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Recoil nuclei produce high ionization and excitation densities in organic scintillators leading to reduced
light yield via ionization quenching. To improve understanding of the relationship between organic
scintillator specific luminescence and the characteristics of the recoil particle, this work evaluates proton
and carbon light yield data using ionization quenching models over an energy range of tens of keV to
several MeV for protons and 1-5 MeV for carbon ions. Previously-measured proton and carbon light
yield data were examined for a variety of commercial and novel organic scintillating media: EJ-309, a
liquid with pulse shape discrimination (PSD) properties; EJ-204, a fast plastic; EJ-276, a PSD-capable
plastic; and a custom organic glass scintillator developed by Sandia National Laboratories. The canonical
model of Birks did not adequately describe the ionization quenching behavior. Models proposed by
Yoshida et al. and Voltz et al. provided a reasonable description of the proton light yield of a variety of
organic scintillators over a broad energy range, but additional work is needed to extend the models to
carbon ions. The impact of stopping power data was also investigated by comparing model predictions
using SRIM and PSTAR/MSTAR libraries, and the results show a significant discrepancy for carbon ions.
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1 Introduction

When protons or other heavy charged particles deposit energy
in organic scintillators, high excitation and ionization densities
result in a reduction in scintillation efficiency—a phenomenon
known as ionization quenching. While extensive research has
been conducted on the response of organic scintillators to
recoil nuclei,"™® there remains disagreement regarding the
impact of the nature of the ionizing particle on the specific
luminescence. The canonical Birks model is often used to
describe the ionization quenching effect though it has failed
to predict the scintillation response at low recoil energies and
for particles of different charge.'* For example, von Krosigk
et al. performed a simultaneous measurement of « particle and
proton quenching in a linear alkylbenzene scintillator and
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showed that the measured « and proton light yield relations
cannot be well described using the same Birks parameter.'®
Yoshida et al. observed a similar phenomenon, where the Birks
model failed to describe the measured proton and carbon
quenching factors of the KamLAND liquid scintillator over
the energy range of 424 keV to 10.5 MeV.'® A variety of
extensions of the Birks formalism have been proposed to
address this challenge: the addition of a bimolecular quench-
ing term in the manner of Chou,'” separate consideration of
the electronic and nuclear components of the stopping power
by Hong et al.,'® and a model from Yoshida et al. wherein both
effects are considered in tandem.® Voltz et al. further posed a
theoretical expression for the specific luminescence that differs
notably from prior approaches, introducing a dependence on
the charge number of the ion.'® The Voltz et al. approach
features separate consideration of the prompt and delayed
components of the scintillation light with specialized treatment
of § rays.

In a recent study by Norsworthy et al.,*® the Birks law, an
adapted formulation of Voltz, and other empirical models were
used to fit measured proton light yield data of EJ-309, a liquid
organic scintillator with pulse shape discrimination (PSD)
properties. While agreement was obtained between the models
and measured data in the energy range of 1.15 to 5.15 MeV, the
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extrapolated proton light yield relations diverged wildly at
low energies.”® Using a proton beam with energies of 30 to
100 MeV, Poschl et al. recently measured ionization quenching
in two different plastic scintillating fibers, SCSF-78 and
BC-408.>' Several ionization quenching models were tested,
including those of Birks, Chou, and Voltz et al. examined in
this work. The authors concluded that none of the models
provided an accurate description of the data for both scintillat-
ing materials over the full energy range. Studies of multiple
ions in different scintillating media have further led to dis-
parate conclusions regarding the validity of theoretical models
of specific luminescence.'®'®** Additional research is needed
to understand and describe the response of organic scintilla-
tors to recoil nuclei over a broad energy range, important for
scintillation physics and applications.

The goal of this work is to evaluate the performance of
specific luminescence models for a variety of classes of organic
scintillating media and recoil ions over the fission neutron
energy range. Model parameters were obtained with covariance
to facilitate the use of these data for detector response model-
ing, neutron spectrum unfolding, kinematic neutron imaging,
and scintillation studies. Section 2 provides an overview of
the ionization quenching models examined in this work. In
Section 3, the Monte Carlo method for model parameter estima-
tion and uncertainty quantification is described. Though no
measurements were performed as a part of this study, an overview
of the evaluated experimental data and approach is provided for
context. Model parameter constraints and inputs are also
addressed. Section 4 shows the results of the models applied to
proton light yield data for the liquid EJ-309,% the fast plastic EJ-
204,>* the PSD-capable plastic EJ-276,>> and an organic glass
scintillator.>®*” Using proton and carbon light yield data for EJ-
309 and EJ-204, the models were further interrogated with regard
to their behavior as a function of the charge, showcasing the first
simultaneous fit of the proton and carbon light yield data of the
EJ-309 and EJ-204 organic scintillators. Additionally, the impact of
stopping power libraries on the model output was assessed.
Concluding remarks are given in Section 5.

2 Models

The first model of ionization quenching in organic scintillators
was proposed by Birks'**® and remains widely used today. In
the Birks model, the specific luminescence, defined as the light
output per unit path length of the recoil particle, is given by:

dE
AL e o
Ay gpdE
dx

where L is the light output, x is the distance traversed by the
. dE . -
recoil particle, and e is the specific energy loss. The absolute
X

scintillation efficiency, S, represents the fraction of energy
deposited by the particle that is converted to light in the
absence of quenching, and kB is collectively referred to as the
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Birks parameter, a constant characteristic of ionization quenching.
This approach treats ionization quenching as a unimolecular
phenomenon arising from temporary molecular damage and
neglects the potential effects of interactions between neighboring
excited and ionized molecules.*

The model of Chou'” extends the Birks relation to include a
bimolecular quenching term:

o i) @

dx dE dE\?Y
1+kB(a) +c(dx)

where C is the bimolecular quenching constant. This term
captures non-radiative de-excitation arising via interaction
between two excited molecules. For example, singlet-singlet
annihilation results in the transfer or pooling of electronic
energy from one excited scintillating molecule to another.*”

As an ion traverses the scintillating medium, energy loss
may occur through electronic and nuclear processes. Electronic
stopping (collisions between the heavy charged particle and
electrons in the stopping medium) leads to excitation and
ionization of scintillating molecules, whereas nuclear stopping
(collisions between the heavy charged particle and target
nuclei) leads primarily to energy loss and change of the direc-
tion of the ion.*° The nuclear stopping power becomes signifi-
cant at low energy where electronic excitation channels close.*
Hong et al.'® provided an additional extension of the Birks
model in which electronic and nuclear interactions (denoted by
the subscripts e and n, respectively) are treated separately:

dE dE
a > (E)JS“ (a)n

_ : 3)
dx 1-+k£%(§£) +an(§§>
dx /. dx/,

In this approach, energy deposited via electronic and nuclear
stopping may contribute differently to quenching effects or the
absolute scintillation efficiency. As the velocity of the heavy
charged particle goes to zero, there is a continual reduction in
the ionic charge. That is, there is some probability of charge
exchange with the medium, whereby the heavy charged particle
will capture and lose electrons. When atomic projectiles suffer
hard (wide deflection angle, small impact parameter) collisions
with other atoms, the electron shells deeply interpenetrate allow-
ing for electronic excitation and ionization.*” This mechanism
motivates the S,, term in eqn (3). The kB, term can be understood,
e.g., as energy transfer being sufficiently large in a nuclear collision
to cause an atom to be displaced from its normal site resulting in a
damaged molecule.*® In 2010, Yoshida et al.'® expanded upon the
Hong et al."® model to include the bimolecular quenching term:

dE dE
dz & (a)fs“ (a),
& 2 -9

dE dE dE
b kB (a)fc(a)i“*" (a)n
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Fig. 1 Illustration of a heavy charged particle track showing the core
(region of high ionization and excitation density) and penumbra (peripheral
region where energy deposition occurs via § rays).

While the above models provide extensions of the Birks
formalism, an alternate description from Voltz et al'® was
introduced that separately addresses the prompt and delayed
components of the scintillation light. According to amorphous
track structure theory (Fig. 1), the heavy charged particle track is
comprised of a narrow core of high ionization and excitation
density. In this central zone, prompt fluorescence occurs through
the de-excitation of singlet states. Delayed fluorescence arises via
triplet-triplet annihilation, the bimolecular interaction of triplet
excitons resulting in the production of an excited singlet state
and a singlet in the ground state.***> The core of the particle
track is surrounded by the penumbra, a peripheral region
wherein energy deposition occurs primarily via d rays, secondary
electrons with sufficient energy to leave the track core. In the
model of Voltz et al.,

dL dE dE dE
dE dE
+ Sta exXp (*Bta)’ (5)

where S; is the absolute prompt singlet scintillation efficiency, S;
is the absolute triplet scintillation efficiency, By is the singlet
quenching parameter, and B is the triplet quenching parameter.
Here, F; represents the fraction of singlet excitation arising from
d rays in the penumbra; the scintillation light generated by d-ray
interactions is treated as unquenched. The factor F is equal to
zero when E < MTy/4m, where M is the mass of the incident
particle, m is the mass of an electron, and T, is the minimum
energy required for an electron to escape the core of the particle
track. Otherwise,

1 In(4mE/MT,)
* 72 In(4mE/MI)’ (6)

where I is the mean excitation energy of the medium. If the
specific energy loss of the ionizing particle to the production of
d rays is well represented by the classical model of heavy charged
particle stopping, the function Fg can be shown to depend on
both the charge and stopping power of the ionizing particle."®

3 Methods

3.1 Experimental data

Specific luminescence models were fit to previously measured
proton and carbon light yield data, summarized in Table 1.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Scintillating media examined in this work

Scintillator Recoil particle Energy range (MeV)
EJ-309%%7 Proton 0.2-20
EJ-204™ Proton 0.05-5
EJ-276% Proton 0.17-4.9
Organic glass® Proton 0.05-20
EJ-309%¢ Carbon 2-5
EJ-204%¢ Carbon 1-4
= ls/a' T2 o=
&= | \ Du—

Fig. 2 Representative experimental setup for double time-of-flight light
yield measurements. The incident neutron beam travels from left to right.
The scintillator to be characterized is placed in the neutron beam with an
array of organic scintillators surrounding the target.

For the EJ-309, EJ-204, and the organic glass scintillator, the
proton light yield data evaluated in this work were derived
from multiple independent experimental measurements for
each material with different dynamic ranges. The light yield
measurement approach employed a double time-of-flight (TOF)
technique.'®*° A representative experimental setup is shown in
Fig. 2. In brief, a broad spectrum neutron beam is made
incident on a target scintillator, which is surrounded by an
array of observation detectors. The incoming and outgoing
neutron energies are measured using TOF and the particle
recoil energy is obtained via elastic scattering kinematics.
Given the known scattering angle, this approach provides a
kinematically over-constrained system by which to obtain the
proton and carbon light yield on an event-by-event basis over a
broad range of energies.

3.2 Light output unit

Given the challenges associated with accurate measurement of
the absolute photon yield of organic scintillators,*®*° it is
common practice to report the scintillator light output relative
to the light produced by a recoil electron of known energy.*
This is often accomplished using one or more sealed y-ray
sources and a MeV electron-equivalent (MeVee) light unit,
where the electron light yield is assumed to be linear above a
given threshold.*" However, recent studies have shown a non-
proportionality in the electron response of organic scintillators
over a broad energy range.**** As such, the measured light
output for the various datasets examined in this work was
expressed relative to the light produced by a 477 keV electron.
The responses of the photomultiplier tubes used for the pre-
sented measurements were also measured and scintillation
signals were corrected for any observed nonlinearity.

3.3 Parameter constraints

The absolute scintillation efficiency, S, in eqn (1) and (2)
represents the fraction of energy deposited by an unquenched
particle that is converted to light, where the remainder of the

Mater. Adv.,, 2022, 3, 5871-5881 | 5873
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energy deposited is dissipated through non-radiative processes.
For a light unit defined relative to the light produced by a
0.477 MeV electron, S would equal 1/0.477 if the electron were
an unquenched particle. Given contributions from Cherenkov
light*® and observations of electron light quenching in organic
scintillators at low recoil energies,**™** the S parameter in the
Birks and Chou models was allowed to vary about the nominal
value by a conservative 20%. Cases for which the bound was
reached will be discussed in further detail. For the Hong et al.
and Yoshida et al. models given in eqn (3) and (4), respectively,
both S. and S, were bounded about the nominal value. The S,
bound is motivated by electron-nucleus collisions that give rise
to excitation and ionization via resonant electron scattering
and attachment at low energy and pseudo-photoabsorption/
ionization at high energy.*® For the model of Voltz et al., the
absolute scintillation efficiency, S, was bounded. Here, S is
given by the sum of the prompt singlet and triplet scintillation
efficiencies (i.e., S = Ss + S, in eqn (5)). To facilitate model
fitting, the triplet scintillation efficiency was represented as
S¢ = R4S, where R4 corresponds to the fraction of the total
absolute scintillation efficiency represented by the delayed
component.

In the Voltz et al. model, the free parameter T, (see eqn (6))
corresponds to the minimum energy required for an electron to
escape the core of the particle track. As singlet excitation in the
penumbra does not occur for T, > 4mE/M, the model is
insensitive to increases in T, above this threshold. To constrain
parameter uncertainty, an upper bound was placed on the T,
parameter at 1 keV above the threshold. The bound was
determined independently for each material examined in this
work using the highest measured recoil energy.

3.4 Mean excitation energy

The mean excitation energy of the scintillating medium, I, is
used in the Voltz et al. model (see eqn (6)) to calculate the
fraction of singlet excitation produced outside of the particle
track. Values for this parameter were obtained using the Particle
Data Group library.*”*® For EJ-204, EJ-276, and the organic glass
scintillator, the mean excitation energy of polyvinyltoluene
(PVT) was used (I = 64.7 eV). For EJ-309, the value for xylene
was taken (I = 61.8 eV).

3.5 Stopping power libraries

Stopping power values (in units of MeV cm?” per mg) were
obtained using the Stopping and Range of Ions in Matter (SRIM)
software package.”® For each material, the stopping power of the
compound is given by the linear combination of the stopping
power of its atomic constituents.>® The atomic composition of
the organic glass was specified by the designer®' and that of the
commercial scintillating media were obtained from manufac-
turer specification sheets.?*”>* For the PVT-based plastic EJ-204,
stopping power tables were also generated using the PSTAR®
and MSTAR®? libraries. In this case, the material definition was
specified using ICRU-216, a vinyltoluene-based plastic scintilla-
tor studied in the International Commission on Radiation Units
and Measurements (ICRU) Report 49.>*

5874 | Mater. Adv., 2022, 3, 5871-5881
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A compound correction factor can be included in the SRIM
calculation to account for the effects of molecular bonding and
orbital and excitation structure. No compound correction is
suggested by SRIM for ICRU-216 or Pilot B (a commercial
plastic scintillator). As such, compound correction factors were
not applied for the stopping power libraries used in this work.

3.6 Parameter estimation and uncertainty quantification

Model parameter estimation was performed via y* minimiza-
tion using the SIMPLEX and MIGRAD algorithms from the
ROOT Minuit2 package.>® To propagate covariance arising from
analysis parameter uncertainties, model parameter estimation
was accomplished via Monte Carlo sampling of the analysis
parameters with N = 2000 trials. The analysis parameters
included the detector locations, TOF calibration constants,
and light output calibration constant.'® Each analytic para-
meter was sampled from a normal distribution with the stan-
dard deviation given by the estimated parameter uncertainty.
For each sample of analysis parameters, the mean proton recoil
energy and mean light yield, M;, were recalculated for each of
the 7 data points. The reduced light yield data from each Monte
Carlo trial were fit using a given quenching model via »>
minimization to obtain the model parameters and goodness-
of-fit in the form of the y* statistic:

~\2
P = ZW7 7)

where o; is the statistical uncertainty of the ith measured
datapoint and L; is the predicted light output from a given
model with vector of fitted model parameters .

The recommended model parameters were then calculated
using the method of Birge.”® That is, for each model parameter, a
weighted mean was obtained over the ensemble of fitted para-
meters:

N
i ;w,qﬁ/
p="1 )
2 W
j=1

where ¢ is the weighted mean model parameter estimate and ¢;is
the model parameter estimate of the jth trial. The weight of the jth
trial, wy, is given by:

1
NG

where 212 is the reduced chi-square statistic (i.e., y* per degrees of

)

Wy =

freedom) characterizing the goodness-of-fit of the jth trial. Similarly,
the weighted covariance of the model parameters was also com-
puted:

=

W/'((I)j - J)) X (lﬁj - '/;)

\
I

COVgy =

< (10)
2w
Jj=1
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4 Results and discussion

In Section 4.1, the specific luminescence models were applied
to describe the proton light yield of a variety of liquid, plastic,
and glass organic scintillators. Section 4.2 explores model
behavior as a function of the charge of the ionizing particle,
showcasing simultaneous fits of the EJ-204 and EJ-309 proton
and carbon light yield relations. The status of stopping power
data for protons and carbon ions in organic scintillating media
and the associated impact on model inquiry is explored in
Section 4.3.
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Fig. 3 (a) Specific luminescence models applied to EJ-204 proton light

yield data from Laplace et al.*! (b) Percent difference of the measured data
with respect to the model prediction. The error bars represent the 68.27%
confidence interval.
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4.1 Proton quenching

Fig. 3a shows the EJ-204 proton light yield data'' along with
model fits obtained using the SRIM stopping power tables.
Fig. 3b shows the deviation of the measured datapoints with
respect to the model prediction. Distributions of model para-
meters were generated by sampling a multivariate Gaussian
distribution constructed from the recommended model para-
meters and the associated covariance matrix using the ROOT
ROOFit package with 10000 trials.”” For the proton energy
corresponding to each of the measured data points, the light
yield predicted from the distribution of model parameters was
histogrammed. The median light yield value was used to
represent the model prediction and the error bars represent
the boundary within which 68.27% of the model predictions lie.
The Birks and Hong et al. models exhibit significant deviation
from the data at low energy; the S, S., and S, parameters
reached the upper bound of the parameter range discussed in
Section 3.2. If these parameters are allowed to vary beyond
physically-reasonable values, the goodness-of-fit remains poor
relative to the other models (see Table S1 in the ESI{). The
models of Chou, Yoshida et al., and Voltz et al. provide a better
prediction of the EJ-204 proton light yield data over the full
energy range, although only the Yoshida et al. model repro-
duces the data within uncertainty below 100 keV.

Model fits of the EJ-309, EJ-276, and organic glass proton
light yield are shown in Fig. S1-S3, respectively (ESIt). Table 2
provides the median reduced y” statistic from the Monte Carlo
distribution (see Section 3.6) along with the median absolute
deviation for each model and material. For all of the scintillat-
ing media examined in this work, the Birks and Hong et al.
models fail to provide an adequate description of the proton
light yield over the full energy range. The Chou and Yoshida
et al. models explicitly include a bimolecular quenching term
and perform notably better than the Birks and Hong et al.
models where this term is absent.

For the proton recoil energies examined in this study, the
amount of energy lost through nuclear stopping represents a
small fraction of the total energy loss (e.g., approximately 1.4%
for a 56 keV proton in EJ-204). As the contribution to the
specific energy loss from nuclear stopping decreases with
increasing recoil energy, the impact of nuclear stopping is even
less significant in the energy ranges covered by the EJ-309 and
EJ-276 proton light yield datasets, which extend to 200 keV and
170 keV, respectively (where the energy lost through nuclear
stopping represents approximately 0.5% of the total energy
loss). This low contribution from nuclear stopping hinders

Table 2 Model goodness-of-fit for proton light yield data. The values correspond to the median x? metric from the Monte Carlo distribution divided by
the number of degrees of freedom. The uncertainty is given by the median absolute deviation

Hong et al.

Yoshida et al.

Voltz et al.

Scintillator Birks Chou

EJ-204 (24202 + 2980)/31 (1878 =+ 674)/30
EJ-309 (52655 + 8844)/46 (2114 + 1618)/45
EJ-276 (9926 + 1777)/21 (156 + 56)/20
Organic glass (6725 + 1732)/52 (741 £ 206)/51

© 2022 The Author(s). Published by the Royal Society of Chemistry

(3219 + 1039)/29
(3459 + 1788)/44
(1238 % 300)/19
(1042 + 311)/50

(1282 + 701)/28
(1954 =+ 1549)/43
(204 + 76)/18
(342 + 152)/49
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(1411 + 671)/28
(1645 + 1412)/43
(90 % 16)/18
(371 £ 145)/49
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interrogation of the validity of the Hong et al. and Yoshida et al.
models.

Nonetheless, the Yoshida et al. and Voltz et al. models
consistently provide a reasonable description of the proton
light yield and exhibit physically-plausible behavior in the
low-energy extrapolation region. Model parameters along with
their covariances matrices are provided for EJ-204, in Tables S2
and S3 (ESIt); for EJ-309, in Tables S4 and S5 (ESIt); for EJ-276,
in Tables S6 and S7 (ESIt); and for the organic glass, in
Tables S8 and S9 (ESIt).

4.2 Impact of the nature of the heavy charged particle

For the EJ-204 and EJ-309 scintillators, carbon light yield data
are also available.*® These data enable testing of the models for
high stopping power values and with a higher relative contribu-
tion from nuclear stopping in comparison with proton recoils.
For example, a 1 MeV carbon recoil in EJ-204 loses approxi-
mately 5% of its energy through nuclear stopping. The results
of a simultaneous fit of the proton and carbon light yield data
are given in Fig. 4 and 5 for EJ-204 and EJ-309, respectively. The
goodness-of-fit for each model in the form of the median
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reduced y> statistic from the Monte Carlo distribution (see
Section 3.6) along with the median absolute deviation for each
model and material is provided in Table 3. Model parameters
and covariances matrices are provided for EJ-204 in Tables S10
and S11 (ESIY) and for EJ-309, in Tables S12 and S13 (ESIY).
For the EJ-204 proton and carbon light yield data, none of
the models examined in this work provide a reasonable descrip-
tion of both datasets simultaneously. The statistical uncertainty
on the proton measurements considered is significantly smal-
ler than that of the carbon measurements. This leads to model
predictions that agree significantly better with the proton data
than with the carbon data. For both the Birks and Chou
models, the S parameter reached the upper bound discussed
in Section 3.2. For the Hong et al. and Yoshida et al. models, the
S. parameter reached the upper bound (as well as the S,
parameter in the case of Yoshida et al.). For Voltz et al, the
total scintillation efficiency reached the lower bound. The
results are similar for EJ-309, with a more significant disagree-
ment with the carbon light yield data driven by the relatively
larger statistical uncertainties. In this case, the S parameter
reached the upper bound for the Birks model. Likewise, the S,

~~
o
~

—1— EJ-204

e Birks e

---- Chou

—— Hong )
| — — Yoshida A
— - Voltz < S

_
<

Light Yield [relative to 477 keV e]

i
1 10
Carbon Energy [MeV]
(d)
40¢
303 # Birks
S H & Chou
204 ¢ $ T Hong
& 10F ‘?i, i Yoshida
1 e b e bt i Voltz
S E L { X ; é L4 .
_I‘,§—10E 04 * .
%2_20: .........................
=} E ¥ L]
S| -30F
—40E
_50§ ......
-60— - ‘ b
1 10

Carbon Energy [MeV]

Fig. 4 Simultaneous fit of EJ-204 (a) proton and (b) carbon light yield data. Comparison of the models to the measured EJ-204 (c) proton and (d) carbon

light yield data.
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light yield data.

Table 3 Model goodness-of-fit for proton and carbon light yield data. The values correspond to the median %> metric from the Monte Carlo distribution
divided by the number of degrees of freedom. The uncertainty is given by the median absolute deviation

Scintillator Birks Chou Hong et al. Yoshida et al. Voltz et al.
EJ-204 (30446 + 2968)/43 (27630 + 2768)/42 (22885 + 2733)/41 (29093 + 3482)/40 (13171 + 1272)/40
EJ-309 (78778 + 10502)/54 (18727 + 3395)/53 (16913 + 3960)/52 (15778 + 2957)/51 (14720 + 3178)/51

parameter reached the upper bound for the Hong et al. and
Yoshida et al. models. If freed, the parameters converge
towards unphysical values and provide only marginally better
agreement with the data (see Table S14 in the ESIt).

Model improvements are needed to provide a reasonable
description of the specific luminescence of different recoil ions
and build confidence in extrapolations to both high and low
energies, and other heavy charged particles. The models of
Hong et al. and Yoshida et al. provide extensions of Birks and
Chou with separate treatment of the nuclear and electronic
stopping power, though they still do not fully describe the data
presented. Even at the lowest energies covered by the datasets
presented in this work, the contribution of nuclear stopping to
the total specific energy loss remains small. In consequence,

© 2022 The Author(s). Published by the Royal Society of Chemistry

the parameters associated with nuclear stopping in the Hong
et al. and Yoshida et al. models act as perturbations to improve
the goodness of fit.

While Voltz et al. offers a more physically-motivated descrip-
tion of the specific luminescence of organic scintillators, the
model does not adequately describe the data as a function of
the charge of the ionizing particle. Specifically, there may be
limitations in the approach with regard to the treatment of §
rays and delayed light. In the case of the former, the light
produced by & rays in the Voltz et al. model is treated as
unquenched (see eqn (5)). However, significant electron light
nonlinearity has been observed for liquid and plastic organic
scintillators suggesting quenching of the electron response
in the energy range relevant for these measurements.*> **>8
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For example, a 5 MeV proton can transfer a maximum of 11 keV
to an electron in a head-on collision. Assuming a proportional
electron response at 477 keV, electron light nonproportionality
measurements from Payne et al*’ suggest that an 11 keV
electron produces only 69% of the amount of light that would
be generated by an unquenched electron in EJ-204. With regard
to the delayed light, in the Voltz et al. approach, the amount of
delayed light decreases with increasing stopping power. How-
ever, the increased excitation and ionization density associated
with increased stopping power is expected to give rise to
increased delayed light—the mechanism underlying n/y pulse
shape discrimination. That is, delayed fluorescence is produced
via triplet-triplet annihilation, whereby the interaction of two
triplet excitons results in a molecule populated in a singlet state
and one left in the ground state. The probability for this
bimolecular interaction to occur increases with increasing
excitation density. In addition, the probability of triplet state
population through rapid ion recombination increases in like-
lihood with increasing ionization density through the Onsager
effect.”>> Given this, a more sophisticated treatment of the
delayed light taking into account the excitation and ionization
density distributions in the medium is required to accurately
describe the specific luminescence. Recent advances in track

structure modeling®®™®* provide a potential path forward.

4.3 Impact of stopping power libraries

Stopping power data are required input for the ionization
quenching models examined in this work. Fig. 6 shows the
stopping power of protons in PVT, a common plastic scintillator
base used in the EJ-204 formulation, obtained using the SRIM*°
and PSTAR®? packages. The only two measurements available in
the literature for proton stopping in PVT below 10 MeV are also
shown.®*®® The SRIM and PSTAR calculations are less than 3%
discrepant over the full energy range and within 2¢ of the
measurement of Sautter et al.’®® For the proton light yield data
examined in this work, the influence of the choice of stopping

1.2
—— SRIM
1 ----PSTAR
(5o & Sautter et al.

08 # Kloppenburg et al.

0.6

0.4

Stopping Power [MeVcem?/mg]

02F

Proton Energy [MeV]

Fig. 6 Proton stopping power in PVT as calculated by SRIM (black curve)
and PSTAR (red dashed curve) libraries. Only two measurements exist in
the literature from Kloppenburg et al. (filled blue squares) and Sautter et al.
(open pink circles).
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Fig. 7 Carbon stopping power in PVT as calculated by SRIM (black line)
and MSTAR (red dashed line) libraries. The electronic component of the
stopping power predicted by SRIM is shown in dot-dashed blue. No
measurements of the carbon stopping power in PVT have been published.

power library on the model parameters is less than the esti-
mated parameter uncertainty.

Fig. 7 shows the stopping power calculation for carbon ions
in PVT from the MSTAR™ and SRIM*® packages. The MSTAR
calculation includes only the electronic component of the stop-
ping power whereas the SRIM calculation provides both electro-
nic and nuclear stopping. The electronic component of the
stopping power, taken from the SRIM*° library, is also shown
in Fig. 7. No measurements of the carbon stopping power in
PVT are available in the literature. The models predict Bragg
peak positions for carbon ions in PVT at approximately 3 MeV
and 4.5 MeV for MSTAR and SRIM, respectively. The discrepancy
between the two stopping power models introduces significant
uncertainty in the adjudication of ionization quenching models
of the scintillation response to carbon recoils.

Despite the large discrepancy in the carbon stopping power
data, use of the MSTAR stopping power tables did not provide
improved agreement in the simultaneous fit of the EJ-204 and
EJ-309 proton and carbon light yield data relative to models

Light Yield [relative to 477 keV €]

— E1204

— - Voltz (SRIM) Ea

3

~ —— Voltz (MSTAR)

Carbon Energy [MeV]

Fig. 8 EJ-204 carbon light yield data along with Voltz et al. models
obtained via a simultaneous fit of EJ-204 proton and carbon light yield
using the SRIM and PSTAR/MSTAR stopping power tables.
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generated using the SRIM library. For example, the model of
Voltz et al. was further examined in a simultaneous fit of the
EJ-204 proton and carbon light yield data using the PSTAR and
MSTAR libraries. Fig. 8 provides a plot the EJ-204 carbon light
yield data along with Voltz et al. models generated using the
SRIM and PSTAR/MSTAR libraries. The model goodness of fit
using PSTAR/MSTAR (%> = (15223 4 1208)/40) is worse than that
obtained using the SRIM stopping power tables (7* = (13171 +
1272)/40) when the total scintillation efficiency is constrained.
In both cases, the model does not provide reasonable agree-
ment with the data, which introduces challenges in the com-
parison of the stopping power libraries.

5 Conclusions

The ionization quenching effect was explored via the application
of specific luminescence models to measured organic scintillator
proton and carbon light yield data. The canonical Birks model
and the model of Hong et al. failed to describe the proton light
yield data over a broad energy range, whereas the models of
Yoshida et al. and Voltz et al. consistently provided a reasonable
description of the proton light yield. Simultaneous fits of the EJ-
204 and EJ-309 proton and carbon light yield data demonstrated
poor generalization of the models for carbon ions, suggesting
that a more sophisticated treatment of the excitation and ioniza-
tion density distributions is required. Improvements to the Voltz
et al. model taking into account electron light nonlinearity and
addressing the dependence of the delayed scintillation compo-
nent on excitation and ionization density may provide a path
forward. Track structure based models also hold promise for
future work. The lack of experimental stopping power data in
common scintillating media, particularly for carbon ions, and
discrepancies in the carbon stopping power calculations from the
SRIM*® and PSTAR/MSTAR’>** libraries also introduces uncer-
tainties in probing ionization quenching model performance.
This work showcases the limitations of commonly used specific
luminescence models and provides recommendations on a path
forward for organic scintillator response modeling in basic
science and a broad range of applications.
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