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Abstract

An increase in light-collection efficiency (LCE) improves the energy resolution
of scintillator-based detection systems. An improvement in energy resolution
can benefit detector performance, for example by lowering the measurement
threshold and achieving greater accuracy in light-output calibration. This work
shows that LCE can be increased by modifying the scintillator shape to re-
duce optical-photon reflections, thereby decreasing transmission and absorption
likelihood at the reflector boundary. The energy resolution of four organic scin-
tillators (FJ200) were compared: two cones and two right-circular cylinders, all
with equal base diameter and height (50 mm). The sides of each shape had two
surface conditions: one was polished and the other was ground. Each scintillator
was coupled to the center of four photomultiplier tube (PMT) configurations
of different diameters. The photocathode response of all PMTs was assessed as
a function of position using a small cube (5 mm height) of EJ200. The worst
configuration, a highly polished conical scintillator mated to a PMT of equal
base diameter, produced a smeared energy spectrum. The cause of spectrum
smearing is explored in detail. Results demonstrate that a ground cone had
the greatest improvement in energy resolution over a ground cylinder by ap-
proximately 16.2% at 478 keVee, when using the largest diameter (127 mm)
PMT. This result is attributed to the greater LCE of the cone, its ground sur-
face, and the uniform photocathode response near center of the largest PMT.
Optical-photon transport simulations in Geant4 of the cone and cylinder assum-
ing a diffuse reflector and a uniform photocathode were compared to the best
experimental configuration and agreed well. If a detector application requires
excellent energy resolution above all other considerations, a ground cone on a
large PMT is recommended over a cylinder.
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1. Introduction

Organic scintillators are materials that produce optical photons following the
interaction of ionizing radiation [1]. Radiation detection systems that rely on
organic scintillators are used in a variety of fields, including but not limited to
medical physics, high-energy physics, nuclear nonproliferation and international
safeguards [2, 3]. These systems are typically comprised of a cylindrical scin-
tillator coupled to a light-readout electronic device, such as a photomultiplier
tube (PMT). The remaining surfaces of the scintillator are typically wrapped
in a diffuse reflector [4], such as polytetrafluoroethylene (PTFE) tape.

The performance of these systems is largely defined by their energy reso-
lution, which is influenced by the scintillator material, the light collection and
conversion process, as well as data acquisition and processing techniques. One
critical component to energy resolution is light-collection efficiency (LCE), which
is defined as the fraction of optical photons detected from scintillation. The to-
tal LCE depends on several factors including but not limited to: the number of
optical photons produced as a function of the energy deposited, re-absorptions
in the scintillator, and reflections at the scintillator-reflector boundary [2, 5].
LCE is additionally influenced by the non-uniformity of the photocathode in
the PMT [6, 7, 8, 9] and its low-peak quantum efficiency (QE) values (25-35%)
[2]. Typical LCE values for cylindrical scintillators coupled to a PMT with a
bialkali photocathode can range from 10 to 20% [2]. Greater LCE increases the
pool of statistical information per scintillation event available to the PMT so
that the energy deposition can be more accurately resolved.

One method for improving LCE is to modify the scintillator geometry to
reduce optical-photon reflections prior to detection. Each time an optical pho-
ton reflects at the scintillator-reflector boundary, its chance of detection at the

photocathode is probabilistically reduced by the increased likelihood of trans-
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mission or absorption in the reflector material. The total-reflectivity coefficient
(Rr) is influenced by the optical-photon wavelength, the reflector material, the
quantity and thickness of layers used, as well as the scintillator-surface treat-
ment. Experimentally measured Rt values have been reported as high as 0.95
[10]. The detection probability of a single optical photon is reduced by the R
raised to a power given by the number of times it reflects. Eq. 1 describes a
simplified analytical expression for optical-photon detection probability (Pg),
where the importance of reducing reflections (N) is emphasized. In reality, Eq.
1 includes additional factors that further reduce the Pq, for example the trans-
mission probabilities of the optical-coupling grease and PMT window, however
the greatest impact to the Py is QE, Ry, and N.

Py(N) = (QE/100%) * Ry (1)

Any increase in the Py will positively impact detector performance. Specif-
ically, an increase in the P4 is directly linked to an increase in LCE and energy
resolution. Improvements in energy resolution, for example, would enable any
scintillator-based detection system to operate at lower light-output thresholds
and enhance spectroscopic capability [11]. These changes would especially have
a positive impact on applied systems that make use of pulse-shape discrimina-
tion (PSD) capable organic scintillators for measurements of mixed-radiation
fields. For example, within nuclear nonproliferation and safeguards research,
fast-neutron multiplicity counters can be used to assay fissile mass content [12],
and dual-particle imagers are used to image and localize special nuclear material
[13]. In both applications, conical organic scintillators capable of PSD could be
used in place of current cylindrical geometries to improve light-output calibra-
tion and achieve greater separation between neutron and gamma-ray pulses at
low-light output events.

Numerous previous works have examined the effects of detector geometry
and reflectivity conditions on detector performance for a variety of applications
[14, 15, 16, 17, 18], but none were found that compared the measured improve-
ment in energy resolution when using a conical organic scintillator instead of the

common right circular cylinder. The most similar work reports on the energy
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resolution of a tapered cone and cylinder of a BGO inorganic scintillator, where
an increase in LCE was observed for the tapered cone [19].

The purpose of this work is to demonstrate that a conical organic scintillator
will result in an improved energy resolution over a cylindrical scintillator of
equal base diameter, height, and material, by reducing optical-photon reflections
at the scintillator-reflector boundary. By reducing reflections, the combined
absorption and transmission probabilities at the reflector surface are decreased,
thereby increasing the P4. In the process of conducting this work, it was found
that mating a highly polished cone to a PMT of equal base diameter produced
an unusable energy spectrum, referred to as spectrum smearing in this work.
Spectrum smearing was not observed when larger PMT sizes and ground (i.e.,
unpolished) surface conditions were tested for the cone, and its cause is discussed
in detail. Optical-photon transport simulations in Geant4 [20] were performed
to help visualize spectrum smearing, and to compare the simulated energy-

resolution improvement of the cone over the cylinder to experimental data.

2. Methods: experiment

2.1. Organic scintillator and PMT configurations

The organic scintillator (EJ200) material (polyvinyltoluene polymer base)
used in this work has a light output of 10,000 photons/MeV. The index of re-
fraction and attenuation length of EJ200 at its peak scintillation emission (425
nm) are 1.58 and 380 cm, respectively. Optical-grade silicone grease (EJ550)
was used for scintillator-to-PMT coupling. Four organic scintillators, two cylin-
ders and two cones, came machine polished from the manufacturer, and were
compared using four PMT configurations (see Figure 1). Each shape had two
configurations: one scintillator remained polished and the other was lightly
ground by hand using sand paper (150 grit). The bases of all four scintillators
remained polished to ensure the highest transmission probability to the PMT.
Three PMTs were used: an ETL-9214B (PMT-50), an ETL-9821B (PMT-76),
and a Photonis XP4512B (PMT-127), where the number after the “PMT” la-
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bel refers to its window diameter in millimeters. Note that “edge-blinding” in
Figure 1 refers to a fourth PMT configuration where a thin specular reflector
(3M D50) ring with an adhesive backside was applied directly to the window
of PMT-50. Edge blinding on PMT-50 was an attempt to make the effective
photocathode response more uniform to see what effect, if any, this would have

on spectrum smearing for the polished cone.

Polished (sides & top) Ground (sides & top) Polished (sides) Ground (sides)

50 mm

.30mm,
Without edge blinding With edge blinding
. I\ AN A
Y A i
PMT-50 PMT-76 PMT-127

Figure 1: Four scintillators were individually coupled to four PMT configurations. PMT-50,
PMT-76, and PMT-127, was operated at a gain of -1425 V, -1830 V, and -1700 V, respectively.

For reproducibility, an encasement for both geometries was carefully con-
structed by hand using a single layer of a specular reflector (3M D2000). Unlike
the cylinder, it is difficult to apply the same quantity of PTFE tape to the
cone given its geometry [19]. Therefore, PTFE tape was not used to avoid
potential changes to the Rr between experiments. It was important to ensure
that the only variation in the results presented between the cylinder and cone
was due to their geometry. Although a specular reflector was used, the optical-
photon reflection profile at the scintillator-reflector boundary was diffuse (i.e.,
Lambertian) for the ground cases. Previous work has shown that a diffuse or

specular reflector applied to a ground scintillator surface makes no difference to
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the reflection profile of optical photons from that surface [10].

2.2. Compton-coincidence experiments

A Compton-coincidence technique (CCT) [21, 22, 23] was used to measure
the energy resolution at the Compton edge of cesium-137 for the various organic
scintillator and PMT configurations. The technique involves placing a mono-
energetic gamma ray source in between an organic and inorganic scintillator.
A gamma ray that backscatters in the organic scintillator can be captured by
the inorganic scintillator and these two events can be correlated both in time
and energy. Compton-edge events in the organic scintillator can be isolated
by correlating scatter-capture events in both detectors with the same data-
acquisition system (DAQ) time-stamp, in addition to applying a narrow gate on
the capture peak in the pulse-integral distribution of the inorganic scintillator.
A Gaussian function can then be fit to Compton-edge events after subtracting
accidental correlations, from which the energy resolution can be found using Eq.
2. Energy resolution is defined as the full-width at half maximum (FWHM) of
the fitted Gaussian divided by its centroid. The uncertainty in energy resolution
was obtained by propagating the error on the centroid and FWHM from the
fit parameters using 95% confidence intervals. It is worth noting that not all
correlated counts were produced by gamma rays that scattered exactly at 180°
in the organic scintillator. Some gamma rays could scatter as low as 166° and
still produce correlated counts. Although there is slight variation in the scatter
angles that could result in correlated counts, there is a negligible effect on the
energy deposited at the Compton edge (a variation of 2 keV from 478 keV).

R = (FWHM/Centroid) * 100% (2)

Figure 2 illustrates the experiment setup where a point isotropic cesium-137
source (97.61 pCi) was placed in-between an organic and inorganic scintillator,
where each measurement lasted 5 hours. The inorganic scintillator was a cylin-
drical (50 mm diameter and height) lanthanum bromide (LaBrsz) manufactured
by Saint Gobain. All experimental data, including the experiments described in

Section 2.2.1, were recorded at a sampling rate of 500 MHz with a DAQ from
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CAEN (DT5730), and processed using the pulse-integral technique [24].
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Figure 2: A graphical representation of the CCT (not to scale).

2.2.1. Photocathode response mapping

A small cube (5 mm height) of EJ200 was placed in seven positions shown
in Figure 3. All sides of the cube were ground with the exception of the surface
coupled to the PMT with optical grease (EJ500). The cube was covered by a
specular reflector encasement in a similar fashion to the cylinder and cone. A
CCT was used at each of the seven positions to obtain the energy resolution and
each experiment lasted 30 minutes. The same cesium-137 source used previously
was placed on top of the cube. The front plane of the LaBr3 detector was placed
10 cm above the window of the PMT that was being characterized. The LaBrs
detector was moved with the center line of each position to maintain the same

solid angle between experiments.
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Figure 3: The mapping process used to assess the energy resolution as a function of position
for each PMT, where the energy resolution is proportional to the localized QE.

3. Methods: simulation

Simulations were performed to compare the experimental increase in en-
ergy resolution, calibration position, and decrease in detection efficiency of the
ground cone relative to the ground cylinder, when using PMT-127. The detec-
tion efficiency of the photocathode was modeled from the QE curve of PMT-127
(QE =~ 23% at 425 nm). Both simulations assumed a resolution scale of zero,
a perfectly diffuse reflector (dielectric metal) with a Ry of 95.25%, and used
the same source configuration described in Figure 2. A third simulation of a
polished cone with a specular reflector was included to visualize contributions
to spectrum smearing. To simulate the correlated-count distribution, a narrow
gate width of 1 keV below and including the Compton-edge energy was used
to flag back-scatter events and record the number of optical photons detected.
Additional calculations included the Compton-scatter location(s), the location
of each optical photon detection on the photocathode, the number of reflections
(NOR) an optical photon underwent prior to detection, and lastly the time of
arrival (TOA) of a detected optical photon on the photocathode surface after
the birth of the gamma ray (i.e., time zero). It is worth noting that the co-
efficient for the semi-empirical Birks’ model [5] was not found, therefore this
feature was not considered. The Birks’ option is used to reduce light output at
low-energy depositions in order to model quenching and recombination effects.

With the option turned off, Geant4 assumes that light output is perfectly linear



1« with energy, which is a fair assumption for gamma-ray energy depositions above

165 100 keV in organic scintillators. [5].

16 4. Results: experiment

w  4.1. PMT mapping experiments

168 Figure 4 shows the energy resolution at 478 keV of the EJ200 cube as a
160 function of position for each PMT. The greatest variability in the energy reso-
wo lution exists in PMT-50. Due to photocathode non-uniformity, the highest QE
1 exists near the center and degrades towards the outer edge [6, 7, 8, 9]. The more
2 uniform response of PMT-76 and PMT-127 across the 50 mm test diameter ex-
173 plains why the energy resolution of all scintillators improved when coupled to

1+ those PMTs.
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Figure 4: Energy resolution as a function of position on the surface of the PMT.

s 4.2. Energy resolution experiments

176 All energy resolution values were measured at 478 keV and are shown in

w7 Table 1. The ground cone outperformed the energy resolution of the ground
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cylinder for all PMT configurations. Figures 5 and 6 show the cesium-137 stan-

dard and correlated light-output distributions of the ground cone and cylinder,

respectively. PMT-127 produced the best energy resolution values and this re-

sult is directly attributed to its more uniform photocathode response (see Figure

4) across the 50 mm test diameter.
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Table 1: Energy resolution values.

Energy resolution (%) at 478 keVee
Surface PMT-50
e Y condition | No edge blinding Edge blinding S PMT-127
Cylinder Polished 25.95+0.14 24.6110.87 16.06 £0.14 10.32+0.10
Y Ground 17.60 £ 0.15 17.31+0.11 15.01+0.13 11.00 + 0.07
Cone Polished | spectrum smearing 26.41 + 1.65 17.40+0.33 9.57+0.18
Ground 16.16 + 0.22 14.48 £ 0.16 13.48 +0.12 5.22+0.14
Performance change | Polished | N/A | -7.3 | -8.3 | +7.3
relative to cylinder (%) | Ground | +8.2 | +16.3 | +10.2 | +16.2
Table 2: Energy calibration values.
Calibration point (V*ns) at 478 keVee
Surface PMT-50
Sl Y condition | No edge blinding Edge blinding gl PMT-127
Cylinder Polished 8.90 +0.05 9.02 £0.03 8.31+0.01 14.54 £0.01
Y Ground 9.66 +0.01 9.62 £ 0.05 9.13+0.01 14.16 £ 0.01
Cone Polished | spectrum smearing 14.87 £ 0.01 12.05 £ 0.01 17.33+0.01
Ground 12.40 £ 0.01 13.90 4+ 0.01 11.05 £ 0.01 16.65+0.01
Performance change | Polished | N/A [ +64.8 [ +45.0 [ +19.2
relative to cylinder (%) | Ground | +28.4 | +44.5 | +21.0 | +17.6
1600000 : :
— - Cone (P) on PMT-50 (spectrum smearing)
—— Cone (P) on PMT-50 w/ edge blinding
1400000 - — Cone (G} on PMT-50 H
== Cone (G) on PMT-50 w/ edge blinding
1200000 -
1000000 -
)
S 800000 - —
8
600000 - —
400000 - -
200000 - -
O L
0 5 10 15 20

Pulse integral (V*ns)

Figure 7: A comparison of four standard pulse-integral distributions for the cone on PMT-50,
where letters “P” and “G” refer to a polished and ground surface, respectively.
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Although the polished surface treatment produced slightly higher calibration
points (see Table 2), it generally resulted in poorer energy resolution values in
comparison to the ground surface treatment for all scintillators. Moreover, the
polished cone mated to PMT-50 produced a smeared energy spectrum. Fig-
ure 7 shows the uncalibrated pulse-integral distributions of the polished and
ground conical scintillators on PMT-50 with and without edge blinding. Spec-
trum smearing was partially alleviated with edge blinded. Although the detector
response of the polished cone appeared more uniform with edge blinding, its en-
ergy resolution was poor. A ground cone on PMT-50 without edge blinding also
alleviated spectrum smearing, however LCE was decreased and its improvement
in energy resolution over the cylinder in the same configuration was marginal.
A ground cone on PMT-50 with edge blinding on the other hand, not only pro-
duced a more uniform detector response, but also had a significant improvement

in energy resolution over the cylinder in the same configuration.

5. Results: simulation

5.1. TOA and NOR distributions

Figure 8 shows that optical photons reflect on average less in the cone than in
the cylinder prior to detection. Consequently, the average time it takes optical
photons to get detected is faster in the cone than in the cylinder (see Figure 9),

and this result is supported by a previous timing-resolution experiment [25].

---- Cylinder (mean = 4.5) —— Cylinder (peak = 1.8 ns)
-- Cone (mean = 2.1) ---- Cylinder (mean = 3.4 ns)

W Cylinder —— Cone (peak = 1.1 ns)

== Cone 0.8 ---- Cone (mean = 2.9 ns)

—¥- cylinder
—$— Cone
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0.24
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Figure 8: NOR distributions. Figure 9: TOA distributions.
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5.2. Compton-scatter heat maps

Figure 10 shows a simulated heat map of Compton-scatter events integrated
along the y-axis for both geometries. The cylinder experiences the greatest
intensity of Compton-scatter events near its front face. The cone, on the other
hand, offers little volume in its tip for gamma rays to interact with. Therefore,

the majority of interactions occur near its base.

z position {mm)
=]
o [=]
w o
Normalized counts

[¥]
o
=]
&

x position (mm) X position (mm)

Figure 10: Volume-integrated heat map (along y-axis) of Compton-scatter locations in the
cylinder and cone. Each map was normalized to its maximum value. Bin widths are 1 mm.

If the cone is coupled to a PMT that suffers from strong photocathode non-
uniformity, then unreflected optical photons produced from scintillation events
near the photocathode will create a detector response that is influenced by the
localized QE. Crucially, if the surface is highly polished, scintillation events that
occur near the edge can force optical photons to “funnel” and collect along the
outer perimeter of the photocathode where QE suffers, and spectrum smearing
is produced. Optical-photon funneling is depicted in Figure 11. Both images
show Geant4d visualizations of the same light-output event generated near a
corner of a polished cone. In the image to the left, a specular reflector with an
air gap is present, while the scintillator to the right does not have a reflector.
The yellow dots on the surface of the base represent optical-photon detections

on the photocathode. It is clear that whether the reflector is on or off, the

13
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Figure 11: A Geant4 visualization of the same scintillation event occurring near the edge of a
highly polished cone with a specular reflector.

5.8. Geant4 simulations compared with experiment

The standard and correlated cesium-137 spectra for both geometries are
shown in Figures 12 and 13, respectively. Table 3 shows good agreement between
simulation and experiment on the relative increase in the energy resolution,
calibration position, and in the loss of detection efficiency. The simulated energy
resolution uncertainty was assessed using the fit parameters (95% confidence)
from the correlated distribution. Note that the overestimation of counts above
the simulated Compton edge in Figure 12 is a result of omitting the Birks’

light-output reduction feature for low-energy depositions.
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Figure 13: Correlated spectrum comparison of experiment (left) and simulation (right).

Table 3: Comparison of experiment and simulation results.

Measurement Simulation
Energy resolution Cylinder 11.00 £ 0.07 10.89 £ 0.22
at 478 keVee (%) Cone 9.22£0.14 9.14£0.12
Performance Resolution +16.2 +16.2
change relative to | Calibration +17.6 +17.5
cylinder (%) Efficiency -70.4 -70.8
22 6. Discussion
233 All experimental results indicate that a conical geometry provides enhanced

2 LCE over a standard cylindrical shape. The results are supported by Geant4

235 simulations, specifically the NOR and optical-photon detection distributions

15



236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

(see Figures 8, 12, and 13). However, improvements in energy resolution were
strongly dependent on the light collection and conversion process. An increase
in LCE can only benefit the user if the detector response is uniform as a func-
tion of scintillation location. In the case of a highly polished conical scintillator
covered by a specular reflector and mated to a PMT of equal base diameter,
a smeared detector response is produced (see Figure 7). To avoid spectrum
smearing in a detection system that uses conical scintillators, the following is
recommended: (1) a slightly ground surface instead of a machine-polished sur-
face to prevent optical-photon funneling, and (2) the use of a light-sensing device
with a spatially-uniform detection efficiency. The second point can be addressed
in a few ways. If an application has size constraints, a PMT with an equal base
diameter to the cone can be used if the perimeter of the PMT window is blinded
by a highly reflective material, for example a specular reflector cut into the shape
of a ring, ideally with an adhesive backside. Edge blinding may require some
optimization, specifically with the inner diameter of the reflective ring. If size
constraints eliminate the use of a PMT altogether, a silicone-photomultiplier
array [26] may provide favorable results. However, if a detector application is
not constrained by size, the simplest solution is to couple the ground cone to

the center of a large PMT.

7. Summary and conclusion

A 16.2% improvement in energy resolution at 478 keVee was observed when
using a conical scintillator in a place of a cylindrical scintillator of identical
base diameter and height (50 mm), surface treatment (un-polished), and ma-
terial (EJ200). These conditions were observed when the two scintillators were
compared using a PMT (Photonis XP4512B) with a base diameter of 127 mm.
By using a smaller-sized PMT, the percent-increase in energy resolution over
a cylinder decreased, and in the case of a machine-polished cone, a smeared
energy spectrum was produced. It was demonstrated that the spatial unifor-

mity of the photocathode response played a crucial role in the usability of the
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cone, in addition to its surface treatment. Geant4 simulations showed good
agreement with experiment when comparing the relative increase in calibra-
tion position, energy resolution, and loss in detection efficiency of the cone.
Due to detection efficiency losses, a cone may not be the ideal choice for some
applications, despite its improved energy resolution over a cylinder. In this
scenario, however, results also demonstrate that a cylinder would benefit from
a larger-sized PMT. Improved energy resolution was observed for both geome-
tries when the PMT size was increased. This result emphasizes the importance
for future PMT design that mitigates photocathode non-uniformity effects from
negatively affecting energy resolution. In applications where energy resolution
is of greatest importance above all other considerations, conical scintillators are
recommended over cylindrical scintillators. Future work will explore scintillator
geometries that optimize LCE while mitigating detection efficiency losses, for

example a paraboloid.
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