. The parameter n is therefore characterised by a probability density function (pdf),
which may be evaluated using a Monte Carlo model that simulates the optical behavior of the
source—detector system.

To obtain an intuitive assessment of the significance of these effects, a simplified treatment
may be applied in which the previously derived expressions are extended to incorporate both
the mean value of n, denoted A, and its associated variance u2. Equation (4.6) remains applicable
for the calculation of the double-coincidence detection efficiency, provided that n is replaced
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by its mean value. However, the presence of a non-zero variance implies that an intrinsic
uncertainty is introduced into the calculated detection efficiency.

By evaluating the standard deviation of ¢, from Equation (4.4) and applying the law of
propagation of variances, one obtains [139]:

(982 2 _mf n
U, = %un = ge 3 (63 - l)un (4.7)

Corresponding formulations can likewise be obtained for u,, and u,, [139]:

Jde n 2

U, = —3un = e“"(eg - 1) Up (4.8)
on
dep _ n

Uep = — i = 2e ”(e3 - 1)un (4.9)

The corresponding relative standard deviation of ¢p is given by [139]:
Yep _

Ze_”(e%—l)
= u
n 2 n 3 "
b 3(1—e3) —2(1—e§)

The sensitivity factor associated with the uncertainty of the mean of the compound Poisson
distribution, f, is defined as [139]:

(4.10)

2e " (eg - 1)

f= — —5n (4.11)
3(1 - e%) - 2(1 - ea)
Equation (4.10) then becomes [139]:
Yo _ f-u, (4.12)
&D

The sensitivity factor f provides a quantitative measure of the extent to which the uncertainty
in the mean number of photoelectrons contributes to the relative uncertainty of the detection
efficiency. The dependence of f on n, as given by Equation (4.11), is shown in Figure 4.1 together
with the detection efficiencies for double, triple, and logical-sum of double coincidences.

For large mean numbers of photoelectrons, the value of f becomes small, and the resulting
relative standard deviation, defined in Equation (4.12), is negligible. However, this is no longer
true when the mean number of photoelectrons is low. In measurements involving low-energy
radionuclides such as *H or *°Fe, or when the detection efficiency is intentionally reduced — for
example, to determine the optimal value of the Birks parameter — the expected mean number
of photoelectrons may fall below five. Under such conditions, the standard deviation of the
counting efficiency must be explicitly taken into account.

The increase in standard uncertainty arising from photocathode non-uniformity or from
optical effects within the source affects not only the calculated detection efficiency but also
contributes intrinsically to the detection process itself. Consequently, it should have an ob-
servable influence on the experimental counting statistics. Since the measured counting rate
corresponds to the product of the activity and the detection efficiency, the standard deviation of
the experimental counting rate is given by the quadratic combination of the standard deviation
associated with the radioactive decay process and that associated with the detection efficiency.
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Figure 4.1: Sensitivity factor and the detection efficiencies in double and triple coincidences as a function
of the mean number of photoelectrons for a monoenergetic source.

The former is typically assumed to follow Poisson statistics — although in practice it is slightly
sub-Poissonian due to counter dead time, which reduces the variance relative to a pure Pois-
son process. Therefore, if the uncertainty associated with optical effects is non-negligible, it
should manifest as an increase in the experimentally determined standard deviation of repeated
measurements compared with the Poisson expectation under identical conditions.

4.1 Experimental study of the influence of the vial on
detection efficiency

As discussed earlier, differences in refractive index between the LS cocktail, the glass vial, and
the surrounding air give rise to internal reflection phenomena within the vial. The refractive
index of the LS cocktail is approximately 1.5, which is close to that of glass. At the interface
between the exterior surface of the vial and air, total internal reflection may occur, with a
critical angle of about 42°. Consequently, scintillation light produced near the vial wall reaches
the PMTs with a lower intensity than light originating at the centre of the vial. For a given
energy deposited by the ionizing radiation following radionuclide decay, the total detectable
light emission is therefore not uniform throughout the entire scintillation volume. This effect
can be mitigated by employing optically diffusive vials, which reduce the probability of internal
reflection [139].

In TDCR measurements, the influence of this phenomenon is less significant for high-energy
radionuclides for two reasons: the interaction region is spatially more extended due to the
longer electron path length, and the larger number of emitted photons increases the likelihood
that some will reach the PMTs, even if internal reflection reduces the overall detected light
yield.

The internal reflections occurring in non-diffusive glass vials result not only in a reduction of
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the global detection efficiency but also in an increase in its variance. This behavior must
therefore be verified experimentally through repeated measurements. Since the effect is
expected to be more pronounced for low-energy radionuclides, measurements were performed
using *H and *°Fe LS sources contained in both non-diffusive and optically diffusive glass vials.
Optical diffusion was achieved by wrapping the vials with diffusive adhesive tape, allowing
direct comparison while keeping the LS source identical.

The 3H and *°Fe LS sources were prepared using Ultima Gold cocktail and measured with
the LNHB mini- and micro-TDCR counters [140], equipped respectively with R7600U-200 and
H11934-203 PMTs and operated with the nanoTDCR acquisition system [141]. Coincidence
resolving times of 40 ns and 200 ns were applied and extending-type dead time of 50 ps. Each
measurement was performed for 1000 s and repeated 24 times under identical conditions. The
data sets were examined to confirm the absence of systematic trends in the counting rate,
ensuring that the observed dispersion was attributable solely to statistical fluctuations rather
than potential instabilities in the counter or scintillation cocktail.

The results for *H at 40 ns and 200 ns resolving times are summarised in Table 4.1 and
compared with expectations based on Poisson statistics, for which the standard deviation of
the count number equals the square root of its mean. Equivalent measurements were carried
out for *>Fe under the same experimental conditions, with results presented in Table 4.2.

Table 4.1: TDCR values, counting rates, and corresponding relative standard deviations obtained for
a °H liquid scintillation source measured with clear and diffusive glass vials at coincidence resolving
times of 40 ns and 200 ns, together with the expected Poisson uncertainties [139].

RT (ns) Vialtype TDCR D (s7') 22 i T(s7) % ur

Dpoisson TPoisson
40 Clear 0.5794 3659.6 0.09% 0.05% 2120.2 0.10% 0.07%
40 Diffusive 0.5914 3709.0 0.05% 0.05% 1860.9 0.08% 0.07%
200 Clear 0.5899 3733.8 0.09% 0.05% 2202.6 0.10% 0.07%

200 Diffusive 0.6019 3783.0 0.04% 0.05% 2276.8 0.07% 0.07%

Table 4.2: TDCR values, counting rates, and associated relative standard deviations obtained for a >Fe
liquid scintillation source measured with clear and diffusive glass vials at coincidence resolving times of
40 ns and 200 ns, together with the expected Poisson uncertainties [139].

RT (ns) Vialtype TDCR D (s7!) 2 L T(sT)  F

Dpoisson TPoisson
40 Clear 0.3809 2423.0 0.08% 0.06% 9229 0.16% 0.10%
40 Diffusive 0.3973 2507.8 0.07% 0.06% 997.2 0.10% 0.10%
200 Clear 0.4215 2600.1 0.08% 0.06% 1096.0 0.16% 0.10%

200 Diffusive 0.4395 2681.6 0.08% 0.06% 1178.6 0.10% 0.09%

The results demonstrate that the use of diffusive vials leads to an increase in both TDCR
and detection efficiency — and therefore in counting rates — while simultaneously reducing
counting-rate fluctuations. No significant excess variance beyond Poisson expectations is
observed for diffusive vials. In contrast, clear glass vials exhibit additional standard deviation
for both *H and *°Fe measurements.

As anticipated, increasing the coincidence resolving time results in higher TDCR values
and increased counting rates, but it does not significantly affect the excess standard deviation
observed for clear vials.
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4.2 Impact of PMT response non-uniformity on TDCR
measurements

The photocathode response at each position, illustrated by the example in Figure 3.7, was
approximately Gaussian. Therefore, each peak was fitted with a Gaussian function to determine
its centroid and standard deviation. The mean number of photoelectrons was then obtained from
the measured standard deviation, assuming Poisson statistics for the detected photoelectrons.

This procedure allowed the PMT response to be expressed as the number of photoelectrons
generated for each light-source position on the photocathode. The validity of the Poisson
assumption was checked using calibrated optical filters placed in front of the light source.
As shown in Figure 4.2, the mean number of photoelectrons changed linearly with the filter
transmission, with a slope consistent with unity, confirming that the detected photoelectrons
follow Poisson statistics under these experimental conditions [139].
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Figure 4.2: Variation of the relative number of detected photoelectrons with the transmission of the
optical filters placed in front of the light source.

The mean number of photoelectrons detected at each position of the light source, expressed
in (x,y) coordinates, provides a spatial representation of the PMT’s detection efficiency. These
values are stored in a matrix that characterizes the spatial response of the photocathode for
each PMT.

From these data, the relative standard deviation of the mean detection efficiency can also be
evaluated for each point on the effective part of the photocathode. For Hamamatsu R7600U-200,
a relative standard deviation of the average number of photoelectrons of 0.26% was obtained
and 0.64% for the H11934-203 [139].

For the measurements of *°Fe, it is assumed that the majority of the deposited energy
originates from K-shell electron-capture processes, which produce either characteristic X-rays
or Auger electrons. Because L-shell rearrangement releases considerably less energy, the light
output of the scintillation cocktail can be regarded as arising almost entirely from energy
deposits of approximately 6 keV, resulting in a narrow distribution. Under these conditions, the
influence of PMT photocathode non-uniformity can be approximated using the monoenergetic
approach presented in equations Equations (4.8) and (4.9) [139].
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Optical effects and their impact on TDCR measurement uncertainty

The liquid scintillation sources were prepared with Ultima Gold cocktail and placed in an
optically diffusive vial. Measurements were carried out using the LNHB miniTDCR system
equipped with R7600U-200 photomultipliers, operating with a 40 ns coincidence window; the
detection efficiency was intentionally decreased by inserting a neutral-density (grey) filter.
Table 4.3 compares the experimental results with the predictions obtained from the analytical
monoenergetic model.

Table 4.3: Comparison between experimentally measured relative standard deviations of the double-
and triple-coincidence detection efficiencies for a >>Fe liquid scintillation source and the values predicted
by the analytical model [139].

Measurement TDCR wu,, /ep U, /ep U /er U, /er
conditions exper. predicted exper. predicted
No filter 0.4370 0.053% 0.047% 0.12% 0.12%
Grey filter 0.1221 0.076% 0.12% 0.24% 0.20%

The average number of photoelectrons was determined from the measured TDCR values
by applying equations Equations (4.5) and (4.6), assuming that the dominant contribution to
the scintillation signal corresponds to K-shell electron capture in *>°Fe. Using this estimate, the
relative uncertainties associated with the double- and triple-coincidence detection efficiencies
were then computed using Equation (4.12).

The findings indicate that the influence of spatial non-uniformity of the photocathode on the
variability of the double- and triple-coincidence counting efficiency is modest but not entirely
negligible, with a more pronounced effect observed for triple coincidences. In addition, the
analytical model appears to slightly overpredict the contribution of this effect in the case of
double coincidences.

Applying the analytical model to estimate the uncertainty of the detection efficiency in a
TDCR system becomes challenging when optical effects must be considered for radionuclides
emitting a spectrum of energies. For this reason, a Monte Carlo method was adopted to account
for the impact of photocathode non-uniformity. In the case of the R7600U-200 photomultipliers,
the experimentally determined spatial response of the photocathode — represented by the
matrix introduced earlier and normalized to unity — was used as input. This spatial map was
incorporated into the TDCR computation by modifying the figure of merit with a factor 4,
drawn randomly from the normalized matrix and treated as a centred random variable. The
factor A is introduced in the expressions for the detection efficiencies of each PMT similar to
Equation (4.2) [139].

For a fixed set of measurement conditions (radionuclide, TDCR value, Birks coefficient kB
and so on), the figure of merit, expressed as the number of photoelectrons per keV, is first
evaluated. A Monte Carlo simulation is then performed in which, at each iteration, a random
value of A is generated, the figure of merit is scaled by this factor, and the corresponding double-
and triple-coincidence efficiencies ¢p and er are computed. This procedure is repeated 10°
times. The resulting mean values and standard deviations of ep and er are then determined. It
is confirmed that the mean efficiencies agree with those obtained from experimental TDCR
measurements (equivalent to setting A = 1), while the standard deviations provide estimates of
the additional uncertainty arising from photocathode non-uniformity.

Experimental measurements were performed using the miniTDCR system at Sofia University,
equipped with R7600U-200 tubes and operated with the nanoTDCR acquisition electronics.
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Optical effects and their impact on TDCR measurement uncertainty

Example results for a >H liquid scintillation source in a diffusive glass vial, employing a
toluene—PPO scintillator, are presented in Table 4.4. The calculations use a Birks parameter
of kB =0.01 cm/MeV and include the experimentally observed relative standard deviations of
the double- and triple-coincidence counting rates, alongside the Poisson expectations. For
simplicity, the PMTs are assumed to have equivalent detection efficiencies.

Table 4.4: Comparison between experimentally measured relative standard deviations of the double-
and triple-coincidence detection efficiencies for a *°H liquid scintillation source and the values predicted
by the Monte Carlo model [139].

Filter TDCR u.,/ep U, /€D U, /er u../er
transmission exper. predicted exper. predicted
100% 0.6292  0.07% 0.05% 0.11% 0.08%
60% 0.3094 0.09% 0.11% 0.14% 0.18%
50% 0.2630 0.11% 0.13% 0.25% 0.21%

A slight increase in the relative standard deviation of the double-coincidence counting rates
is observed, with a more pronounced effect for triple coincidences, particularly when the
detection efficiency is low.

4.3 Influence of photocathode response non-uniformity on
the uncertainty budget in TDCR measurements

Counting statistics are routinely included in the uncertainty budget of TDCR measurements.
According to the GUM, they may be evaluated either by a type A or a type B approach. In a
type A evaluation, repeated measurements are used and the uncertainty is obtained from the
standard deviation of the mean count rate. In a type B evaluation, the uncertainty is based
on an assumed statistical model, most commonly Poisson statistics, for which the standard
uncertainty is taken as the square root of the number of recorded events.

For TDCR measurements, the type A approach is generally preferable because it does not
require an assumed distribution and can reveal uncontrolled variations during repeated acqui-
sitions. However, the standard deviation of the mean decreases as the number of repetitions
increases and may therefore no longer represent the intrinsic fluctuations of the counting
process.

This is important when optical effects are studied, since variations in detection efficiency
can lead to corresponding fluctuations in the double- and triple-coincidence count rates. These
fluctuations should be included in the uncertainty budget. Using only the standard deviation of
the mean may underestimate their contribution unless an additional term, obtained for example
from Monte Carlo simulation or an analytical model, is added in quadrature.

A more direct approach is therefore to use the experimental standard deviation of the count
rates themselves rather than the standard deviation of the mean. This preserves the observed
variability of the measurements and includes both intrinsic efficiency fluctuations and possible
uncontrolled changes during acquisition.
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5 Development of a Compton-TDCR spectrometer

Based on the results presented in Chapter 3 and their implications for TDCR counting (see Chap-
ter 4), the practical impact of PMT photocathode non-uniformity in the TDCR method can, at
present, be considered understood. In particular, the response mapping enables informed PMT
selection, supports the use of diffusive vials, and provides a basis for identifying operating
conditions (e.g. defocusing) under which non-uniformity may become significant.

With the recent development of analytical correction methods for accidental coincidences [18],
the use of longer coincidence windows in TDCR counting has become increasingly accept-
able [86]. Nevertheless, extending the coincidence window should be approached with caution.
The standard TDCR efficiency model typically represents scintillator non-linearity via Birks
ionization quenching, which parameterizes the light yield as a function of deposited energy
but does not account for the delayed scintillation, so that the determined quenching parameter
(e.g. kB ) may become a quantity that depends on the acquisition settings rather than a purely
cocktail intrinsic parameter.

In principle, this limitation can be addressed in several ways. One option is to use scintillation
cocktails with minimal delayed fluorescence; however, this is not generally compatible with
current material-development trends, where more pronounced delayed component is often
desirable because it improves pulse-shape discrimination and easier light pulse digitization [142].
A second option is to replace the Birks description with a more comprehensive model that
explicitly separates prompt and delayed light. Such an approach would introduce additional
parameters, which are typically not known a priori and could complicate both the TDCR
efficiency model.

A practical alternative is to avoid assuming a parametric light-yield model altogether and
instead determine the scintillator response experimentally. This is the premise of the Compton-
TDCR approach: a monoenergetic y-ray beam irradiates the scintillator, and events are selected
in coincidence with a y detector so that the energy of the Compton-scattered photon, and
thus the corresponding Compton-electron energy deposited in the scintillator, is known from
kinematics. The TDCR channel then provides the mean photoelectron yield for electrons of that
selected energy. Repeating the measurement over multiple y-energy ROIs yields an empirical
response curve, which can be introduced directly into TDCR efficiency calculations, thereby re-
ducing reliance on an assumed quenching parameterization. The basic principles of this method
were proposed by Cassette and Do [15], building on earlier Compton-coincidence measurements
by Péron and Cassette [13]. Short description of the method is given in Section 2.5.

The motivation for developing the Compton-TDCR spectrometer was to establish a mea-
surement system with optimized and well-characterized components, capable of performing
metrologically robust determinations of liquid-scintillator light yield. In particular, the aim was
to enable measurements with a well-defined uncertainty for both the Compton-electron energy
deposited in the scintillator and the corresponding mean number of detected photoelectrons
measured by the TDCR channel.
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Development of a Compton-TDCR spectrometer

5.1 Design of the Compton-TDCR

A Compton scintillation spectrometer has two main parts - scintillation detector and a gamma-
ray detector and the acquisition electronics that binds the two systems to work in coincidence.
The two channels are linked by the electronics so that only time correlated events are selected.
This section describes the Compton-TDCR spectrometer assembled as part of the work in
this thesis. The instrument is installed in the MIL laboratory at the Faculty of Physics, Sofia
University, and is hereafter referred to as CTDCR-SU.

5.1.1 The TDCR channel

The TDCR counter of CTDCR-SU is equipped with three Hamamatsu R331-05 PMTs [134].
These are cylindrical linear-focused PMTs and are already established in the field of TDCR
counting [143, 144, 145]. The PMTs feature large photocathode with a diameter of 4.6 cm, high
gain and very good resolution of the single electron peak. The PMT’s window is convex and
diffusive. The photocathode response of these PMTs was studied and is shown in Section 3.1.6,
observing large homogeneous area with sharp decrease towards the edge of the window [131].
The voltage dividers used in the counter are the Hamamatsu E5859-03 [146] which supply
positive high voltage and grounded photocathode [147]. In Section 3.1.9, it was shown that there
is a negligible transfer of heat from high-voltage dividers of the PMTs to the photocathode
region under working conditions [131]. Therefore, it was expected and then checked by
thermal imaging that there was negligible warming of the LS vials when measured in the
TDCR. A four-channel CAEN DT1470ET power supply with individual voltage control in each
channel was utilized in the counter [148]. The voltage supplied to each PMT was +1800 V in all
measurements presented in this thesis.

The optical chamber was developed to be used with standard 20 mL vials (see Figure 5.1 (a)).
The design of its internal walls was optimized and they were covered with 3M reflective foil [149]
for the best possible light collection. The optical chamber and its outer light-opaque shell
were 3D-printed from PLA. The outer shell of the optical chamber is painted with conductive
paint and the PMTs are shielded in metal tubes. The assembled TDCR channel is presented in
Figure 5.1 (b). The TDCR counter is placed in a metal housing acting as a second shield against
electromagnetic interference.
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(b)

Figure 5.1: (a) PMT’s view of the optical chamber.(b) The assembled TDCR channel. On the right is a
compartment for the acquisition electronics [150].

The TDCR channel can perform simultaneous measurements with two acquisition electronics
modules. This is possible via a CAEN Fast Amplifier (model N978) [151] which has four input
channels and two outputs per each input channel. The amplifier was operated at gain 1. The
signals from the three PMTs are fed to three of the input channels of the amplifier and the two
outputs of each channel is connected to either:

« ananoIDCR+ (TD9020) analyzer [152]
« a CAEN DT5751 Digitizer [153]

The nanoTDCR+ is a Field-Programmable Gate Array (FPGA) based analyzer making it
flexible as its functionality can be change by simply programming an FPGA design. The
nanoTDCR+ is developed by V. Jordanov (Yantel LLC [152]). The nanoTDCR has been tested
for TDCR counting [120] and it has been successfully used in *H intercomparison organized
by BIPM [154]. In the CTDCR-SU counter we used a special modification of the nanoTDCR+
device.

This device has three analog inputs A, B and C accepting anode signals from the three PMTs.

The anode signal of every PMT is amplified by a fast amplifier whose output is split in two. One
signal branch is routed to a multiplexer that feeds a multichannel analyzer (MCA). The second

branch is sent to a comparator, whose threshold is digitally set by the labZY-TDCR software.

The comparator outputs are then used as inputs to the TDCR counters. In pulse-height analyzer
(PHA) mode, the MCA records a pulse-height spectrum of the PMT signals (triggered by the
TDCR comparators). The single-photoelectron peak in this spectrum is then used to set each
PMT threshold slightly below that peak, ensuring single-photon sensitivity while rejecting

noise. The nanoTDCR+ also have one digital input R accepting TTL or CMOS logic signals.

In this version of the device the S and T digital outputs can be set as inputs also. A key
feature of the nanoTDCR is that it generates the coincidence windows and applies extending
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dead time independently for each PMT channel. In a single measurement run, the instrument
simultaneously processes two extending dead time settings (Extension 1 and Extension 2) and
two coincidence windows (Window N and Window M), effectively performing four TDCR
measurements in parallel. For each run, the nanoTDCR reports the four sets of coincidence
counting rates AB, BC, AC, D, and T.

The CAEN DT5751 is a four channel desktop digitizer with a 1 GS/s sampling rate and
10 bits resolution. The DT5751 digitizer is FPGA-based,; its acquisition and buffering logic are
implemented in FPGA firmware. Key advantage of digitizers is the possibility to record the
timestamp, energy and waveform of each signal coming from the PMT. The experimental data
is stored in a list-mode format on a computer storage and it can be analyzed offline which
allows the comparison of different analysis algorithms on the same set of data. The software
for the analysis used in this thesis was developed previously in [155]. The digitizer has been
used only for TDCR measurements in this thesis as it was not capable for handling the signal
of the gamma channel of the Compton-TDCR system.

Benchmarking of the TDCR channel of the CTDCR-SU detector against three established
TDCR systems in the MIL Laboratory is presented in Chapter 6. In brief, the newly developed
TDCR counter yields activity estimates coherent with those obtained from the other systems for
the investigated radionuclides and exhibits the highest detection efficiency among the compared
counters. This high efficiency is particularly advantageous for Compton-TDCR measurements,
as it provides sufficient coincidence statistics even for very low-energy electrons, where the
scintillation light output is minimal.

5.1.2 The gamma channel

The choice of the y-ray source for the Compton-TDCR spectrometer is dictated by the energy

region in which the scintillation response of liquid scintillators is expected to be most non-linear.

Since this non-linearity is particularly pronounced for low-energy electrons, especially below
about 20 keV, a low-energy monoenergetic y source is required in order to produce Compton
electrons in this range. In the present system, an ?*! Am source is used, and the scattered y rays
detected after Compton interaction in the scintillator are expected mainly in the 50-60 keV
range. Therefore, the y-ray channel requires a detector with good detection efficiency and
sufficient energy resolution in this low-energy region, since the Compton-electron energy is
derived directly from the measured scattered photon energy.

For this purpose, the y-ray detecting part of the Compton-TDCR system was based on a
planar n-type HPGe (nHPGe) detector, shown in Figure 5.2 (a). The germanium crystal is 5 mm
thick and 10 mm in diameter and is positioned approximately 7 mm behind a 250 pm-thick
beryllium window. An X-ray image of the detector, shown in Figure 5.2 (b), was acquired
to determine the position of the germanium crystal inside the cryostat. This geometrical
information was subsequently used in the Monte Carlo simulation of the experiment.
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Figure 5.2: (a) Frontal photo of the nHPGe detector with its beryllium window. (b) X-ray image of the
germanium crystal and the surrounding cryostat of the nHPGe detector [150].

This nHPGe detector is equipped with a transistor-reset charge-sensitive preamplifier cus-
tom built by V. Jordanov. For a transistor reset preamplifier, the detector current pulse is
integrated on the feedback capacitor, producing a step-like increase of the preamplifier output;
the step amplitude is proportional to the collected charge (and therefore to the deposited
energy). Successive events therefore appear as a staircase on the output baseline. As the
output approaches the maximum dynamic range (approximately 4 V for our detector), an
electronic reset is triggered: a transistor briefly discharges the feedback capacitor and restores
the baseline, after which normal integration resumes. During the reset interval the preamplifier
is momentarily insensitive, so acquisition electronics apply an inhibit to avoid recording reset-
related transients (amplitude of ~ 4 V). To handle both the output and the inhibit signals from
the preamplifier, a nanoMCA-II MCA was utilized [156]. The output of the preamplifier was
connected to input A and the inhibit signal to input C of the nanoMCA-II. The nanoMCA-II
integrates a programmable amplifier, pulse shaper and multichannel analyzer based on Digital
Pulse Processing (DPP), which allows the shaping parameters to be configured in software. In
order to achieve the best energy resolution with the nHPGe detector, the shaping parameters
of the nanoMCA-II were optimized.

The transistor-reset preamplifier operates as a charge-sensitive stage: each detected event
produces a step-like increase at the preamplifier output, with step height proportional to
the collected charge. The role of the nanoMCA-II is to convert this step response into a
well-defined pulse whose amplitude can be measured accurately. This is accomplished with
a digital trapezoidal shaper. In this representation, the slow shaper rise time determines
the effective integration time (and therefore the balance between electronic noise filtering
and pile-up susceptibility), while the flat top provides a plateau over which the pulse-height
measurement is less sensitive to variations in charge-collection time (i.e. it mitigates ballistic
deficit). Consequently, these two parameters have the strongest influence on the achievable
energy resolution.

A systematic optimization was performed by H. Stoycheva in [157], by using the 59.54 keV
y line of 2! Am, by scanning the slow-shaper rise time and flat-top settings and evaluating
the resulting FWHM. The study of the FWHM for different values of the rise time and the
flat-top is shown in Figure 5.3. The optimal values were found to be 3.2 s (rise time) and
0.16 ps (flat top). With these settings, the measured relative energy resolution at 59.54 keV was
0.62% (FWHM = 370 eV).

This optimization is critical for the Compton-TDCR spectrometer, since the Compton-
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Figure 5.3: Study of the influence of the settings of (a) rise time and (b) flat-top of slow shaper of
nanoMCA-II on the FWHM of the 60 keV line of ?*! Am point source [157].

electron energy is derived from the scattered y-ray energy measured with the nHPGe detector;
therefore improved HPGe resolution reduces the uncertainty of the measured Compton electron
energy.

An 21 Am point source was also used to characterize the position-dependent full-energy peak
efficiency of the nHPGe detector for the 59.54 keV y line. The source was placed at different
positions within the volume normally occupied by the liquid-scintillation vial inside the TDCR
optical chamber. In this way, the measurement reproduced the relevant geometrical conditions
of the Compton-TDCR setup and provided an experimental map of the y-detection efficiency
as a function of position.

The resulting efficiency map is shown in Figure 5.4. It provides useful information on the
spatial dependence of the nHPGe detection probability in the actual detector geometry. This
information is important for MC simulations of the system, where it can be used to validate the
geometrical model and to account for the position-dependent detection efficiency of photons
reaching the nHPGe detector.The efficiency map also indicates that Compton-scattering events
occurring closer to the nHPGe detector would be detected with higher efficiency, which could
introduce an asymmetry. However, such effects cannot be distinguished with certainty from
the Compton-TDCR measurements alone.

Figure 5.4: Position-dependent

‘ . *° .. e 55 Effciency full-energy peak efficiency map
Sl . of the nHPGe detector for the

. o zz; ::ZZ 59.54 keV y line of an !Am

S - *35§ . point source. The source posi-

2 W tions correspond to points within

the volume normally occupied by

the liquid-scintillation vial in the
TDCR optical chamber [157].
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5.1.3 Assembly of the Compton-TDCR

The mechanical platform that integrates the TDCR and gamma channels of the Compton-
TDCR system was designed to shield the electronics and optical chamber from electromagnetic
interference and ambient light, while minimizing attenuation of both the primary and scattered
y rays. Both the TDCR counter and the y detector are mounted in a stainless-steel housing,
which provides mechanical support and electrical shielding. A circular opening of 30 mm
diameter is provided beneath the optical chamber in order to avoid attenuating the primary
y-ray beam from the excitation source. This opening is light-sealed with a 0.3 mm aluminium
foil, which blocks ambient light while introducing only minor attenuation of the excitation
photons.

The platform improves the detection efficiency for Compton scattered photons primarily
through geometric optimization and minimization of intervening material. First, the optical
chamber wall and the light-tight outer shell (3D-printed in black PLA) are locally thinned on the
bottom side and on the side facing the nHPGe window, thereby reducing the material traversed
by both the primary and scattered photons and limiting absorption and additional scattering
before they enter the scintillator volume or the nHPGe detector. Second, the distance between
the nHPGe window and the LS vial wall was set to a minimum value of 35 mm, increasing the
solid angle subtended by the germanium crystal and therefore the probability that a photon
scattered in the scintillator reaches the detector. Third, in order to detect gamma rays that
are scattered predominantly at 90°, the height of the meniscus of 10 mL of liquid in the vial
corresponds to the center of the germanium crystal along the vertical axis. The assembled
TDCR counter and the gamma channel of the CTDCR-SU system are shown in Figure 5.5 (a),
and an exploded view is provided in Figure 5.5 (b).

y
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Figure 5.5: (a) The assembled state of the CTDCR-SU (b) Exploded view showing the main parts of the
CTDCR-SU detector [150].
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5.1.4 Compton coincidence acquisition setup

The acquisition electronics of the CTDCR-SU system was developed by V. Jordanov with some
modification of the nanoTDCR and the nanoMCA-II implemented specifically for the purposes
of this experiment. Figure 5.6 shows a dedicated acquisition scheme for energy-selective gating
of Compton electrons. It supports coincidence measurements between the TDCR channel and
the nHPGe detector, while still allowing conventional TDCR operation without any hardware
reconfiguration.

A R
nanoMCA-II S Inputs
_/ C - inhibit T Cho
Q® Cch1 CAEN
. Ch2 DT5751
% Gating signal e | To PC
0
B >
Am-241 Inputs Outputs |
. |cho CAEN Cho| — A R
Chi Fas.t. Ch) — B nanoTDCR+ 9
—|Ch2 Amplifier ch2|—] c T
—>|Ch3 N978 ch3|—|
Gating signal

Figure 5.6: Scheme of the Compton-TDCR acquisition system [150].

When a y-ray event is recorded within a predefined ROI in the spectrum, the nanoMCA-II
can generate a gating logic pulse at its terminal T (see Figure 5.7). In the labZY-MCA software,
the T output was configured in PUSH-PULL mode and assigned the function ROI-TSCA 8 ns,
which produces an 8 ns-wide logic pulse for events accepted in the selected ROI The ROI used
for gating is defined by placing the spectrum cursor within the desired interval and enabling the

ROI-SCA option in the Trace Viewer, which displays the corresponding start and end channels.

The timing of the gating pulse is derived from the shaped signal using constant-fraction peak
detection, referenced to the falling edge of the trapezoidal pulse.

The gating pulses from the nanoMCA-II were fed to the R input of the nanoTDCR+. Each
gating pulse opens a coincidence window of width 40 ns (set in the labZY-TDCR software). A
valid Compton coincidence event is registered when TDCR coincidence (double or triple) occur
within this window and the TDCR counters are incremented. Specifically, the nanoTDCR+ uses
the internal sources TDCR S1 and TDCR S2, where TDCR S1 corresponds to the first-arriving
discriminator pulse on inputs A, B, or C and is associated with Extension 1 of the extending
dead-time logic. During the Compton-TDCR measurements, Extensions 1 and 2 were set equal
and both were configured to 40 ps.

Because the TDCR discriminator pulses are generated much earlier than the corresponding
y-gating logic (owing to the shaping and timing in the nHPGe channel and the time needed
for the pulse to travel to the nanoTDCR+), the nanoTDCR+ delay functionality was used to
delay TDCR S1 and TDCR S2 so that the TDCR pulses arrive after the coincidence window has
been opened by the nHPGe gate. The applied delay was 3.904 ps, ensuring temporal alignment
between the delayed TDCR logic pulses and the ROI-based gating window.
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Figure 5.7: Compton spectrum of the **! Am source obtained with the nHPGE detector with a single
energy set-up to gate the TDCR channel [150].

In the Compton-coincidence measurements, the CAEN DT5751 digitizer was not used,
although it remained connected for conventional LSC operation of the TDCR counter. The
principal limitation is that the nHPGe detector is equipped with a transistor-reset charge-
sensitive preamplifier; its output is a staircase-like waveform with reset transients, which is not
compatible with the DT5751 acquisition and triggering scheme in the present configuration.
Even if a resistive feedback HPGe was used, the digitizer might not be suitable option due to the
long pulses from the HPGe detector and the energy resolution acquirable with a nanoMCA-II is
expected to provide superior energy resolution compared with digitizer owing to its advanced
DPP algorithm [158].

In an ideal implementation, the digitizer would acquire both the TDCR and y channels and
write a list-mode file containing the timestamps of pulses in each channel and the energy of
each y-ray event. In offline analysis, one would select a y-ray energy ROI and, for each y-event
in that ROI open a coincidence window of width 7; TDCR pulses with timestamps falling within
that window would be counted as Compton-coincidence events. This approach would allow the
ROI and coincidence conditions to be adjusted a posteriori, eliminating the need for separate
acquisitions for different ROIs. In that case, the Compton-electron energy dependence could
be extracted from a single long acquisition, rather than repeating measurements for multiple
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ROIs. A system following this concept was demonstrated in [16], where a CdTe detector was
used for the y channel but with a much lower energy resolution than our detector.

In the present setup, feeding the logic pulses from the T output of the nanoMCA-II into the
digitizer and applying them as an offline gate would not provide a meaningful advantage: the
energy selection would still be fixed by the ROI-defined logic generated by the nanoMCA-II, and
the digitizer would not add additional spectral or timing information beyond what is already
available.

After completing the initial liquid-scintillator study and validating correct operation of
the Compton-TDCR system, the setup was upgraded to reduce the total measurement time
by enabling multi-ROI Compton-coincidence acquisitions. The upgrade was proposed and
implemented by V. Jordanov and required new FPGA, firmware, and software versions for both
the nanoMCA-II and the nanoTDCR+.

The hardware modifications were minimal: the T, S and R outputs of the nanoMCA-II were
connected to the corresponding T, S and R inputs of the nanoTDCR+ (see Figure 5.8). The
nanoMCA-II FPGA was updated to define eight non-overlapping ROIs that operate simulta-
neously. When the HPGe pulse amplitude falls within any ROI, a coincidence logic pulse is
generated; in addition to the timing signal, an address identifying the firing ROI is added to
the logic output. This ROI-address information is passed to the nanoTDCR+, which stores
the corresponding double- and triple-coincidence counting rates in separate sequential "runs"
associated with the ROI index with each 'run’ being is a separate TDCR measurement itself.
In this way, a single acquisition produces eight simultaneous Compton-coincidence datasets,
corresponding to eight distinct Compton-electron energies, each with the full set of coincidence
TDCRs.

Implementation of the eight-ROI mode required several timing adjustments. The logic-pulse
width generated by the nanoMCA-II was increased to 40 ns, the delays applied to TDCR S1
and TDCR S2 were increased to 3.984 us, and the coincidence window opened by the gating
signal was extended to 96 ns. In the labZY-MCA software, a dedicated ROI tab was introduced
(see Figure 5.10) to define the multi-ROI configuration: the user specifies the start channel
of the ROI corresponding to the highest Compton-electron energy, the ROI width, and the
channel gap between adjacent ROIs. The software then generates eight equally spaced ROIs of
identical width from left to right in the spectrum, corresponding to progressively decreasing
Compton-electron energies.

A mechanical upgrade to the system included a dedicated guide for positioning the Compton
excitation source (see Figure 5.9). The guide was designed and 3D-printed in PLA to ensure that
the 2! Am source is precisely centered beneath the LS vial and that its placement is reproducible
between measurements. Figure 5.9 (a) shows the guide components: one part is mounted on
the underside of the Compton-TDCR metal enclosure, while the second part is fixed to the
excitation-source container. The two parts form a keyed interface that allows engagement in a
single orientation, thereby ensuring consistent source alignment with respect to the vial.
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Figure 5.8: Scheme of the upgraded Compton-TDCR acquisition system for 8 simultaneous ROIs in the
gamma spectrum.
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Figure 5.9: (a) Parts of the 3D-printed source guide. (b) The source guide installed below the TDCR
counter with the collimator and source in it [150].
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Figure 5.10: Compton spectrum of the 24! Am source with the 8 ROIs for gating the TDCR channel.

5.1.5 The 1 Am source and collimator

As already mentioned, the Compton coincidence measurements were performed with a 24! Am
sealed source produced by Amersham. The activity of the source as of April 2025 was 341 MBq
with 9.9-107 photons/s under 4ssr certified emission rate of the 59.54 keV gamma line. According
to the manufacturer, the active component of the source is a ceramic containing americium

oxide. Such sources are known to emit neutrons through the (a, n) reaction with oxygen [159].

The approximate neutron emission rate of the source was determined by comparison with a
reference Am-Be neutron source, yielding an estimated value of about 625 neutrons/second
over 47rsr. The neutron emission rate is sufficiently low that the probability of a simultaneous
detection of a Compton-scattered photon in the gamma channel and a neutron interaction
within the cocktail is negligibly small, based on our estimation.
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Accurate determination of the initial kinetic energy of Compton electrons requires the
absence of high-energy gamma-ray emissions from the source. The presence of such gamma-
rays could lead to Compton scattering within the scintillation cocktail and their subsequent
detection within the corresponding ROI of the HPGe detector, thereby preventing reliable
identification of the Compton electron’s initial kinetic energy based on scattering kinematics.
To confirm that no significant gamma-ray emissions above 59.54 keV are present, the source
was measured using a p-type HPGe detector. The results showed that the intensity of the
59.54 keV line is at least 10* times greater than that of the most intense higher-energy gamma
lines, rendering their potential influence negligible.

The source is enclosed in a cylindrical brass container equipped with a cylindrical lead
collimator, as illustrated in Figure 5.11 (a). A 0.2 mm thick copper foil was placed on top of the
collimator to filter out the low-energy gamma and X-ray emissions from the ! Am source.

Figure 5.11 (a) shows a simplified representation of the experimental setup that was im-
plemented in the MC simulation to study the source collimation and the resulting Compton
spectrum in the nHPGe detector. The source was positioned at a distance that ensures the
unscattered gamma-ray beam remains fully confined within the vial walls along the entire
height of the vial, as illustrated in Figure 5.11 (b).
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—
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HPGe crystal ——)‘ '
-

LS cocktail
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Copper filter
Lead collimator
Brass cylinder
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Copper filter = s
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Figure 5.11: (a) Simplified geometry of the experimental setup used in the MC simulation. The inset
shows a cross-sectional view of the collimator and the source. (b) Simulated trajectories of gamma-rays
(green) and electrons (blue) [150]. Courtesy to S. Ivanov.

The 24! Am source collimator as well as the MC GEANT4 simulations of the experiment were
made by Simeon Ivanov and the author is much obliged to him.

5.2 Monte Carlo simulation of the Compton scattered
gamma-ray spectrum

The experimentally measured spectrum of Compton-scattered photons shown in Figure 5.7
needed careful analysis as the origin of the peak to the left of the peak of the Compton scattered

73



Development of a Compton-TDCR spectrometer

y rays was unknown. To ensure a correct interpretation prior to further liquid-scintillator
characterization, the origin of this spectral form was investigated in more detail. Monte Carlo
simulations based on the GEANT4 toolkit were performed by S. Ivanov to gain more insight in
the expected spectrum of Compton-scattered y rays. Simplified geometry of the experiment
that was used in the simulation is presented in Figure 5.11 (a). Figure 5.12 (a) presents the
experimental and MC simulated spectra, while Figure 5.12 (b) presents the simulated Compton
spectrum resolved by the number of Compton interactions of the 59.54 keV y rays within the
liquid scintillator.

106 610~
MC spectrum e zero Compton interaction with the cocktail
o Experimental spectrum 5 one Compton interaction with the cocktail
1077 e two Compton interactions with the cocktail

o three Compton interactions with the cocktail

s

vy density, keV~!
—
o
3

1070

(S~

Probability density, keV ™!
w

Probabilit

o

—_

10~ . N "
20 30 40 50 60 des ah
Energy, keV 7 0 30 35 40 i

- Energy, keV

(a) (b)

Figure 5.12: (a) Probability density distribution of the energy deposited in the HPGe detector per
59.54 keV photon emitted by the source. (b) Simulated probability density spectrum showing the
number of Compton interactions a photon undergoes in the LS cocktail before detection by the nHPGe
detector. The shaded region indicates the range of gamma-ray energies selected for Compton coincidence
counting [150]. Courtesy to S. Ivanov.

The results shown in Figure 5.12 (a) demonstrate good agreement between the experimental
detection probability and the values obtained from the MC simulation. To enable a direct
comparison between the simulated and experimental spectra, the MC spectrum was broadened
to include the finite energy resolution of the detector. The applied broadening was based on
the experimentally measured dependence of the FWHM on energy shown in Figure 5.13.

Since the experimental FWHM values were available only at discrete energies, their energy
dependence was fitted with a linear function, shown in Figure 5.13. The fit was used to assign
an energy-dependent Gaussian detector response to each simulated deposited energy, after
converting the corresponding FWHM value to a standard deviation. For each simulated event, a
detected energy was randomly sampled from the Gaussian detector response, and the resulting
energies were rebinned to obtain the broadened MC spectrum. This procedure accounts for the
finite energy resolution of the detector and provides an equivalent basis for comparison with
the experimentally measured spectrum.

The discrepancy observed below 50 keV most likely arises from imperfections in the model
of the vial’s aluminium cap used in the simulation. The excess of events in the MC spectrum at
the 60 keV peak is probably due to an incomplete description of the HPGe detector and the
surrounding metallic components in the simulation resulting in more photons undergoing
Rayleigh scattering rather than interacting by photoelectric effect or Compton scattering. The
origin of the peak at 51 keV in both the experimental and the MC spectra has been understood
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from Figure 5.12 (b), where the photons have been classified by the number of Compton
interactions before being detected in the nHGPe in the MC simulation.

e FWHM
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Figure 5.13: Liner fit of the FWHM
estimated for the 26.35 keV, 33.21 keV
and 59.54 keV gamma lines of ?*! Am
and the 11.87 keV and 59.54 keV germa-
nium Ka escape peaks. The experimen-
tal points are obtained during the en-
ergy calibration of the nHPGe detector
with an ! Am point source. FWHM
study is from [157].
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Figure 5.12 (b) presents the MC spectrum of photons undergoing zero, one, or multiple
Compton interactions within the cocktail before being detected by the nHPGe detector. Events
classified as zero Compton interactions correspond to photons that do not scatter in the cocktail
and therefore cannot produce a Compton electron in the scintillator volume. Instead, they
are most plausibly scattered in surrounding materials, such as the vial glass (giving rise to
the peak at 56 keV) or the aluminium cap (peak at 51 keV). These components are irrelevant
for the Compton-TDCR dataset, because they are not accompanied by scintillation light from
a Compton electron in the cocktail and therefore do not contribute to coincidences with the
TDCR channel except for a chance of random y-TDCR coincidence.

The 53-56 keV interval (highlighted in Figure 5.12 (b)) is intended to select predominantly
single-scatter events in the cocktail, for which the scattered-photon energy provides a well-
defined estimate of the corresponding Compton-electron energy. In this region, the MC results
show that single-scatter events dominate, while the contribution from multiple Compton
interactions remains small: the ratio of double to single Compton interactions is 0.05. Since
multiple-scatter events break the one-to-one relationship between the nHPGe energy and the
Compton-electron energy, their limited contribution indicates that the energy selection is only
weakly affected and that any associated bias is expected to be negligible. In future upgrades,
the multiple-scatter fraction could be reduced by decreasing the collimator diameter, at the
expense of a lower coincidence counting rate.

Taken together, this analysis demonstrates that Compton-TDCR measurements targeting
Compton-electron energies in the 3-6 keV range can be performed without significant bias from
multiple-Compton-scattering events. The Compton-TDCR system was therefore considered
suitable for systematic measurements of liquid-scintillator response in this low energy region.

5.3 Compton-TDCR experiments for estimating liquid
scintillators non-linearity

With the first major goal of the thesis completed - designing, setting up and MC validating
of the CTDCR-SU system it was then time to step to the second major goal: the study of
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liquid-scintillator response using the newly developed Compton-TDCR spectrometer. Such
measurements are particularly important at low electron energies, where organic scintillators
exhibit their strongest non-proportionality. This low-energy response has an impact on TDCR
efficiency calculations and on the uncertainty of activity standardization for low-energy f-
emitting and electron-capture radionuclides.

To study the light response of a given liquid scintillator, a sample with LS of at least 10 mL is
prepared in a glass or plastic vial and placed in the optical chamber of the CTDCR-SU system.
The collimated 24! Am source is positioned beneath the counter, as shown in Figure 5.5 (b). The
TDCR channel is gated by the y channel: when an event is recorded within a selected ROI in
the Compton scattered photon spectrum, a gating signal is sent to the nanoTDCR+ module
(see Section 5.1.4). In this way, TDCR events are accepted only when they are temporally
correlated with a scattered photon of selected energy.

For a single Compton-scattering event, the energy deposited by the Compton electron is
determined by the difference between the incident y-ray energy and the energy of the scattered
photon measured by the nHPGe detector. Thus, selecting a narrow ROI in the scattered photon
spectrum also selects a corresponding range of Compton electron energies. Since the range of
these low-energy electrons is small compared with the scintillator volume, their kinetic energy
can be assumed to be fully deposited in the liquid scintillator.

The light response is therefore expressed as the mean number of detected photoelectrons
produced in the TDCR channel by a Compton electron of energy E. Converting the number
of detected photoelectrons to the absolute number of scintillation photons produced in the
liquid would require additional estimates for losses due to total internal reflection, the optical
collection efficiency, and the quantum efficiencies of the individual PMTs. The photon losses
and the quantum efficiency of each PMT are generally difficult to determine. For this reason, the
present study uses the mean number of detected photoelectrons as an experimental measure of
the scintillator response, since this quantity is directly obtained from the TDCR coincidence
ratios and characterizes the response of the complete CTDCR-SU detection system.

In this thesis, the average number of photoelectrons registered in each PMT at energy E is
determined according to Equation (5.1) [15]:

T(E)
~ XY(E)

where A, B, and C denote the three PMTs, AB, BC, and AC represent the coincidence counting
rates between pairs of PMTs, and T is the triple coincidence counting rate of the TDCR channel
in coincidence with gamma-channel events at a specific energy E (refer to Section 2.5 for details
on the derivation of Equation (5.1)). The total mean number of detected photoelectrons is
obtained by summing the contributions from all three PMTs:

fi= Z i, (5.2)
i

where 7i(E) here is kB independent estimate. The experimentally measured light response of
the studied scintillator, can be used directly in the TDCR method but it is also interesting to
investigate if Birks model is applicable to describing the expected non-linearity of the light
output. Therefore, the mean number of photoelectrons as a function of the deposited energy
was fitted to Birks’ semi-empirical ionization quenching model [1]:

fnz(E) = -31n (1 ), XY =(AB,BC,AC), Z# XorY (5.1)
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where dE’/dx corresponds to the stopping power of an electron of energy E’, and kB denotes
the ionization quenching constant.
The average number of detected photoelectrons is given by:

A(E) = S - L(E) (5.4)

where S represents the mean number of photoelectrons detected per keV of energy deposited
within the scintillator in the absence of ionization quenching. The value of this parameter is
governed by the scintillator’s intrinsic light yield, the PMT photocathode efficiency, and the
experimental geometry.

The fitting procedure provides estimates of the ionization-quenching parameter kB (in
cmMeV™!) and S (in keV™!). An independent estimate of kB can also be obtained using the
efficiency-variation method (see Section 2.4.5). This method was applied to all liquid scintillators
studied in this thesis as part of the benchmarking of the TDCR channel of the CTDCR-SU system
(see Chapter 6), thereby providing a basis for comparison between the kB values obtained from
Compton-TDCR measurements and from conventional TDCR efficiency variation.

Since the efficiency variation method requires a radionuclide to be present in the measured
liquid-scintillator sample, the same samples were also used in the Compton-TDCR measure-
ments. The presence of the radionuclide does not contribute to the Compton-TDCR coincidence
signal. Its decay events produce scintillation pulses in the TDCR channel, but they are not
accompanied by time correlated photons in the selected ROI of the y-ray detector. Therefore,
they can only contribute through random coincidences, i.e. when an uncorrelated radionuclide-
induced TDCR pulse occurs within the coincidence window started by an unrelated nHPGe
logic pulse.

The magnitude of this random contribution was evaluated experimentally by applying an
additional delay of more than 2 us to the TDCR S2 signal (first arriving pulse from either PMT
A or B or C; see Section 5.1.4). In this configuration, true Compton-TDCR coincidences are
suppressed, and only random coincidences with the logical pulse from the nHPGe detector
are expected. The counting rate measured under these conditions was considered negligible
compared to the coincidence counting rate obtained for the lowest energy of the Compton elec-
tron. The contribution of radionuclide-induced random coincidences was therefore considered
negligible for the determination of the Compton electron light response.

Data analysis

The electron stopping power in Equation (5.3) between 100 eV and the initial Compton electron
energy was calculated using the ICRU 37 formula [160] (see Section 2.1.7 for more details), with
a linear extrapolation applied below 100 eV. The integration of Equation (5.3) employed the
quad function from the scipy.integrate package [161], using the scintillator’s mean ionization
potential as the lower limit. The quad integration produced results identical to those from
the Romberg and Simpson’s rule methods, though the latter were omitted due to their lower
computational efficiency.

The fitting procedure employs orthogonal distance regression (ODR), implemented in the
scipy.odr package, which provides an interface to the ODRPACK library [162]. ODRPACK
performs a trust-region Levenberg—-Marquardt minimization. The motivation for using ODR is
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that the fitting procedure takes as weights the estimated uncertainties for both the deposited
energy and the mean number of photoelectrons. The fit is considered to converge when the
relative change in the residual sum of squares (RSS) becomes sufficiently small, indicating
that the weighted sum of squared observation errors meets the convergence criterion (Sum of
Squares Tolerance < 1071%) [162].

In this thesis, the uncertainty assigned to the selected Compton electron energy is treated as
a critical parameter in the investigation of the non-proportional response of liquid scintillators.
The Compton-electron energy is inferred from the energy of the scattered photon measured by
the nHPGe detector. The dominant contributions to the uncertainty of the Compton electron
energy considered here are the finite energy resolution of the nHPGe detector and the width of
the ROI used to select the scattered-photon events.

In a Compton-TDCR measurements reported by Sabot et al. [16], events selected within
a single channel of a CdTe detector, corresponding to an energy interval of approximately
270 eV, were considered sufficiently narrow to approximate the associated Compton electrons
as monoenergetic. However, an explicit uncertainty budget for the selected Compton-electron
energy was not reported. For the aim of this thesis, the uncertainty of the Compton electron
energy was evaluated and assigned to each measured light-response point.

The energy-resolution study reported in [157] gave a a standard deviation op, = 157 eV
(FWHM/2.35) for the 59.54 keV photopeak of a point-like **! Am source measured with the
nHPGe detector. For the Compton-TDCR measurements, the TDCR channel was gated using
an ROI spanning three MCA channels in the Compton-scattered photon spectrum, with a total
width of wror = 120 eV. The uncertainty associated with the finite ROI width was modelled by a
rectangular probability distribution, giving a standard uncertainty of wgor/V12. The combined
standard uncertainty of the Compton electron energy is therefore [150]:

oF = \/(wROI/IZ)Z + 02, =161V, (5.5)

In this thesis, the statistical uncertainty of the triple-coincidence counts was considered to be
the dominant contribution to the uncertainty of the mean number of photoelectrons detected
by an individual PMT. For PMT A, the standard uncertainty of the mean number of detected
photoelectrons, given in Equation (5.1), can be expressed as

Cr
Oy = — (5.6)

)

Cpc

where Cr and Cpc are the counts for the triple and BC coincidences. The uncertainty of the
photoelectron number for PMTs B and C can obtained in a similar manner. Applying the
uncertainty propagation formula to Equation (5.2), the uncertainty of the total mean number
of detected photoelectrons can be expressed as:

_ ] 2 2 2
o7 = \/Ur‘zA +05, +0; . (5.7)

5.3.1 Compton-TDCR results

The first Compton-coincidence measurements with the CTDCR-SU system were performed to
study the non-linear light response of a toluene+PPO liquid scintillator. These measurements
used the acquisition configuration shown in Figure 5.6, which allowed one Compton-electron
energy to be measured per run. The scintillation sample was the *H-Wallac source, also used
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in the efficiency variation measurements (see Section 6.1); the vial walls were wrapped with
diffusive tape to improve light-collection uniformity.

For each selected y-ray ROI, the corresponding Compton electron energy was determined
from the measured Compton scattered photon energy, and the TDCR coincidence ratios were
used to calculate the mean number of detected photoelectrons. Repeating this procedure for
several ROI positions provided the experimental light-response curve of the scintillator in the
range between 3 and 6 keV. The resulting response of the toluene+PPO scintillator, obtained
with a resolving time of 40 ns, is shown in Figure 5.14.
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Figure 5.14: Dependence of the mean number of photoelectrons on the deposited energy in the
scintillator for measurements acquired with a 40 ns coincidence window (CW). Markers in blue show the
measurement of the source performed without filter, the markers in red show measurement performed

with 90% grey fileter and the markers in black show measurements performed with 80% grey filter.

Highlighted in green is the 10 confidence interval. The error bars represent the estimated standard
uncertainties. The values of the parameters determined by the fit (S, kB ) are shown in the legend with
their estimated uncertainty as returned from the fitting function. [150].

The Birks’ formula was fitted to measurements obtained both without a grey filter and with
filters of varying transmission. All measurements, with the exception of the data labelled
"short", were acquired over a two-day period. The mean number of detected photoelectrons per
keV energy deposited in the scintillator S depend on the light yield, the measurement geometry
and the quantum efficiency of the PMTs. The ionization quenching parameter kB should
depend only on the liquid scintillation cocktail and should remain constant under different

79



Development of a Compton-TDCR spectrometer

measurement conditions. It was, then, interesting to measure the same sample under different
detection efficiencies. This was accomplished by placing optical gray filters around the vial
containing the liquid scintillator. This way, the properties of the cocktail remain unchanged
and only a decrease in the number of detected photoelectrons is expected. The values of the
kB and S parameters together with the uncertainties estimated from the fitting procedure are
indicated in the legend of Figure 5.14. The fitted kB values differ slightly between the three
curves, but no systematic dependence on the used filters is observed. Moreover, the values
remain consistent within the corresponding fit uncertainties. This behaviour suggests that the
fitted ionization quenching parameter is not affected by the reduction of the detected light as
should be expected.

In contrast, the detected number photoelectron per unit deposited energy, is expected to
depend on the optical transmission of the filters. Since the filters used in this study were not
calibrated, the absolute reduction of S could not be quantified. The values of S obtained from
the fit, however, show the expected trend, decreasing as the filter transmission is reduced. This
suggests that Compton-TDCR measurements could also be used to estimate the transmission
of optical filters by comparing the value of the fitted parameter S obtained with a filter to the
corresponding value obtained without a filter under identical experimental conditions.

For the measurements performed without optical filtering, the kB value obtained from the
Compton-TDCR fit is in good agreement with the value determined by the efficiency variation
technique (kB =0.122(4) cm/MeV, see Section 6.1) using the same detector and liquid scintillator
cocktail. In addition, the kB value reported in Section 6.2, obtained for the same scintillator
but using a different radionuclide (1*C, kB =0.110(4) cm/MeV), is also consistent within its
uncertainty with the value obtained from the Compton-TDCR measurements. This agreement
shows that the kB value obtained from Compton-TDCR measurements is consistent with the
values independently determined by the TDCR efficiency variation method.

To examine the influence of the coincidence resolving time on the scintillator response,
the data were evaluated using both 40 ns and 200 ns coincidence windows. Owing to the
functionality of the nanoTDCR+, these two resolving times were applied to the same acquisitions
and therefore to the same set of pulses. The scintillator response results obtained with the
200 ns coincidence window are shown in Figure 5.15.
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scintillator for data evaluated with a 200 ns coincidence window (CW) [150].

For ease of comparison, the fitted response curves obtained using 40 ns and 200 ns coincidence
windows are plotted together in Figure 5.16. The figure illustrates how the measured light

response curve changes by changing the coincidence window.

Mean number of photoelectrons

=

=2

ot

e

CW = 40&200ns

kB=0.0076 +/- 0.0019 cm/MeV

05 4 017 ke S 200 ns no filter
kB=0.0111 /- 0.0018 cm/MeV _~~_~40 ns no filter
§=2.23 +/- 0.15 keV ! 7
EB=0.0106 + /- 0.0027 cm/MeV 4
S—1.85 +/- 0.18 keV ! P
kB=0.0126 +/- 0.0030 cm/MeV e

S=1.88 +/- 0.19 keV !

S . 200 ns 90% filter
40 ns 90% filter

3.0

3.5

4.0 4.5 5.0 5.5 6.0 6.5 7.0

Deposited energy, keV

Figure 5.16: Fitted curves of the experimental data evaluated with 40 ns and 200 ns coincidence
windows (CW), obtained both without a filter and with a 90% transmission filter [150].

The results obtained with the 200 ns coincidence window yield systematically lower kB
values than those obtained with the 40 ns window. A similar decrease was also observed when
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the efficiency variation method was applied using the same two resolving times. This behaviour
should not be interpreted as a physical dependence of the Birks parameter on the coincidence
window.

The observed decrease of the fitted kB value indicates that the 200 ns coincidence window is
not suitable for estimating kB for the Birks’ model. A longer coincidence window allows a larger
fraction of delayed scintillation photons to contribute to the TDCR coincidences, including
contributions from delayed fluorescence. Since Birks’ formula describes the non-linearity of the
prompt scintillation yield and does not include the kinetics or intensity of delayed fluorescence,
fitting the 200 ns data with this model seems to be an acquisition dependent parameter.

The same experimental data shown in Figure 5.14 were also analysed using a fixed kB
parameter. First, Birks’ formula was fitted to the measurements performed without an optical
filter, with both kB and S treated as free parameters. The kB value obtained from this fit was
then fixed and used in the fit of the measurements performed with grey filters, for which only
the S parameter was varied. This procedure tests whether the data obtained with filters can be
described using the same ionization quenching parameter, while accounting for the reduced
detected light output through a change in the mean photoelectron yield.

The result of is shown in Figure 5.17. The fitted curves for the data obtained with filters
reproduce the experimental points within the estimated uncertainties, indicating that the
reduction in detected photoelectron yield caused by the grey filters can be described primarily
by a decrease of (S), without requiring a different value of kB .

Figure 5.17 presents the same experimental data shown in Figure 5.14. The Birks’ formula
was first fitted to the measurements obtained without a filter, after which the resulting kB value

was fixed and subsequently applied to fit the experimental data acquired with the grey filters.
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Figure 5.17: Dependence of the mean number of photoelectrons on the energy deposited in the
scintillator. The kB parameter was fixed for the fits of the data obtained with grey filters, and the shown
uncertainties were obtained from the fitting procedure [150].

The ability to obtain a satisfactory fit to the experimental data while keeping the kB parameter
fixed suggests that the estimated uncertainties are reasonable. It should be noted that the
correlation coefficient between the kB and S parameter is approximately 0.99. This may means
that the estimated mean number of photoelectrons adjusts to compensate for the difference
between the fixed kB value and the value obtained from the fits shown in Figure 5.14.

After the initial Compton-TDCR measurements, the CTDCR-SU system was upgraded to
enable multichannel Compton-coincidence acquisition, as described in Section 5.1.4. In the
upgraded setup, eight non-overlapping ROIs in the scattered photon spectrum can be selected
simultaneously, allowing the scintillator response at eight Compton electron energies to be
measured within a single acquisition. This represents a significant improvement over the initial
configuration, where only one selected Compton electron energy could be measured per run.

Following the upgrade, Compton-coincidence measurements were repeated using the same
3H-Wallac source in order to verify that the upgraded acquisition logic and multi-ROI event
gating did not introduce a systematic change in the measured light response. The objective of
this measurement was therefore not only to obtain a new estimate of the kB and S parameters,
but also to confirm consistency with the results obtained before the upgrade and with the
independent kB value determined by the TDCR efficiency variation method. The scintillator
non-linearity results obtained before and after the upgrade are shown in Figure 5.18.
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Figure 5.18: Dependence of the mean number of photoelectrons on the energy deposited in the
scintillator before and after the upgrade of the CTDCR-SU system.

The results show good agreement between the kB values obtained before and after the up-
grade, demonstrating that the multichannel acquisition mode reproduces the response measured
with the initial single ROI setup. The kB value obtained after the upgrade is also in excellent
agreement with the value (kB =0.0122(4) cm/MeV) determined independently by the efficiency
variation method (see Section 6.1). This agreement confirms that the upgraded CTDCR-SU sys-
tem provides consistent estimates of the scintillator non-linearity while substantially reducing
the measurement time required to cover several Compton electron energies.

As an additional validation of the upgraded system, the kB parameter was also estimated
separately for the three individual PMTs. In contrast to the results reported by Bignell et
al. [163], where the Compton excitation source was placed inline with one of the PMTs, the
kB values obtained here for the three PMTs are mutually consistent within their uncertainties.
The scintillator response for the three PMT, shown in Figure 5.19, and the kB values given in
the legend indicate that the three optical channels of the CTDCR-SU system provide coherent
estimates of the ionization quenching parameter.
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Figure 5.19: Dependence of the mean number of photoelectrons on the energy deposited in the
scintillator for each of the PMTs.

After the characterization of the *H source in toluene+PPO, further Compton-TDCR mea-
surements were performed using liquid scintillation samples with different radionuclides and
scintillator compositions.

A YC sample was prepared from an acetone solution of *C-containing benzoic acid. Ap-
proximately 1 mL of this solution was added to 15 mL of Ultima Gold AB (UG AB) scintillation
cocktail. The source was prepared in a 20 mL low-diffusion polyethylene vial fitted with a stan-
dard plastic cap. Polyethylene vials were selected because their light-diffusing walls improve
the collection of scintillation photons and can therefore increase the detection efficiency of the
TDCR channel (see Chapter 4).

The resulting Compton-TDCR light-response curve for the *C sample is shown in Figure 5.20.
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Figure 5.20: Mean number of detected photoelectrons as a function of deposited energy in UG AB for a
14C sample, obtained from measurements with a 40 ns coincidence window (CW).

The kB value obtained from the Compton-TDCR fit for the “C/UG AB sample agrees,
within its uncertainty, with the value determined by the TDCR efficiency variation method (kB
=0.00080(6) cm/MeV; see Section 6.6). This agreement confirms the consistency of the two
approaches for estimating the ionization quenching parameter of this scintillator.

After the study of the *C sample in UG AB, the measurements were continued with another
radionuclide-scintillator combination in order to investigate the response of Ultima Gold (UG)
cocktail. For this purpose, a ®*Ni source was prepared and measured with the Compton-TDCR
system.

The %*Ni sample was prepared from a (0.1) M HCI solution containing a NiCl, carrier. The
stock solution was diluted, and approximately (0.1) mL of the resulting solution was mixed
with 15 mL of Ultima Gold (UG) scintillation cocktail. The sample was prepared in a standard
20 mL glass vial fitted with a cap lined with aluminium foil. The vial walls were wrapped with
diffusive adhesive tape in order to reduce the effects of internal reflection and improve the
uniformity of light collection.

The resulting Compton-TDCR light-response curve, expressed as the mean number of
detected photoelectrons as a function of the deposited Compton electron energy, is shown
in Figure 5.21.
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Figure 5.21: Mean number of detected photoelectrons as a function of deposited energy in UG for a
3Ni sample, obtained from measurements with a 40 ns coincidence window (CW).

The kB value obtained from fitting the Compton-TDCR response of the ®*Ni/UG sample is
consistent, within its uncertainty, with the value determined by the TDCR efficiency-variation
method, (kB =0.00105(5) cm/MeV; see Section 6.7). This agreement provides another example
where the ionization quenching parameter obtained from the directly measured scintillator
response agrees with the value obtained from traditional TDCR analysis.

As a final radionuclide-scintillator combination, a >>Fe sample in Ultima Gold was measured
with the Compton-TDCR spectrometer. This measurement was of particular interest because
UG was also used for the *Ni sample, allowing the Compton-TDCR results obtained for two

different radionuclides prepared in the same commercial scintillation cocktail to be compared.

The *>Fe sample was prepared from stock solution and approximately 0.7 g of it was added
to 15 mL of UG scintillation cocktail. The sample was prepared in a standard 20 mL glass
vial fitted with a foil-lined cap. As for the ©*Ni/UG sample, the vial walls were wrapped with
diffusive adhesive tape in order to reduce internal reflection effects and improve light collection
uniformity.

The Compton-TDCR response of the >>Fe/UG sample was measured without an optical
filter and with two grey filters. In contrast to earlier *H/toluene+PPO measurements, a larger
number of experimental points was acquired, providing a more detailed sampling of the light
response curve. The resulting dependence of the mean number of detected photoelectrons on
the deposited Compton-electron energy is shown in Figure 5.22.
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Figure 5.22: Mean number of detected photoelectrons as a function of deposited energy in UG for a
>>Fe sample, obtained from measurements with a 40 ns coincidence window (CW) and with no fileter
and two different filters.

The fitted kB values obtained for the measurements without filter and with the two grey filters
are coherent within their uncertainties. This confirms the ionization quenching parameter is
related to the scintillator and should not change when the detected light level is reduced by
optical filtering. By contrast, the fitted S parameter decreases systematically with increasing
optical density of the filters, as expected from the reduced number of detected photoelectrons.

In the efficiency calculation code used for >*Fe liquid-scintillation measurements, the Birks
parameter is set to kB =0.01 cm/MeV. The values obtained from the Compton-TDCR fits are
consistent with this default value, supporting its use as a reasonable choice for UG in the present
measurement conditions. Furthermore, the kB values obtained for the ®3Ni/UG and *>°Fe/UG
samples agree within the fit uncertainties. Since both samples were prepared in the same
scintillation cocktail and with similar source chemistry, this agreement provides additional
support for the reliability of the Compton-TDCR determination of the ionization quenching
parameter in UG.

The Compton-TDCR measurements performed for the investigated scintillator-radionuclide
combinations showed a consistent trend. The kB values obtained by fitting the measured
Compton-electron light-response curves agree, within the corresponding uncertainties, with
the values obtained independently by the TDCR efficiency-variation method, as summarized
in Table 5.1. This agreement is good indication for correct kB determination, since the compari-
son is made using two experimentally different approaches: one based on the Compton-electron
response, and the other on TDCR efficiency variation.

This result is particularly relevant in view of the study by Sabot et al. [16]. In that work the

88



Development of a Compton-TDCR spectrometer

kB values obtained from the Compton-TDCR measurements were approximately twice as large
as values usually reported or expected for organic scintillators. The consistency achieved in
the present work therefore represents a significant outcome of the CTDCR-SU measurements
and supports the reliability of the obtained ionization quenching parameters.

Table 5.1: Comparison of the ionization quenching parameter kB obtained from Compton-TDCR mea-
surements and from the TDCR efficiency variation method for the scintillator-radionuclide combinations
studied in this thesis.

Radionuclide Scintillator kB from Compton-TDCR kB from efficiency variation
cm/MeV cm/MeV

H toluene+PPO 0.0122(15) 0.0122(4)

14c Ultima Gold AB  0.0087(6) 0.0080(6)

93N Ultima Gold 0.0118(9) 0.0105(5)

Fe Ultima Gold 0.0111(4) 0.0100

An important advantage of the Compton-TDCR method is that it provides direct experi-
mental information on the scintillator response at low electron energies. This response does
not necessarily have to be parameterized with the Birks equation. Instead, the measured
scintillator response can be introduced directly into TDCR efficiency calculations. The ZoM-
BieS method [17]follows this idea by using Compton-TDCR data in a model free approach
to determine the PMT detection efficiencies, thereby reducing the dependence on a specific
quenching model.

The measurement of scintillator response by Compton-coincidence spectrometry is also
of particular interest for plastic scintillators, since the efficiency variation method cannot be
applied to these materials in the same way as to liquid scintillation sources. The measured
response curve can either be fitted to estimate the ionization quenching parameter and the
mean number of detected photoelectrons per unit deposited energy or used directly as an
empirical scintillator response function.
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This chapter presents an extensive comparison of all TDCR systems available at the Laboratory
of Metrology of Ionizing Radiation at the Faculty of Physics, Sofia University. These systems
are TDCR-SU, miniTDCR, yTDCR, and CTDCR-SU. The comparison is performed in order to
evaluate the performance of the TDCR channel of the newly developed CTDCR-SU system
against already established TDCR counters. Demonstrating agreement between CTDCR-SU
and the reference systems is an essential validation step, since the Compton-TDCR method
relies on the CTDCR-SU detector being capable of performing accurate and consistent TDCR
measurements.

The main parameter in this comparison is the activity of each source, estimated based on
measurements with each system. For the *H and 'C sources, efficiency variation with grey
filters (see Figure 6.1) was applied to obtain the efficiency for double and triple coincidence
counting rates and the figure-of-merit (FOM) and these parameters are also included in the
comparison as a measure of the quality of each counter. Last, the ionization quenching param-
eter kB, which results in the lowest slope in activity when changing detection efficiency is
presented.

The grey filters used in the study were produced in-house using a standard laser printer by
printing rectangles with different infill percentages onto transparent plastic sheets. During
measurements, particular attention was paid to ensure that the glued section of each filter
remained in a fixed position and did not obstruct any PMT window in the TDCR configuration.

Figure 6.1: Grey filters used for efficiency-variation experiments [164].

In the analysis, the measurements were analyzed with 40 ns coincidence resolving time and
40 ps dead time. The counting rate of blank samples was subtracted to obtain the net counting
rates of the sources. Accidental coincidences correction was applied [18] to the counting rates
of the sources and blank samples.

Except the CTDCR-SU (described in Section 5.1), the other TDCR counters included in this
comparison are portable counters meant for operation on-site. Therefore, they are equipped
with miniature square Hamamatsu PMTs. The photocathode response of these PMTs is pre-
sented in Section 3.1.6.
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The TDCR-SU counter [165] is equipped with three Hamamatsu R7600U-200 PMTs. The
optical chamber is machined from a single white PTFE body. A nanoTDCR model TD9009
[152] was used as acquisition electronics. This system is long-established and has been used in
international comparisons [154, 166].

The miniTDCR counter was designed and 3D-printed in LNHB, France [140]. The [149]
reflective foil was used to cover the inner walls of the optical chamber. It also uses Hamamatsu
R7600U-200 PMTs but their windows were covered with diffusive tape. For some of the LSC
measurements, this counter was operated with a CAEN fast amplifier N978 [151] and the CAEN
DT5751 digitizer but most of them were performed with a nanoTDCR model TD9010.

The yTDCR counter is also designed and 3D-printed in LNHB, France [140]. The inner walls of
its optical chamber were also covered with reflective foil [149]. This counter utilizes Hamamatsu
H11934-203 PMTs, which feature high gain and large effective area of the photocathode (see
Section 3.1.6). A nanoTDCR model TD9010 was used to analyze the PMT signals.

Four unquenched LS sources and blank samples in sealed glass vials were used to compare
the TDCR systems available at the MIL laboratory and to validate the LS part of the newly
developed CTDCR-SU system. Two *H and one '*C sources were originally control sources for
the RackBeta 1219 liquid scintillation analyzer, which was manufactured by Wallac, Finland.
One of the 3H sources was standardized at LNHB, France and later will be refer to as "*H LNHB".
The forth source is a '*C source produced by Amersham and together with its blank sample.
All sources have a volume of 10 mL and a Toluene + PPO based cocktail. The walls of the
vials were covered with diffusive adhesive tape in order to reduce the effect of total internal
reflection of the light from the vial’s walls [139].

6.1 3H Wallac source

Table 6.1 presents the efficiency variation results from measurements of *H Wallac source

performed with the TDCR systems and the parameters used to compare their performance.

Figure 6.2 shows the results from which the value of the kB parameter for each TDCR system
was determined.

Table 6.1: Results obtained from efficiency variation measurements of *H Wallac source performed
with on TDCR systems. The values in the brackets are the standard estimated uncertainties.

Detector TDCR-SU miniTDCR pyTDCR  CTDCR-SU
kB (cm/MeV)  0.0130(7)  0.0110(5) 0.0130(5)  0.0122(4)
TDCR 0.494 0.655 0.747 0.774
€n 0.5355(8)  0.6909(4)  0.7653(4)  0.7908(3)
er 0.2647(8)  0.4526(6)  0.5714(7)  0.6117(4)
FOM (ph.e” /keV) 0.877 1.448 2.235 2.505
A (Bq) 366.9(25)  367.1(18)  369.5(19)  368.1(16)

The results presented in Table 6.1 show that the efficiency for doubles and triples among the
compared detectors is the highest for the CTDCR-SU system. The increase is about 3% in ¢p
and about 7% in e7 compared to the yTDCR. Compared to TDCR-SU system, the increase in
the efficiency for doubles and triples are about 57% and 65%, respectively.
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Figure 6.2: Efficiency variations of the Wallac *H source from measurements performed with (a) TDCR-
SU, (b) miniTDCR , (c) #TDCR and the (d) CTDCR-SU system. The uncertainty bars represent only the
statistical uncertainty of the double-coincidence counting rates [150].

The uncertainty of the kB parameter is estimated as the variance of a symmetrical triangular
distribution, with interval bounds the first kB values for which the slope of the fitting line
becomes non-zero within the estimated uncertainty.

The kB values presented in Table 6.1 are consistent within their estimated uncertainties, with
the exception of the value obtained with the miniTDCR detector. This difference requires further
investigation, since the same radionuclide was measured in the same scintillation cocktail.
If the fitted kB parameter represented only the intrinsic ionization-quenching properties of
the scintillator, compatible values would be expected for all detector systems. The observed
discrepancy therefore suggests that the evaluated kB value may also be influenced by detector-
specific effects, optical response differences, or assumptions in the TDCR efficiency model that
are not satisfied for every detector. Nevertheless, the activities determined with the different
systems remain in good agreement within their uncertainties, indicating that the TDCR model
may partially compensate such differences through the kB parameter.

Important advantage of detectors with high double- and triple-coincidence detection effi-
ciencies is that they can provide a better constrained determination of kB . This is illustrated
in Figure 6.2 (d). Because the CTDCR-SU system has a higher initial detection efficiency, the
efficiency variation measurements cover a wider useful range of TDCR values when grey filters
are applied. As a result, the dependence of the calculated activity on TDCR can be examined
over a broader interval, allowing the kB value to be varied with a smaller step and reducing the
range of acceptable kB values used in the uncertainty estimate.

The efficiency is rarely reduced to very low TDCR values, typically below about 0.3, because
in this region the calculated activity begins to decrease systematically. Under such conditions,
the dependence A(TDCR) is no longer well described by a linear approximation, and the
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corresponding points are not suitable for reliable kB determination. Therefore, a detector
with high intrinsic efficiency is advantageous because it allows a sufficiently broad efficiency
variation while still remaining within the region where the TDCR model provides a stable and
approximately linear activity response.

6.2 14C Wallac source

Table 6.2 presents the efficiency variation results from measurements of *C Wallac source
performed with TDCR systems and the parameters used to compare their performance. Fig-
ure 6.3 shows the results from which the value of the kB parameter for each TDCR system
were determined.

Table 6.2: Results obtained from efficiency variation measurements of '*C Wallac source performed on
all TDCR systems. The values in the brackets are the standard estimated uncertainties.

Detector TDCR-SU miniTDCR  pyTDCR  CTDCR-SU
kB (cm/MeV)  0.0098(3)  0.0070(4)  0.0078(4)  0.0110(4)
TDCR 0.947 0.969 0.978 0.980
e 0.9509(2)  0.9708(3)  0.9782(1)  0.9794(1)
er 0.9006(3)  0.9406(5)  0.9565(2)  0.9598(2)
FOM (ph.e” /keV) 0.807 1.287 1.899 2.360
A (Bq) 1775.5(37) 1775.0(35) 1776.2(36)  1778.5(35)

Because *C emits higher-energy f particles than *H, the resulting scintillation light output is
larger. The increased number of detected photons leads to higher double- and triple-coincidence
efficiencies and therefore reduces the relative differences between the compared TDCR systems.
Even under these counting conditions, the results presented in Table 6.2 show that the LS
channel of the CTDCR-SU system provides the highest detection efficiency among the TDCR
counters available in the MIL laboratory.

However, the kB values determined by the efficiency variation method again show differences
between the compared TDCR counters. This observation is noteworthy because the present
14C source and the *H source discussed in Section 6.1 were prepared in the same scintillation
cocktail. Although the two radionuclides have different beta energy distributions, compatible
kB values would generally be expected for the same cocktail if the fitted parameter represented
only the intrinsic ionization quenching properties of the scintillator and if the efficiency model
fully described the detector response. This consistency is observed for the CTDCR-SU system,
whereas for the other counters the kB values obtained for the !*C and *H sources are not
compatible within their stated uncertainties. No correlation between the detector’s efficiency
and the estimated kB value could be observer from the experimental data.

This result again indicates that the kB value evaluated by the efficiency variation proce-
dure may be influenced by factors beyond the intrinsic scintillator response. Possible con-
tributions include detector-specific optical response, PMT detection efficiency, photocathode
non-uniformity, differences in light collection, or limitations of the TDCR efficiency model.
Nevertheless, despite the differences in the determined kB values, the final activities estimated
with the compared TDCR counters remain coherent within about 0.2%. This suggests that, in the
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Figure 6.3: Efficiency variation of *C from measurements performed with the (a) TDCR-SU, (b) miniT-
DCR, (c) #TDCR and (d) CTDCR-SU system. The uncertainty bars represent only the statistical uncer-
tainty of the double-coincidence counting rates [150].

practical application of the TDCR model, changes in the evaluated kB may partly compensate
detector-specific response differences or model limitations, while still leading to consistent
activity estimates.

6.3 H LNHB source

Table 6.3 contains the efficiency variation results of the >H LNHB source with toluene+PPO
cocktail performed with TDCR systems. Figure 6.4 shows the results from which the value of
the kB parameter for each TDCR system was determined.

Table 6.3: Results obtained from efficiency variation measurements of *H LNHB source performed on
all TDCR systems. The values in the brackets are the standard estimated uncertainties.

Detector TDCR-SU miniTDCR  yTDCR  CTDCR-SU
kB (cm/MeV)  0.0165(6)  0.0140(4)  0.0140(4)  0.0142(3)
TDCR 0.499 0.643 0.740 0.768
e 0.5317(6)  0.6728(6)  0.7575(3)  0.7819(2)
er 0.2654(6)  0.4324(9)  0.5603(5)  0.6005(3)
FOM (ph.e”/keV)  0.965 1.501 2.231 2.579
A (Bq) 636.3(44)  635.9(45) 634.7(32)  634.3(32)
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Figure 6.4: Efficiency variations of the LNHB *H source from measurements performed with (a) TDCR-
SU, (b) miniTDCR, (c) gTDCR and the (d) CTDCR-SU system. The uncertainty bars represent only the
statistical uncertainty of the double-coincidence counting rates.

The results presented in Table 6.3 show very good agreement between the activities deter-
mined with the miniTDCR, yTDCR, and CTDCR-SU systems. The corresponding kB values are
also coherent, indicating that these systems provide compatible estimates of the ionization-
quenching parameter for the *H LNHB source in toluene+PPO. Yet again, the CTDCR-SU
system achieves the highest detection efficiency among the compared TDCR counters.

6.4 *C Amersham source

Table 6.4 shows the comparison between the efficiency variation results of the *C Amersham
source. It shows the results from which the value of the kB parameter for each TDCR system
were determined.
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Table 6.4: Results obtained from efficiency variation measurements of *C Amersham source performed
on all TDCR systems. The values given in brackets are the standard estimated uncertainties.

Detector TDCR-SU miniTDCR yTDCR CTDCR-SU
kB (cm/MeV)  0.0085(6)  0.0065(6)  0.0090(4)  0.0095(6)
TDCR 0.947 0.965 0.976 0.978
ep 0.9513(1)  0.9679(2) 0.9757(1)  0.9777(1)
er 0.9005(2)  0.9340(5)  0.9518(3)  0.9561(2)
FOM (ph.e” /keV) 0.777 1.141 1.783 2.005
A (Bq) 542.6(18)  542.0(16) 543.3(17)  543.1(15)
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Figure 6.5: Efficiency variation of *C from measurements performed with the (a) TDCR-SU, (b) miniT-
DCR, (c) yTDCR and (d) CTDCR-SU system. The uncertainty bars represent only the statistical uncer-
tainty of the double-coincidence counting rates.

The results presented in Table 6.4 show good agreement between the activities determined
with the different TDCR systems. The corresponding kB values are also coherent within
the estimated uncertainties. This level of agreement is expected for '*C, since its higher -
particle energies produce a larger scintillation light output than 3H. As a result, the detection
efficiencies are higher and the influence of differences between the TDCR systems becomes
less pronounced.

Taken together, the results presented in Table 6.1, Table 6.2, Table 6.3, and Table 6.4 demon-
strate that the activities obtained for the measured *H and '*C sources are coherent within
their estimated uncertainties for all TDCR systems. Although the counters differ in detection
efficiency and in the obtained values of the ionization quenching parameter kB, the TDCR
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model accounts for these differences through the experimentally determined TDCR ratios and
the corresponding calculated efficiencies which and delivers consistent activity estimates.

The observation that, the kB values obtained with different TDCR counters using the effi-
ciency variation method are not the same is still to be explained. Possible explanations could
be related to the underestimation of the kB value uncertainty or that it a consequence of the
correlation between the figure of merit and the estimated kB value. This point deserves a more
detailed study

6.5 21Am sources in Ultima Gold cocktails

Two 2! Am sources were prepared - one in Ultima Gold LLT and a second one in UltimaGold
AB scintillator. About 20 mL of scintillator were used for the preparation of each source. The
241 Am was in a 1 M HCl solution, therefore 0.2 mL of H,O was added to stabilize the source in
the Ultima Gold LLT cocktail. The sources and the respective blank samples were prepared
in high performance glass vials with aluminium foil lined caps to avoid evaporation. The low
energy gamma-rays emitted by the ! Am deposit small amount of energy in the scintillator
in comparison to the high-energy alpha particles and with a TDCR value close to unity, the
efficiency for double coincidence counting rate can be considered equal to the source activity,
i.e. ep = 1 with an uncertainty of 0.4% [167]. Table 6.5 contains the results obtained with each
system.

Table 6.5: Comparison of results obtained from the measurements of **! Am performed on all TDCR
systems. The values given in brackets are the standard estimated uncertainties.

Cocktail Detector TDCR-SU miniTDCR pTDCR  CTDCR-SU

UGAB  A(Bq) 1258.3(38) 1258.8(38) 1258.3(38) 1258.8(38)
UGLLT A(Bq) 1255.3(38) 1254.9(38) 1251.5(38) 1251.5(38)

Results presented in Table 6.5 show excellent agreement between the activities of the source
with the UG AB scintillator. The activities of the source with the UG LLT scintillator are also
within the estimated uncertainties but with somewhat worse agreement. The measurements of
the UG LLT sample with the g TDCR and the CTDCR-SU were performed 5 months after the
measurements with the TDCR-SU and the miniTDCR. During its storage, the UG LLT sample
could have undergone deterioration, explaining the heightened difference in the activities.

6.6 1*C in Ultima Gold AB scintillator

This *C sample was prepared from an acetone solution of a standardized '*C source (benzoic
acid). Approximately 1 mL of the solution was added to 15 mL of Ultima Gold AB (UG AB)
cocktail. The source was prepared in 20 mL low-diffusion polyethylene vials fitted with standard
plastic caps. Polyethylene vials were selected because their light-diffusing walls enhance the
collection of scintillation photons and thereby improve the detection efficiency (see Chapter 4).
A blank sample with the same chemical composition was prepared as well. The results are
presented in Table 6.6 and Figure 6.6.
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Table 6.6: Results obtained from efficiency variation measurements of *C in Ultima Gold AB scintillator.
The values in the brackets are the standard estimated uncertainties.

Detector TDCR-SU CTDCR-SU
kB (cm/MeV)  0.0085(6)  0.0080(6)
TDCR 0.889 0.959
€D 0.9059(1)  0.9609(1)
er 0.8051(1)  0.9212(2)
FOM (ph.e™ /keV) 0.385 1.017
A (Bq) 2427.0(50)  2428.6(40)
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Figure 6.6: Efficiency variation of *C in UGAB from measurements performed with the (a) TDCR-SU
and (b) CTDCR-SU system. The uncertainty bars represent only the statistical uncertainty of the double-
coincidence counting rates.

The results presented in Table 6.6 show good agreement between the activities determined
with the TDCR-SU and CTDCR-SU systems. The kB values obtained from efficiency variation
are also coherent within their uncertainties, indicating compatible estimates of the ionization
quenching parameter for “C in UG AB.

The CTDCR-SU system shows substantially higher TDCR, double-, and triple-coincidence
counting efficiencies. This is reflected in the larger FOM value, which is more than a 2.5
times higher than the value of the TDCR-SU, signifying the unmatched performance of the
CTDCR-SU.

6.7 ®3Ni in Ultima Gold scintillator

The ®*Ni sample was prepared from a 0.1 M HCI solution containing a NiCl, carrier. The stock
solution was diluted, and approximately 0.1 mL of the resulting solution was mixed with 15 mL
of Ultima Gold (UG) scintillation cocktail. The sample was prepared in a standard 20 mL glass
vial with aluminium-foil lined caps. The vial was wrapped with diffusive adhesive tape to
reduce the effects of internal reflection. A blank sample with identical composition was also
prepared. The results are presented in Table 6.7 and Figure 6.7.
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Table 6.7: Results obtained from efficiency variation measurements of ®*Ni in Ultima Gold scintillator.
The values in the brackets are the standard estimated uncertainties.

Detector TDCR-SU CTDCR-SU
kB (cm/MeV)  0.0110(6)  0.0105(4)
TDCR 0.712 0.872
ep 0.7101(1)  0.8616(9)
er 0.5054(2)  0.7515(8)
FOM (ph.e™ /keV) 0.484 1.331
A (Bq) 3702.3(74)  3702.9(37)
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Figure 6.7: Efficiency variation of ®*Ni in UG from measurements performed with the (a) TDCR-SU and
(b) CTDCR-SU system. The uncertainty bars represent only the statistical uncertainty of the double-
coincidence counting rates.

The results presented in Table 6.7 show excellent agreement between the activities determined
with the TDCR-SU and CTDCR-SU systems. The kB values obtained by applying the efficiency
variation method are also coherent within their standard uncertainties.

The higher efficiency of the CTDCR-SU system is clearly visible for this low-energy S-emitter.
Compared with TDCR-SU, the double-coincidence efficiency of the CTDCR-SU is higher by
about 18%, while the triple-coincidence efficiency is higher by about 33%. This improvement is
also reflected in the larger FOM value, which indicates a higher detected photoelectron yield
per unit deposited energy.

6.8 *°Fe in Ultima Gold scintillator

Two samples were prepared - *>Fe in Ultima Gold. The stock solution is 0.1 M HCI and the
carrier is FeCls. The source was prepared by dilution of the stock solution and about 0.7 g of it
was added to 15 mL of UG scintillator. The vials used were 20 mL glass vials with foil-lined
caps and the vial walls were, again, wrapped in diffusive adhesive tape. Its corresponding blank
sample was prepared with the same scintillator and chemical composition. The activity of the
samples was calculated using the code written by Ph. Cassette Fe55_6 using updated decay
data of 19 March 2024 [105]. The activity estimated using this code is presented in Table 6.8.
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Table 6.8: Results obtained from the measurements of >Fe performed with the TDCR systems. The
values in the brackets are the standard estimated uncertainties.

Sample Detector TDCR-SU miniTDCR pTDCR  CTDCR-SU Prep. method

Proba4 A (Bq) 1129.7(57) 1138.7(57) 1150.1(57) 1159.0(57) 1153(18)
Proba 4 e 0.3057(12) 0.4352(17) 0.6130(12)  0.7396(14) —

Results presented in Table 6.8 show that the determination of >°Fe activity might be influenced
by the detection efficiency of the TDCR system.

The CTDCR-SU system has the highest detection efficiency, which is about 60% higher than
that of TDCR-SU, about 41% higher than that of miniTDCR, and about 17% higher than that of
pTDCR. This high efficiency is a substantial advantage for >>Fe TDCR measurements.

The activity obtained with the two highest-efficiency systems, yTDCR and CTDCR-SU, are in
agreement within their uncertainties.In contrast, the result obtained with the lower-efficiency
TDCR-SU system is not consistent with the CTDCR-SU value or with the activity estimated from
the preparation method. It should be noted that the preparation-based activity was calculated
from the certified activity of the master solution, with reference date on 1 March 2018. The
certificate was issued by PTB with specific activity a = 572(9) kBq/g. The solution was prepared
by a defined mixture of a parent solution of known specific activity and a carrier solution. The
specific activity of the parent solution was determined by means of the TDCR method. At the
time of certification, older decay data for »Fe were used. Therefore, recalculating the activity
estimated by the preparation method using the newly evaluated decay data is expected to bring
this value even closer to the activity obtained with the CTDCR-SU detector. The miniTDCR
result is still not coherent with the activity estimated with the yTDCR and CTDCR-SU detectors,
but is within the uncertainty of the activity estimated by the preparation method. Overall, the
comparison demonstrates that the high detection efficiency of the CTDCR-SU system provides
a clear advantage for the activity determination of very low-energy radionuclides such as >°Fe.

The comparison presented in this chapter demonstrates that the TDCR channel of the
CTDCR-SU system performs consistently with the established TDCR counters available in the
MIL laboratory. For the investigated *H, *C, ®*Ni, and *°Fe sources, the activities determined
with CTDCR-SU were found to be consistent with those obtained using the other TDCR systems,
within the corresponding uncertainties. This agreement verifies the metrological capability of
the CTDCR-SU detector as an absolute liquid scintillation counting system.

The CTDCR-SU exhibits the highest detection efficiency among the compared counters. This
is a particularly important advantage for low-energy radionuclides, where the scintillation
light output is small and the activity determination becomes more sensitive to the detector
efficiency. The benefit is especially evident for **Fe, for which the high efficiency of CTDCR-SU
leads to improved coherence with the activity estimate by the preparation method.

These results confirm that the LS channel of the CTDCR-SU system is not only suitable for
TDCR measurements, but also especially well matched to its intended role in the Compton-
TDCR spectrometer. Its high detection efficiency is essential for measuring the scintillator
response at very low Compton electron energies, where only a small number of photoelectrons
is produced. The extensive comparison therefore establishes the TDCR channel of CTDCR-SU
as a metrology-grade detector and validates its use for the low-energy scintillator response
studies.
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Influence of accidental coincidence corrections on kB
determination by efficiency variation with grey filters

To the best of our knowledge, it was not studied whether this accidental coincidence correction
has any impact on the selection of the kB parameter when performing efficiency variation
measurements using grey filters. Because the counting rates vary when different grey filters
are used, it is pertinent to investigate how accidental coincidences influence the determination
of the kB value. This issue is especially important when evaluating the accuracy of previously
reported kB values obtained at a time when accidental coincidence corrections were not yet
available.

To explore this question, we re-examined experimental data collected with several TDCR
systems and a range of radionuclides. For each data set, the kB parameter was determined both
with and without applying analytical corrections for accidental coincidences. The outcomes of
these two approaches are then compared and discussed.

7.1 Systems and Measurements

The TDCR detection systems used in Sofia University are presented in Chapter 6. The systems
used in Laboratoire National Henri Becquerel (LNHB) are copies of the systems used in SU.

The data analysed in this work cover three radionuclides — *H, ®*Ni, and *C — measured in
different scintillation cocktails. Specifically, °H in a toluene-based cocktail was measured with
both the TDCR-SU and the miniTDCR-SU systems, while *H in Ultima Gold (UG) cocktail was
analysed using the LNHB miniTDCR detector. Measurements of *C in a toluene-based cocktail
were performed with the TDCR-SU and miniTDCR-SU systems, and ®*Ni in UG cocktail was
studied with the LNHB microTDCR device. The *H and *C samples from the Wallac RackBeta
standard set are described in Chapter 6. The *H and ®*Ni samples in UG cocktail were prepared
using 10 mL of scintillator in sealed glass vials, which were wrapped in diffusive tape to reduce
total internal reflection effects. It should be noted that the tape was replaced between the
measurement campaigns performed in 2022 and 2023.

The TDCR data collected using the nanoTDCR acquisition system were processed with
a dedicated software package — the TDCR analysis tool [119] — which allows the user to
enable or disable accidental-coincidence (AC) corrections. This program also incorporates the
TDCR17 code [168] to implement the TDCR evaluation procedure. Stopping-power values were
computed either using the ICRU 37 formulation with linear extrapolation below 100 eV [160]
or using the tabulated data of Tan and Xia [121] when available. The theoretical beta spectra
were generated with the BETASHAPE code, which accounts for atomic effects [169].

The required variation of detection efficiency for determining the kB parameter was achieved
by inserting grey filters, shown in Figure 6.1.

The analytical procedure for applying AC corrections followed the approach described in [18].
To examine the influence of the correction, each measurement was processed in two ways: first
without applying the AC correction and then with the AC correction applied. This was done
both for the radioactive source and for the corresponding blank sample.

The net counting rates were obtained by subtracting the blank counting rates from the
corresponding source counting rates. In this way, two sets of net counting rates were produced:
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one based on uncorrected source and blank data, and one based on AC corrected source and
AC corrected blank data. These two sets were then processed independently with the TDCR
analysis tool to determine the corresponding activity values and kB parameters.

Regarding acquisition settings, two coincidence resolving times were employed: 40 ns and
200 ns. The 40 ns window is widely used in TDCR activity measurements and represents a
widely used value in the LS community. The 200 ns window, on the other hand, was selected to
investigate whether collecting a greater fraction of the delayed scintillation component would
influence the measured TDCR values. The base dead-time settings were 40 ps for measurements
at SU and 50 ps for those conducted at LNHB.

7.2 Determination of kB for *H in a Toluene-Based
Cocktail Using the miniTDCR-SU System

The results of the efficiency-variation measurements are presented in Figure 7.1. As shown
in Figure 7.1 (a), the application of the accidental-coincidence correction does not affect the

determination of the kB parameter for the investigated source and coincidence resolving time.

Even when a finer step size is used for the kB variation (Figure 7.1 (b)), the values obtained
with and without applying the accidental-coincidence correction remain identical, yielding kB
=0.0136(2) cm/MeV.

7.3 Determination of kB for *H in Ultima Gold Cocktail
Using the miniTDCR-LNHB System

The efficiency variation results are presented in Figure 7.2, covering measurements performed
with coincidence windows of 40 ns and 200 ns. The findings indicate that the kB parameter
remains unchanged whether or not the accidental-coincidence correction is applied. Even
though the source activity in Figure 7.2 is 44 times larger than that in Figure 7.1, the influence

of accidental coincidences is still too small to noticeably modify the estimate of the kB value.

The kB parameter is 0.0122(10) cm/MeV for data collected with a 40 ns coincidence window

(Figure 7.2 (a)), and 0.0126(10) cm/MeV when the coincidence window is 200 ns (Figure 7.2 (b)).

7.4 Determination of kB for 1*C in a Toluene-Based
Cocktail Using the TDCR-SU System

The efficiency variation results of a 1“C in a toluene-based cocktail measured with the TDCR-SU
system are presented in Figure 7.3. These data indicate that, for 1*C, the kB parameter evaluated
without the accidental coincidence correction is consistent with the value obtained when the
correction is applied. In both approaches, the resulting kB value is 0.0090(2) cm/MeV.
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Figure 7.1: Efficiency-variation results for a *H sample in a toluene-based cocktail measured with the
miniTDCR system at SU (a), and reanalysed with a reduced kB step size (b) [164].
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Figure 7.3: Efficiency variation results for a 1*C sample in a toluene-based cocktail measured with the
TDCR-SU system at SU. The analysis is performed using a 40 ns coincidence window and a 40 us dead
time [164].
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Figure 7.2: Efficiency-variation results for a >*H sample prepared in UltimaGold scintillation cocktail,
measured with the miniTDCR system at LNHB. The data are analysed using coincidence resolving times
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of 40 ns (a) and 200 ns (b), with a base dead time of 50 us [164].
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7.5 Determination of kB for 3Ni in Ultima Gold Cocktail
Using the microTDCR-LNHB System

The results of the efficiency-variation analysis are presented in Figure 7.4. These data further
demonstrate that the contribution of the accidental-coincidence correction to the determina-
tion of the kB parameter is negligible; in both evaluation procedures, the obtained value is

0.0074(1) cm/MeV.
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Figure 7.4: Efficiency variation results for a ®*Ni sample in a Ultima Gold cocktail measured with the
microTDCR system at LNHB. The analysis is performed using a 40 ns coincidence window and a 50 us
dead time [164].

To sum up the analysis, Tables 7.1 and 7.2 report the doubles (D) and triples (T) counting
rates, the T/D ratio, and the corresponding activity (A), all evaluated using the determined kB
values. Table 7.1 refers to measurements acquired with a coincidence window of 40 ns, Table 7.2
corresponds to acquisitions performed with a 200 ns window. For both coincidence windows,
the results show that the magnitude of the accidental coincidence correction is smaller than
the statistical fluctuations of the measured counting rates.

A comparison of the kB values evaluated from efficiency variation measurements with
coincidence windows of 40 ns and 200 ns is presented in Table 7.3. For *H, the use of the longer
coincidence window leads, in most cases, to a lower evaluated kB value. A similar dependence

of the kB parameter on the coincidence window setting has also been reported previously [12].

This behaviour should not be interpreted as a physical change of the Birks ionization quenching
parameter.

The results also demonstrate that the determined kB values exhibit variations whose origin is
not yet understood. For a given source and scintillation cocktail, the kB depends on the TDCR
counting system but the estimated source activities remain consistent within the statistical
uncertainties (see Tables 7.1 and 7.2).

The influence of the analytical accidental coincidence correction on the coincidence counting
rates and estimated activity is small and remains within the statistical uncertainties and no
influence on the kB determination is observed. This conclusion, however, is conditional on the
tested measurement regime and should not be assumed to hold for other cocktails, activity
levels, dead-time settings, or alternative efficiency variation techniques. These findings do
not argue against applying the accidental coincidence correction. On the contrary, since an
analytical correction is available and can be implemented easily, its use should be regarded as
essential for TDCR data analysis [86].

The results presented in this chapter and the Compton-TDCR results presented in Section 5.3
indicate that further theoretical and experimental work is required to clarify the determination
of the kB parameter and to improve the understanding of ionization quenching within the
TDCR framework.
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Table 7.1: Comparison of double D and triple T coincidence counting rates, T /D ratio and activity A of
samples for 40 ns coincidence window acquisition [164].

Nuclide D, T, A,
Detector Cocktail Case s1 s71 T/D Bq
TDCR-SU 2022 SH  w/oAC 192.05(25) 87.67 (14) 0.456 (2) 389.2 (15)
kB=0.0144 cm/MeV toluene w AC 192.05 (25) 87.66 (14) 0.456 (2) 389.2(15)
% corr.  0.002 0.003 0.001 0.002
miniTDCR-SU 2022  *H  w/o AC 254.77 (19) 157.65 (20) 0.619 (1) 390.0 (9)
kB=0.0136 cm/MeV toluene w AC 254.77 (19) 157.65 (20) 0.619 (1) 389.9 (9)
% corr.  0.003 0.003 0.0003 0.003
TDCR-SU 2023 SH  w/oAC 206.19 (16) 101.55 (11) 0.493 (1) 386.4 (10)
kB=0.0130 cm/MeV toluene w AC 206.18 (16) 101.54 (11) 0.493 (1) 386.4 (10)
% COLT. 0.01 0.007 —0.002 0.003
miniTDCR-SU 2023  *H  w/o AC 268.25 (14) 176.23 (18) 0.657 (1) 389.7 (12)
kB=0.0132 cm/MeV toluene w AC 268.24 (14) 176.23 (18) 0.657 (1) 389.7 (12)
% corr.  0.003 0.004 0.001 0.003
miniTDCR-LNHB SH  w/oAC 8311(28) 3686 (25) 0.443 (8) 17295 (122)
kB=0.0122 cm/MeV UG wAC 8308 (28) 3683 (25) 0.443 (8) 17298 (122)
% COIT. 0.03 0.08 0.05 -0.02
TDCR-SU 2023 “C  w/oAC 1689(1)  1599(1) 0.947 (1) 1775 (3)
kB=0.009 cm/MeV  toluene wAC 1689 (1) 1599 (1) 0.947 (1) 1775 (3)
% corr.  0.002 0.002 0.0005 0.002
microTDCR-LNHB ~ ®Ni  w/o AC 2373 (3) 2003 (3) 0.844 (2) 2822 (16)
kB=0.0074 cm/MeV UG wAC  2373(3) 2003 (3) 0.844(2) 2822 (16)
% corr.  0.007 0.010 0.003 0.007
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Table 7.2: Comparison of double D and triple T coincidence counting rates, T /D ratio and activity A
for a 200 ns coincidence window acquisition [164].

Nuclide D, T, A,

Detector Cocktail Case s s7! T/D Bq
TDCR-SU 2022 SH  w/o AC 198.65 (26) 93.40 (16) 0.470 (2) 390.3 (14)
kB=0.0138 cm/MeV toluene w AC 198.63 (26) 93.38 (16) 0.456 (2) 404.5 (20)

% COIT. 0.008 0.016 0.007 0.004

miniTDCR-SU 2022  3H,  w/o AC 260.53 (21) 164.59 (23) 0.632(2) 390.0 (10)
kB=0.0128 cm/MeV  toluene w AC  260.49 (21) 164.55 (23) 0.627 (2) 394.2 (14)

%corr.  0.014 0.016 0.002 0.008
TDCR-SU 2023 SH  w/o AC 212.48 (17) 107.41 (12) 0.506 (1) 386.9 (13)
kB=0.0120 cm/MeV  toluene w AC 21238 (16) 107.32(12) 0.498 (1) 392.8 (18)

%corr.  0.04 0.03 0.010 0.018

miniTDCR-SU 2023  3H  w/o AC 273.66 (17) 183.15(18) 0.669 (1) 390.9 (13)
kB=0.0124 cm/MeV  toluene w AC 273.62 (18) 183.11 (18) 0.663 (1) 394.3 (14)
%corr.  0.02 0.02 0.003 0.009
miniTDCR-LNHB SH  w/oAC 8568 (30) 3890 (27) 0.454 (8) 17468 (133)
kB=0.0126 cm/MeV UG wAC 8555 (31) 3876 (27) 0.453 (8) 17482 (134)

% COrT. 0.15 0.37 0.23 -0.08
TDCR-SU 2023 “C  w/oAC 1693(1) 1606 (1) 0.949 (1) 1776 (3)
kB=0.0088 cm/MeV toluene wAC 1693 (1) 1599 (1) 0.947 (1) 1776 (3)
% COTT. 0.001 0.01 0.002 0

microTDCR-LNHB ~ ©Ni  w/o AC 2394 (3) 2013 (3) 0.848(2) 2833 (15)
kB=0.0074 cm/MeV UG  wAC  2394(3) 2001 (3) 0.848(2) 2835 (15)
%corr.  0.03 0.05 0.002 0.02

Table 7.3: kB values obtained from measurements using 40 ns and 200 ns coincidence windows
(CW) [164].

Nuclide kB for 40 ns kB for 200 ns
Detector system Cocktail CW, cm/MeV CW, cm/MeV

3

TDCR-SU 2022 toluI_eIne 0.0144 (3)  0.0138(3)
3

miniTDCR-SU 2022 toluI;:Ine 0.0136 (2)  0.0128 (2)
3

TDCR-SU 2023 toluI;:Ine 0.0130 (2)  0.0120 (1)
3

miniTDCR-SU 2023 tOluIéInel 0.0132 (3) 0.0124 (2)
3

miniTDCR-LNHB Ulé 0.0122 (10)  0.0126 (10)
14

TDCR-SU 2023 tolugne 0.0090 (2)  0.0088 (2)
63Ni

microTDCR-LNHB UG 0.0074 (1) 0.0074 (4)
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TDCR list-mode files

A major challenge in assessing the impact of the accidental coincidence correction on TDCR
measurement results and on the subsequent application of the TDCR method is the absence of a
reference (ground-truth) dataset against which the analysis can be validated. If such a reference
were available, it would be possible not only to quantify the differences between uncorrected
and corrected counting rates, but also to evaluate the residual deviation of the corrected rates
from the true values. It would also enable a systematic evaluation of how the TDCR model
performs on data analyzed with and without the accidental coincidence correction, and how
this choice propagates to the final activity estimate. Moreover, such a reference would provide
a more robust basis for investigating whether the accidental coincidence correction affects the
selection of the kB parameter.

To address these limitations, investigations of the effect of the accidental coincidence correc-
tion on kB selection were performed using MC code developed by K. Mitev to simulate list-mode
data files [170]. The principal advantage of applying the TDCR model to MC-simulated data
is the availability of a known reference (the MC truth), enabling direct comparison of the
estimated counting rates and activity with the corresponding simulated values. A detailed
description of the simulation concept and implementation, together with its primary appli-
cations, is provided in [170]. The generated list-mode files were analyzed using the cdt_logic
code developed by C. Dutsov [119].

The main objectives of this chapter are:

« to investigate the behavior of the accidental coincidence correction when the same
MC-simulated list-mode file is analyzed using different coincidence resolving times;

« to evaluate the activity obtained from the TDCR model and the associated kB selection
by comparison with the activity specified in the MC simulation.

Using the functionality of the code, two data set with different time distributions of the
pulses between the PMTs were simulated. The input parameters used in the two simulations
are the same, with the exception of the time-distribution width. The two time distributions are
a convolution of Voigt and exponentially modified Gaussian distribution. In the first case, a
realistic time distribution with parameters selected to resemble the time distribution between
pulses of a real *H acquisition. In the second case, an artificial, non-physical distribution
is adopted, with an extremely small width on the order of 107 s, included for verification
purposes. The parameters of these two distributions are given in Table 8.1.
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Table 8.1: Time distribution parameter values used in the simulations [170].

3H-like Narrow
Input name time distribution time distribution
Centroid of Voigt peak 0.0 0.0
Area of the Voigt peak 1.0 1.0
Gaussian Full Width Half Maximum (FWHM) 2.82E-9 2.82E-15
Lorentzian Half Widt Half Maximum (HWHM) 2.12E-9 2.12E—-15
Centroid of Gaussian peak 0.0 0.0
Sigma of Gaussian peak 2.82E-9 2.82E-15
Area of Gaussian peak 0.141 0.141
Left exp. parameter 0.0E0 0.0E0
Right exp. parameter 862E—9 862E—15

The two output files produced with the input parameters listed in Table 8.1 were evaluated for
several coincidence window settings, both with and without applying the analytical accidental
coincidence correction proposed in [18]. The corresponding results are shown in Figure 8.1. The
figure clearly indicates that a proper application of the TDCR method necessitates correction
for accidental coincidences.

For the simulation employing the narrow time distribution, the correction is highly effective:
once applied, all derived quantities agree closely with the Monte Carlo reference values (Fig-
ure 8.1 (b)). In contrast, for the simulation based on the realistic *H-like time distribution, the
correction performance depends on the coincidence-window width. Specifically, agreement
improves for larger coincidence windows and deteriorates for smaller ones (Figure 8.1 (a)),
most likely as a consequence of missed events when narrow coincidence windows are used.
Nevertheless, as summarized Table 8.2, the TDCR method appears to mitigate the impact of
missed events in the final activity determination.
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Figure 8.1: Relative deviation between the simulated reference values and the calculated results as a
function of the coincidence window (CW), for the realistic (Figure 8.1 (a)) and narrow (Figure 8.1 (b))
time distributions. Filled and open symbols denote results obtained with and without the accidental
coincidence correction, respectively.

109



Study of kB selection with Monte Carlo simulated TDCR list-mode files

Table 8.2: Comparison of Monte Carlo (MC) simulated and estimated counting quantities for two
time-distribution cases [170].

SH-like time distribution Narrow time distribution
Variable MC simulated Estimated A MC simulated Estimated A
A, cps 10680 10612  0.6% 10680 10682 —0.01%
B, cps 11914 11856 0.5% 11914 11915 -0.01%
C, cps 10619 10547 0.7% 10619 10620 —-0.01%
AB, cps 6365 6262 1.6% 6365 6369 —-0.05%
BC, cps 6221 6116 1.7% 6221 6225 —0.06%
AC, cps 5677 5568 1.9% 5677 5681 -0.07%
T, cps 4370 4248 2.8% 4370 4374 —0.09%
D, cps 9523 9450 0.8% 9523 9527 -0.04%
T/AB 0.687 0.678 1.2% 0.687 0.687 —0.03%
T/BC 0.703 0.695 1.1% 0.703 0.703 -0.02%
T/AC 0.770 0.763 0.9% 0.770 0.770 —0.02%
T/D 0.459 0.450 2.1% 0.459 0.459 -0.05%
Activity, Bq 19022 18998 0.1% 19022 19014 0.04%

Another application of the code is to demonstrate the role of accidental coincidence correction
in the selection of the kB value in TDCR counting. Following the analysis of the list-mode files
from the preceding example, the TDCR17 code [168] is applied to estimate the source activity
for a range of kB values. The results for the narrow time distribution are presented in Figure 8.2.
They show that, when the raw data are analyzed without correcting for accidental coincidences,
the activity estimates exhibit a pronounced spread at each kB value, thereby complicating the
identification of the appropriate kB (Figure 8.2 (a)). In contrast, once the accidental coincidence
correction is applied, this spread is effectively removed and the correct kB value (0.012 cm/MeV
in this case) can be readily identified (Figure 8.2 (b)).

A similar trend, albeit less pronounced, is observed for the 3H-like time distribution Figure 8.3).
The analysis of uncorrected data shows comparable dispersion in the deviations from the Monte
Carlo reference for each kB value (Figure 8.3 (a)). Applying the accidental coincidence correction
reduces the spread only modestly - most notably for larger coincidence windows - while a
substantial dispersion remains (Figure 8.3 (a)). Notably, the correction has little influence on the
40 ns and 100 ns data points, whereas it markedly improves the clustering of results obtained
with longer coincidence windows.

A plausible explanation is suggested in Figure 8.1 (a). For small coincidence windows, the
T/D ratios corrected for accidental coincidences exhibit a significant bias. In contrast, for larger
coincidence windows, the corrected T/D ratios do not show a comparable bias relative to the
Monte Carlo values, even though the absolute number of accidental coincidences is higher.
This behavior likely underlies the tighter grouping of points observed in Figure 8.3 (b) for
CW > 200 ns. The TDCR method appears to compensate for the effect of missed events in the
final activity determination for a 40 ns coincidence window and kB =0.012 cm/MeV for the
narrow distribution and kB =0.010 cm/MeV for the *H-like distribution.
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Figure 8.2: Relative deviation between the simulated reference activity and the calculated activity as
a function of kB for the narrow time distribution, evaluated for several coincidence window settings,
without (Figure 8.2 (a)) and with (Figure 8.2 (b)) accidental-coincidence correction [170].
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Figure 8.3: Relative deviation between the simulated reference activity and the calculated activity as
a function of kB for the 3*H-like time distribution, evaluated for several coincidence window settings,
without (Figure 8.3 (a)) and with (Figure 8.3 (b)) accidental-coincidence correction [170].

Two pulse-time distributions were investigated: an artificially narrow distribution and a
realistic *H-like distribution. For the narrow distribution, the estimated counting rates agreed
well with the Monte Carlo reference after applying the accidental coincidence correction. For
the realistic H-like distribution, larger deviations were observed at short coincidence windows,
mainly due to missed true coincidences. The analysis code was validated and the importance
of applying accidental coincidence correction was verified.

The simulations also showed that accidental coincidence correction can influence the de-
termination of the kB parameter, although the strength of this effect depends on the time
distribution and the coincidence window width. The effect was clear for the artificial narrow
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distribution, whereas for the realistic *H-like distribution it was weaker and mainly improved
the grouping of activity estimates for longer coincidence windows. Thus, the study confirms
the usefulness of accidental coincidence correction, but also shows that the determination
of kB remains a complex issue. Even with Monte Carlo reference data, the question of an
unambiguous kB determination in TDCR measurements cannot be considered fully closed.
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9 Conclusions & Outlook

The main objective of this thesis was to develop, validate, and apply a Compton-TDCR spec-
trometer for the experimental determination of the low-energy scintillation response of liquid
scintillators. A new detection system was constructed at Sofia University, combining a three-
PMT TDCR counter with an n-type planar HPGe detector for the energy selection of Compton-
scattered photons. The system enables the scintillation light output to be measured for Compton
electrons of known energy and therefore provides direct experimental characterization of the
low-energy region that is most important for TDCR efficiency calculations.

The significance of this result lies in the fact that TDCR activity measurements, especially
for low-energy f-emitting and electron-capture radionuclides, rely on an accurate description
of the non-linear scintillator response. In TDCR efficiency calculations, this response is usually
represented by the Birks’ formula and a value of the ionization quenching parameter kB
determined by efficiency variation. The Compton-TDCR spectrometer was successfully applied
to the characterization of the light response of toluene+PPO, Ultima Gold AB, and Ultima
Gold scintillation cocktails in the low-energy region of approximately 3-6 keV. The Compton-
TDCR measurements demonstrated that experimentally measured response curves can be
fitted with Birks’ function and that the resulting kB values are consistent with values obtained
independently by TDCR efficiency variation for the investigated scintillator-radionuclide
combinations. This agreement confirms that the developed Compton-TDCR spectrometer
provides physically meaningful scintillator-response data and validates its use as an independent
experimental tool for studying ionization quenching in liquid scintillators.

The comparison between different TDCR counters showed that the estimated activities can
agree within their uncertainties even when the evaluated kB values are not fully consistent.
In principle, the ionization quenching parameter should characterize the scintillator response
and should therefore not depend on the particular TDCR counter used for the measurement,
provided that the same scintillator composition, decay data, and modelling assumptions are
applied. The observed differences in the evaluated kB values therefore indicate that the de-
termination of this parameter may be sensitive to features of the detection system and the
assumptions used in the efficiency model that are not yet fully understood. However, the fact
that the corresponding activity values remain consistent demonstrates that the TDCR efficiency
calculation can still provide reliable activity estimates, even when the selected kB value is not
identical across different detector systems.

Dependence of the evaluated kB value on the coincidence window width is was observed.
From the efficiency variation of the 3H sources, the kB values determined for a 40 ns coincidence
window was systematically higher than those obtained with a 200 ns window. The same
was observed in the Compton-TDCR measurements, where scintillation response acquired
with different coincidence windows led to different fitted kB values. This indicates that the
coincidence window changes what part of the scintillation emission contributes to the measured
signal. A short coincidence window is dominated mainly by the prompt scintillation component,
whereas a longer window also increases the contribution of the delayed fluorescence. Since
Birks’ formula describes ionization quenching of the prompt scintillation response and does
not explicitly account for delayed emission or the full scintillation kinetics, kB values obtained

113



Conclusions & Outlook

with longer coincidence windows should be interpreted as "effective”, acquisition-dependent
parameters.

A central limitation of the TDCR approach for low-energy radionuclides is the reliance
on a parametric description of non-linearity. The Compton-TDCR measurements indicate
that the obtained kB values are correlated with the intrinsic scintillation efficiency, implying
that multiple parameter combinations can describe the same experimental curve. A practical
mitigation is to use the experimentally determined response function directly in the TDCR
model. This direction naturally connects to zero-model concepts such as ZoMBieS, where
the PMT detection efficiency curve as a function of the energy deposited in the scintillator is
measured experimentally and is approximated with appropriate function without necessarily
having a physical meaning. Work on the implementation of the ZoMBieS method has begun
and in its current state shows promising results.

The preparatory PMT studies were also essential to the reliability of the developed spec-
trometer. The Hamamatsu R331-05 PMTs selected for the TDCR channel were shown to have a
sufficiently uniform response over most of the effective photocathode area, supporting their
use in the LS channel of the Compton-TDCR system. The broader study of PMT photocathode
response demonstrated that spatial non-uniformity can increase the uncertainty of TDCR
efficiency estimates, particularly under low light conditions. This is important for low-energy
radionuclides and for efficiency variation measurements, where the detected number of photo-
electrons is small. The observation that PMT defocusing can increase spatial non-uniformity
shows that defocusing is not a good way of reducing detection efficiency, because it may change
the spatial distribution of photon detection probability of the system.

The TDCR performance of the new system was also confirmed through comparison with
established TDCR counters using 3H, 14C, %3Ni, and °Fe sources. The activity values obtained
with the Compton-TDCR channel were consistent with those obtained using the other systems,
demonstrating that the detector operates reliably as a primary liquid scintillation counter. The
new system exhibited the highest detection efficiency among the compared counters. This result
is particularly significant for the main objective of the thesis, because low-energy Compton
electrons produce only a small number of detected photoelectrons. The high efficiency of the
TDCR channel therefore makes the Compton-TDCR system especially suitable for studying
scintillator response at very low deposited energies.

The investigation of accidental-coincidence correction clarified the conditions under which
this correction affects TDCR efficiency calculations. For the experimental efficiency variation
measurements performed at moderate activities, the analytical correction produced no changes
in the evaluated kB values compared with their uncertainties. Monte Carlo list-mode simulations
showed that the correction can strongly influence the kB selection for an artificially narrow,
non-physical time distribution, whereas for a realistic *H-like time distribution the effect is
more limited and mainly improves the grouping of estimated activities at coincidence windows
larger than 100 ns. It was shown that the accidental-coincidence correction is an essential part
of accurate TDCR analysis, especially for high counting rates and long coincidence windows.

The thesis also demonstrated the applicability of TDCR counting beyond the Compton-
TDCR development through the primary standardization of #**Rn in water. A practical source-
preparation procedure was implemented, and TDCR measurements were used to prepare
standardized radon-in-water sources. These sources were then used to calibrate secondary
instruments, thereby providing a traceability chain for routine radon-in-water measurements.
This application confirms that the TDCR methodology developed and used in the thesis has
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direct relevance for practical radionuclide metrology and environmental radioactivity measure-
ments.

Scientific contributions, for which the author has a leading role, are:

Design, assembly, and commissioning of a Compton-TDCR system for low-energy
scintillator-response measurements; geometric characterization of the nHPGe detector
for Monte Carlo modelling; optimization of the setting of the coincidence acquisition
chain; validation of the TDCR channel using low-energy f emitters and an electron-
capture radionuclide through cross-comparisons with established TDCR systems.

Measurement of scintillator response in multiple scintillator-radionuclide combinations;
development of analysis software for fitting Birks’ ionization quenching function; com-
parison of Compton-TDCR kB estimates with those obtained from efficiency variation
measurements.

Analysis of TDCR efficiency variation data for *H, 1*C, and ®*Ni liquid scintillation sources
with and without analytical accidental coincidence correction; analysis of Monte Carlo
generated list-mode files to benchmark accidental coincidence corrected and uncorrected
results against the Monte Carlo ground truth; demonstration of the conditions under
which accidental coincidence correction is critical for accurate counting rate estimation
and for robust kB selection.

Development and validation of an automated scanning-stage system for measuring
PMT photocathode response; measurement of five PMTs and concurrent monitoring of
heat transfer from the high-voltage divider; demonstration that PMT defocusing can
substantially increase non-uniformity and may therefore be unsuitable (or require strict
validation) as an efficiency-variation technique in TDCR counting.

Implementation of TDCR counting for the primary standardization of ?**Rn-in-water in
the MIL laboratory and calibration of secondary instruments.
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Application of TDCR counting to measuring “**Rn in A
water

Radon-222 is widely regarded as the most significant natural radioisotope in terms of radiologi-
cal impact on human health. According to [171], exposure to 22’Rn and its short-lived progeny
in indoor air constitutes the leading cause of lung cancer among non-smokers.

In residential environments, the dominant entry pathway for radon is migration from soil
gas into buildings. Radon dissolved in drinking water has also been recognized as a public
health concern [172]. Because **Rn readily transfers from water to air during agitation and use,
routine consumption and household use of radon-bearing water can elevate indoor radon levels.
Consequently, several countries have introduced reference levels for radon in drinking water.
Within the European Union, the reference level for 222Rn in water is 100 Bq/L [173], whereas
the United States Environmental Protection Agency specifies a level below 148 Bq/L [174].

Liquid scintillation counting is among the most commonly applied techniques for measuring
222Rn in water. Calibration of this method has typically relied on standardized #°Ra solutions.
However, this approach has notable limitations, primarily because 2!°Pb gradually accumulates
in the radium solution as it ages [175]. The resulting ingrowth can interfere with liquid-
scintillation sample measurements and complicate the establishment of a robust and reliable
calibration.

Primary standardization of 222Rn by TDCR counting was first proposed in 2006 by Cassette
et al. [19]. This approach avoided technical difficulties associated with calibrating liquid-
scintillation sources prepared from 2°Ra solutions in equilibrium with 222Rn. [176, 175]

A primary standard for radon in water [177] was established at LNHB and implemented a
dedicated production system to generate radon-in-water samples with concentrations traceable
to the primary radon standard [178]. The proposed approach largely eliminates sampling-
related radon losses and the associated variability in measurement results [177]. Comparisons
have shown that the specific activity determined by the TDCR method is consistent with
the primary standard and agrees with measurements performed using a commercial liquid
scintillation counter. [177].

The method described in [19] relies on measuring liquid-scintillation samples in which **Rn
is in radioactive equilibrium with its short-lived progeny. In the #*’Rn decay chain, three
nuclides emit & particles (***Rn, 28Po, and ?!*Po), while two progeny (**Pb and ?'*Bi) are
high-energy f emitters. Secular equilibrium of the chain down to 21°Pb (T}, = 22.2 years) is
established after approximately 5 hours.

Because 2*Po has a very short half-life (162.3(12) ps), its decay may occur within the detector
dead time that follows a 2*Bi decay. This effect lowers the effective detection efficiency for
214Po [19]. The corresponding counting rate obtained during the live time and including the
correction for 21*Po decays occurring during the detector dead time 7, is given in [19]:

R= E222Rn Szzan Azzan + E218p, SZISPO A218P0 + E214p} Sz“Pb A214pb

+ £214p; Se1ap; Aviap; + E214p, S21apy Azap, e~ ipo T (A1)

where ¢ denotes the detection efficiencies of the respective radionuclides - equal to 100%
for the a emitters and approximately 100% for the high-energy f emitters, S represents the
corresponding emission probabilities, and A the radionuclides’ activity.
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By considering the activity relationships between ?*Rn and its progeny under secular
equilibrium [179]:

A A Asiap; A
P — 1,001, =P = 1,005, =Bl = 1,009, =2 = 1.009. (A.2)
222Rn 222Rn 222Rn 222Rn
Equation (A.1) can be expressed in the form
R= Azzan(Z.()Ol +1.005 e214pp, + 1.009 ezt + 1.009 e 214po T), (A.3)

where the numerical coefficients follow from the secular equilibrium activity ratios.

Within the TDCR, the detection efficiencies of the f emitters (*!*Pb and 2!*Bi) can be com-
puted from their corresponding S-energy spectra. Since these efficiencies are close to unity, the
inferred activity is only weakly dependent on the choice of the kB parameter. By contrast, an
accurate determination of the #’Rn activity requires the correction for !*Po decays occurring
during the detector dead time [19].

For the purposes of absolute standardization of 222Rn in water, a dedicated radon222 code
to calculate the detection efficiencies in TDCR counting has been developed by P. Cassette. As
input, radon222 requires the 8 spectra of 2Bi and 2!*Pb, the TDCR value of the measurement
and the detector dead time. The f spectra are derived from Monte Carlo simulations of the
energy deposited in the liquid scintillator using the PENELOPE code [180], with initial -
emission spectra generated by the BETASHAPE code [104]. The outputs of radon222 are the
detection efficiencies of 22Rn for double- and triple-coincidence counting.

TDCR counting is generally not optimal for the quantification of low-activity samples;
however, it is well suited for the primary standardization of high-*Rn activity water sources.
Such standards can subsequently be used to calibrate detectors intended for measurements at
or below regulatory reference levels.

In the MIL laboratory, a series of LSC sources with progressively decreasing ??Rn concen-
trations in water was prepared and standardized using two TDCR systems. These sources were
then employed to calibrate a Wallac RackBeta 1219 liquid scintillation counter for low-activity
measurements and an HPGe detector.

A detailed description of the source preparation is given in [181]. In short the process is as
follows:

« using a pump, circulate *’Rn air and dissolve part of it in a water 10 L tank;

+ mix six different ratios of the radonated and distilled water in 2 L bottles, resulting
in water with different specific activity. One of the bottles was filled with undiluted
radonated water. The bottle with the highest activity is labeled 6’ and the bottle with the
lowest activity is labeled "1°. The same labeling principle was used for the LSC samples;

« prepare LS sources in 20 mL high performance glass vials (Perkin Elmer) with 10 mL of
water from the 2 L bottles and approximately 14 mL of UltimaGold LLT LS cocktail. Two
LS sources with the highest activity water were prepared in order to check reproducibility.
After mixing, water and cocktail result in a homogeneous phase and most of the Rn is
transferred to the cocktail.

Two TDCR systems were employed in this study — the TDCR-SU and the miniTDCR with
the CAEN DT5751 digitizer (see Chapter 6 for more details on the systems). The dominant
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contributions to the uncertainty associated with the calculated specific activity are given
in Table A.1.

Table A.1: Uncertainty budget of the specific activity measurement [181].

Relative standard

Uncertainty component uncertainty, %
Counting rates 03-0.7
kB parameter 0.001
Po-214 half-life 0.04
TDCR value 0.05
Spectrum calculation 0.6
Weighing 0.1
H,0 density 0.1
Final value 0.7 - 1.0

All LS samples were measured using both TDCR systems, with the exception of the vials
with the highest activities which were measured with only one TDCR counter.

For most samples, measurements were performed on two consecutive days (named 'Meas 1’
and 'Meas 2’) with the two TDCR systems. Repeating the measurements verified the stability
of the LS cocktail and confirmed that radon loss by diffusion from the cocktail to the air in the
vial was not significant. The corresponding results are summarized in Table A.2.

Table A.2: Volume activity A (Bq/L) of the LSC samples obtained from two consecutive measurements
with the TDCR-SU and miniTDCR systems; values are reported with standard uncertainties in parenthe-
ses [181].

TDCR-SU: A;,Bq/L miniTDCR: A, Bq/L

Vial Meas.1 Meas.2 Meas. 1 Meas. 2

LSC1  1232(10) 1238(13) 1237(18 1226(12)
LSC2  2554(18) 2567(24) 2561(23 2553(23)
LSC3  3787(28

(10) (18)

(18) (23)

(28)  3791(28) 3778(25)  3783(37)
LSC4  5129(47) 5136(32) 5127(32)  5111(43)
LSC5  6378(42) 6376(46) 6376(49)  6367(47)
LSC 6-1 7538(52)  7548(57) — —
LSC 6-2 — — 7525(52) —

Table A.2 show that, for each sample, the volumic activities obtained on the two measurement
days agree within their estimated uncertainties. Since the two measurements were performed
with more than 15 hour delay, the samples can be considered stable over one day period, with
radon largely retained in the liquid phase.

During the preparation procedure, the mass ratio of radonated water to distilled water was
determined for each 2 L bottle. If no radon loss occurred during preparation and storage, the
ratio of the measured volume activities of the corresponding LSC samples should therefore be
equal to the ratio of radonated-water masses used for their preparation. The measured activity
ratios and the corresponding mass ratios are reported in Table A.3.
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Table A.3: Ratios of LSC sample volume activities relative to LSC6-1, compared with the corresponding
radonated-to-distilled water mass ratios; relative standard uncertainties and the relative difference
between the two ratios are also given [181].

Sample /LSC6-1  Risc  Ure(Risc)  Rmass  Urel Rmass)  Rel. diff.

LSC5/LSCe6-1 0.845 1.0% 0.833 0.3% -1.4%
LSC4/LSCé6-1 0.680 1.0% 0.666 0.4% —2.1%
LSC3/LSCé6-1 0.502 1.1% 0.493 0.5% -1.9%
LSC2/LSCé6-1 0.340 1.2% 0.334 0.8% -1.9%
LSC1/LSCé6-1 0.164 1.3% 0.165 1.5% 0.5%

The relative differences shown in Table A.3 suggest a loss of activity in the undiluted 2 L
bottle (bottle labeled ’6’). A plausible explanation is that, when the bottle was filled only with
radonated water, no layer of distilled water was present at the bottom during filling. This may
have facilitated the transfer of ??2Rn from the water phase to the air volume in the bottle. In
contrast, in the diluted bottles, the radonated water was introduced below the surface of the
distilled water, reducing direct contact with air and therefore limiting radon loss.

The small positive deviation observed for the ratio LSC1/LSC6-1 is likely related to minor
spillage during preparation. Since this occurred for the bottle with the lowest activity, the
spilled liquid was predominantly distilled water, which would slightly increase the final activity
concentration and explain the observed positive difference.

The obtained specific activities and the comparison in the activity to mass ratios were used
in two ways:

« the Wallac RackBeta 1219 detector was calibrated for LS counting. The HPGe detector in
the same laboratory was also calibrated for measuring **?Rn-in-water in LS vial geometry;

« we updated our source preparation procedure to have small amount of distilled water in
each bottle and prevent activity loss.

These results demonstrate that TDCR-based standardization of >’Rn-in-water provides a
practical and metrologically sound basis for in-house calibration. The validated procedure has
now been transferred to routine practice in the laboratory and can be used in future calibration
campaigns for both LS counters and HPGe detectors, ensuring traceable measurements of 22Rn
activities in water.
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