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Abstract—The Nevada National Security Site, together with Los 
Alamos National Laboratory and Lawrence Livermore National 
Laboratory, is developing a novel diagnostic to measure the 
reactivity of subcritical experiments. This capability is known as 
neutron-diagnosed subcritical experiments. The decay of the fission 
gamma rays from the neutron-interrogated subcritical experiment 
is measured as a function of time with a large (~3-meter diameter) 
detector wall consisting of 151 individual detector pixels. The data 
from this current mode measurement inform the neutron 
multiplication factor, keff, and thus the relative reactivity of the 
subcritical experiment. The Nevada National Security Site 
developed the Gamma Array Simulation Toolkit initially to help 
inform the design of the individual detector pixels and the 3.4-meter 
diameter detector wall to be fielded as part of neutron-diagnosed 
subcritical experiments. This toolkit is now being used to simulate 
and predict the performance of the final design of the individual 
detector pixels and the aggregate detector wall. Key detector 
characteristics evaluated from these simulations include impulse 
response, pulse height spectrum, number of photoelectrons per 
MeV, detector efficiency, and cross talk between detector pixels. 
Collectively, the results of these simulations inform how well the 
fission gamma ray die-off distribution from a neutron-diagnosed 
subcritical experiment measurement can be resolved. This is critical 
to determining the relative reactivity of the experiment. 
Furthermore, the Gamma Array Simulation Toolkit can be used to 
aid in the analysis of the experimental data from a neutron-
diagnosed subcritical experiment measurement once the simulation 
has been benchmarked. 
 

Index Terms—current mode, detector wall, end-to-end 
simulation, Geant4, subcritical experiments 
 

I. INTRODUCTION 
HE novel neutron-diagnosed subcritical experiment 

(NDSE) diagnostic being pursued at the Nevada National 
Security Site (NNSS) utilizes a deuterium-tritium (D-T) dense 
plasma focus (DPF) to create a pulse of 14.1 MeV neutrons 
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directed into a subcritical experiment (SCE). The 14.1 MeV 
neutrons interact in the fissile material of the SCE and create 
fission gamma rays. The decrease of the emission of fission 
gamma rays as a function of time is measured with a large (3.4 
m diameter) detector wall consisting of 151 individual detector 
pixels. The detector wall is stood off 20 m from the SCE so that 
there is sufficient time-of-flight separation between the ~1–2 
MeV fission gamma rays, and the flux of fission and D-T 
neutrons. The data from this current mode measurement are 
analyzed to determine the neutron multiplication factor, keff, 
and thus infer the relative reactivity of the SCE [1,2].   

A. NDSE Gamma Ray Detector Design 
The final design of the NDSE gamma ray detectors and wall 

was selected as part of a collaborative effort between the NNSS 
and Los Alamos National Laboratory (LANL) [3 – 6]. The 
components of the individual detector pixels include a 25.4 × 
25.4 cm hexagonal prism EJ-299-49 plastic scintillator from 
Eljen Technology, a scintillator formulation to adapt EJ-230 for 
large scintillator volumes [7,8]. The scintillator is coupled to an 
ultraviolet transmitting (UVT) polymethyl methacrylate 
(PMMA) truncated cone light guide with a thin layer of EJ-500 
optical coupling cement [9,10]. The selected photodetector is a 
custom Adit D798B 8-stage photomultiplier tube (PMT) with a 
photocathode active diameter of approximately 110 mm and a 
peak quantum efficiency of 28% at a wavelength of 380 nm 
[11]. The PMT is coupled to the scintillator and light guide 
assembly with a 2 mm EJ-560 optical coupling pad [12]. The 
NNSS designed and produced a custom bias board to apply bias 
to the PMT and read out the resultant signal. The detector 
components are encapsulated in an aluminum detector housing. 
The 151 individual detector pixels are close-packed into a 3.4 
m diameter array supported by a macrostructure making up the 
detector wall.  
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B. Modeling of the NDSE Gamma Ray Detector 
The NNSS developed the Gamma Array Simulation Toolkit 

(GAST) initially to help inform the design of the individual 
detector pixels and the detector wall to be fielded as part of 
NDSE. GAST is now being used to simulate and predict the 
performance of the final design of the individual detector pixels 
and the aggregate detector wall [13].  

GAST leverages Geant4 for radiation transport of the fission 
gamma rays into the scintillator and then optical photon 
transport of scintillation photons from the scintillator to the 
PMT photocathode. The various detector component 
geometries, material properties, ideal surface reflectivity 
conditions, and optical properties were included in the Geant4 
model. To add further realism, we incorporated data from 
experimental measurements of attenuation lengths versus 
wavelength, refractive indices versus wavelength, scintillation 
emission versus wavelength, scintillation decay time, and PMT 
impulse response either directly into the Geant4 model or in 
post-processing. 

We used MATLAB to post-process and analyze the output 
from Geant4. Key detector characteristics evaluated from these 
simulations include impulse response, pulse height spectrum, 
number of photoelectrons per MeV, detector efficiency, and 
cross talk (gamma efficiency enhancement) between detector 
pixels within an array.  

The results of these key detector characteristics inform how 
well the fission gamma ray die-off distribution from an NDSE 
measurement can be resolved. The faster the rate of the decay 
of the impulse response, the less time smearing in the actual 
gamma ray signal as a function of time. The better the statistics 
(i.e., pulse height spectrum, number of photoelectrons per MeV, 
detector efficiency, and cross talk), the lower the uncertainty in 
the gamma ray signal and thus the reactivity measurement. 
These are critical to determining the relative reactivity of an 
SCE. Furthermore, these simulations can be used to aid in the 
analysis of the experimental data from an NDSE measurement 
once the simulation has been benchmarked. 

II. METHODOLOGY 
To attain a high-fidelity model that accurately predicts the 

NDSE gamma ray detector wall response, it is imperative to use 
high-fidelity inputs to that model. The ability to incorporate 
measured material properties, mechanical design details, and 
the source term definition into such a model results in a realistic 
detector response. 

A. Material Property Measurements 
Transmission measurements were made with a Cary 5000 

spectrophotometer over the full visible spectrum for four 
different detector material samples: EJ-299-49, UVT PMMA, 
EJ-500, and EJ-560. Two fixtures were made for each material; 
one that contained a minimum thickness of the material 
sandwiched between the windows and one that contained a 
greater thickness chosen to provide a good measurement of the 
bulk light transmission. The ratio between the short- and long-
path measurements allowed for the calculation of the bulk 
attenuation properties separated from the transmission losses at 

each interface. For each material, we calculated the attenuation 
length in cm at a given wavelength, AL(λ), using (1),  

𝐴𝐴𝐴𝐴(𝜆𝜆) =
𝑥𝑥𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝑥𝑥𝑆𝑆ℎ𝑜𝑜𝑜𝑜𝑜𝑜

ln(𝑇𝑇𝑆𝑆ℎ𝑜𝑜𝑜𝑜𝑜𝑜) − ln�𝑇𝑇𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿�
, (1) 

where xLong is the thickness in cm of the long sample (10 cm), 
xShort is the thickness in cm of the short sample (0.1 cm), TShort 
is the measured transmission of the short sample, and TLong is 
the measured transmission of the long sample. The attenuation 
length versus incident wavelength for each of the five different 
detector material samples are shown in Fig. 1. 

The attenuation lengths are good down to only ~370 nm and 
thus are only shown in Fig. 1 down to 370 nm. At shorter 
wavelengths, the incident light gives rise to fluorescence in the 
material. A small portion of this reaches the downstream light 
detector, which is not filtered and thus responds as if the 
incident light were transmitted through the material. The bulk 
material is known not to be transmissive at shorter wavelengths, 
so we take it as essentially zero. 

Note that the EJ-299-49 scintillator attenuation length as a 
function of wavelength is not smooth as compared to the other 
materials at attenuation lengths greater than or equal to 10 m. 
The length of the long sample used in this measurement is 
limited by the size of the Cary 5000 chamber. Where the 
attenuation length is much larger than that, the difference of the 
two transmissions is very small, leading to larger uncertainties 
in the value and to roughness caused by digitization errors. We 
can reduce the latter by applying 5-point Gaussian smoothing 
to the calculated values. However, the region of high 
attenuation length is not important to this work because it does 
not occur where the scintillation light is. 
 

 
Fig. 1.  Measured attenuation length versus incident wavelength for materials 
used in NDSE gamma ray detector. 

We used the Cary 5000 Spectrophotometer with Universal 
Measurement Accessory to measure the index of refraction of 
the same detector materials from the attenuation length 
measurements. P-polarized light was shined on each sample. By 
comparing how this p-polarized light is reflected off of the 
samples at different angles, we can determine the Brewster 
Angle and thus the index of refraction. 
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We obtained the index of refraction for each detector material 
sample by calculating the tangent of the Brewster angle and 
multiplying it by the index of refraction of air. This 
measurement was repeated a total of three times at each probed 
wavelength and averaged together. The individual 
measurement errors were about 5% due to systematic errors and 
analysis techniques. These errors translate directly into the 
average, which is also 5%. These averaged refractive index 
values were then fitted with the Cauchy equation. The Cauchy 
equation is shown in (2), 

𝑛𝑛 = 𝐴𝐴 +
𝐵𝐵
𝜆𝜆2

+
𝐶𝐶
𝜆𝜆4

, (2) 

where n is the index of refraction of the object, λ is the 
wavelength of the incident light in micrometers, and A, B, and 
C are coefficients determined through the fitting process. The 
Cauchy equation coefficients for each evaluated material are 
shown in Table I. The refractive index as a function of incident 
wavelength for each of the four different detector material 
samples is shown in Fig. 2. 

TABLE I 
CAUCHY EQUATION COEFFICIENTS 

Material A B (µm-2) C (µm-4) 
EJ-299-49 1.572 6.981e-12 1.279e-10 
UVT PMMA 1.501 9.021e-07 2.968e-07 
EJ-500 1.541 1.000e-03 1.000e-04 
EJ-560 1.471 2.038e-07 1.043e-07 

 

 
Fig. 2.  Measured refractive index (Cauchy fit) versus incident wavelength for 
materials used in NDSE gamma ray detector. 

We made time profile measurements of the EJ-299-49 
scintillator material using time-correlated single photon 
counting [14]. This measurement method used a coincidence 
between two signals derived from the light emission of the 
scintillator when excited by a single ionizing radiation particle 
emitted from a check source. One signal came from a PMT that 
was immediately adjacent to the scintillator and was sent, by 
way of a constant-fraction discriminator (CFD), to the start 
input of a time-to-amplitude converter (TAC). The second 
signal came from a micro-channel plate that was set at a 
distance from the scintillator such that it did not intercept more 

than one photon per scintillation event. The signal was sent to 
the TAC stop input, also by way of a CFD. 

The output of the TAC, which was proportional to the time 
difference between the two inputs, was digitized with an Ortec 
multichannel analyzer. The probability of recording a given 
time difference is proportional to the intensity of the light 
emission at that time following the scintillation event. Thus, a 
histogram of the measurements gave the time profile of the 
scintillator’s output. 

The CFD produces a timing signal that is independent of the 
pulse height of the input so that the timing signals from the 
pulses are not dependent on the varying pulse heights of the raw 
signals. This enables the time resolution of the system to be 
significantly better than it would be otherwise, typically 100–
150 ps. 

The resultant time profile for the EJ-299-49 scintillator is 
shown in Fig. 3. We fitted this time profile to determine the 
decay constants of the multiple scintillation components. For 
these simulations, we evaluated a three-component fit and four-
component fit using a chi-square minimization technique. The 
four-component fit had a much-improved chi-square result at 
late times (i.e., greater than 200 ns). The region of interest for 
the NDSE reactivity measurement is greater than 200 ns. Thus, 
the four-component fit was used. The first, second, third, and 
fourth scintillation component decay times determined from 
this fit were 1.40, 7.97, 61.0, and 413 ns, respectively. 

 
Fig. 3.  Measured EJ-299-49 time response showing fits to four scintillation 
decay components and their associated amplitudes. We also added a constant 
to the fit to remove the effect of the noise floor especially on the longest decay 
constant. 

We used a QuantaMaster QM-8075-21 fluorimeter from 
Horiba Scientific to measure the EJ-299-49 scintillation 
emission spectrum. This instrument excited the sample with a 
UV light source and measured the emission spectrum as a 
function of wavelength. The excitation light was directed onto 
the surface of the sample at a 45° angle and the emission 
directed to the detection spectrometer along the conjugate 45° 
angle. Since the emission was measured from the surface of 
excitation, the recorded spectrum was free from bulk 
attenuation in the material. 
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The emission of the scintillator was excited with 300 nm 
light. We recorded the output from 320 to 550 nm in 1 nm steps, 
and corrected for noise levels and detector efficiency as a 
function of wavelength. The separation of the excitation 
wavelength from the range of the measurement ensured that it 
did not affect the results. The resultant EJ-299-49 scintillator 
emission spectrum is shown in Fig. 4. This scintillator exhibits 
a peak emission at approximately 390 nm. 

For the purposes of this work, the emission spectrum 
measured is assumed to be the same as that produced by 
radioluminescence [15]. In actuality, the spectrum of this 
emission also contains a primary fluor decay that arises in the 
front face emission spectrum measurement method employed. 
Future measurements are planned to select the secondary 
emission of interest and remove the effects of the primary fluor 
decay. 

For those material properties that we did not have the 
resources to measure, we used nominal data provided by the 
various detector part fabricators. These properties are identified 
and defined in Table II. 
 

 
Fig. 4.  Measured EJ-299-49 relative emission spectrum versus incident 
wavelength. 

TABLE III 
NOMINAL MATERIAL PROPERTIES USED IN GEANT4 MODEL 

Material Property Value 
EJ-299-49 Scintillation light yield (photons/1 MeV e−) 9700 
EJ-299-49 Density (g/cm3) 1.023 
UVT PMMA Density (g/cm3) 1.19 
EJ-560 Density (g/cm3) 1.03 
PMT bialkali 
photocathode Peak quantum efficiency (%)* 30 

*The quantum efficiency as a function of incident wavelength was used in our 
simulations. The peak quantum efficiency is stated here for reference. 

B. Photomultiplier Tube Response 
We incorporate the effects of the PMT and subsequent 

detector components into the GAST simulations by including 
the photocathode quantum efficiency of the Adit D798B [11] as 
a function of incident wavelength in the Geant4 model and 
convolving the measured PMT-only impulse response with the 
photoelectrons versus time output from Geant4.  

We used a Picoquant PDL-800-B driver with an LDH-P-C-
400 laser diode head to perform the PMT-only impulse 
response measurements. The resultant laser light pulse had a 
full-width half-maximum (FWHM) of approximately 70 ps. 
The PMT was placed in a dark box with the laser. The PMT was 
biased to –2000 V. The resultant impulse response measured as 
voltage as a function of time was recorded with a Tektronix 
DPO 72004C digital phosphor oscilloscope. One thousand 
waveforms were collected at two different resolutions: 50 and 
500 mV/division on the oscilloscope. We stitched together the 
average of the 1000 waveforms collected at each resolution to 
capture the peak of the impulse response as well as fin 
resolution in the tail of the impulse response. We subtracted the 
voltage offset of the oscilloscope from the impulse response and 
normalized the entire impulse response to the area under the 
curve prior to analyzing the data. 

The PMT quantum efficiency, together with the PMT-only 
impulse response, captures the temporal response of the PMT 
to incident scintillation photons. It also includes the effects 
from the subsequent bias board, cabling, and oscilloscope. 
Incorporating the PMT response into GAST yields a true end-
to-end simulation of the detector from gamma ray interaction in 
the scintillator to the recorded signal on the digitizer or 
oscilloscope. It should be noted that the setup used for the PMT 
impulse response measurement (e.g., bias voltage, cabling, 
oscilloscope) will not be used for the final NDSE gamma ray 
detector system. The setup to be used for the system in its final 
state is still being decided. Once decided, the PMT impulse 
response measurement described here can be repeated with the 
final setup for a more accurate estimate of the PMT 
performance. 

C. Geant4 Application 
We use the Geant4 (version 10.5) library for radiation 

transport of the fission gamma rays into the detector and 
subsequent creation and transport of optical photons to the PMT 
photocathode [16–18]. We use the physics package, 
FTFP_BERT modified by replacing G4EmStandardPhysics 
with G4EmPenelopePhysics, and adding G4OpticalPhysics 
[19]. We also incorporate a modification of the Geant4 
scintillation physics as discussed below. 

The simulation starts each event by drawing one gamma from 
a given energy spectrum and directing that gamma parallel to 
the detector axis toward a random position at the front face. The 
gamma rays are assumed to have parallel incidence because the 
detector wall is 20 m from the source. The gamma then 
encounters the detector body, and according to its elemental 
composition, density, and gamma cross section, the gamma 
scatters via Compton, pair-production, or photo-electric 
processes. When charged secondary particles leave some 
energy within the scintillator material, that interaction generates 
isotropic (in direction and polarization) scintillation photons 
according to the measured emission spectrum and the 
scintillation yield per MeV deposited. For all materials with a 
defined index of refraction such as the scintillator, light guide, 
PMT glass, and optical couplings, Cerenkov photons are also 
generated. The scintillation and Cerenkov photons are then 
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transported by the optical model. Geant4 treats each particle 
separately and applies the applicable user-selected physics to 
generate its behavior, whether it be a gamma, an electron, an 
optical photon, or any other. 

We have included such details as material properties, 
detector component geometries, and surface reflectivity 
conditions. Material properties data from Section II.A, such as 
attenuation length, refractive index, scintillation emission, and 
scintillation decay time, were incorporated into our Geant4 
model. The Geant4 library provides a simple scintillation model 
with a given specified rise-time and two decay-time 
components [19]. Typically, these components are 
experimentally measured or provided by the scintillator 
manufacturer. We assumed the rise time to be zero since the 
focus of the NDSE measurement is on the decay time. Our 
measurements and subsequent fits of EJ-299-49 scintillator 
decay-time components are shown in Fig. 3. Fitting up to 500 
ns or more with this scintillator requires four components of 
decay time. As a result, we have modified the Geant4 
scintillation model to include these so that we can correctly 
model the history of an event right up to when the fission and 
DPF neutron flux is expected near the 500 ns mark. Our four-
component modification is derived from a LANL one that 
incorporates three decay times [3,5]. 

The NDSE gamma ray detector components included in the 
model are shown in Figs. 5 through 7, which are 3D renderings 
of the configurations as modeled in Geant4. The components 
shown include the 25.4 × 25.4 cm hexagonal prism scintillator 
coupled to a UVT truncated cone light guide, the Adit 8-stage 
photomultiplier tube, the detector housing components, and the 
detector stand. Fig. 5 is the nominal hexagonal detector without 
the housing. This shows the scintillator, the light guide, and the 
photomultiplier, as well as the optical couplings between them. 
Fig. 6 shows the current detector design with the aluminum 
housing. Finally, Fig. 7 shows the detector wall with the 2.54 
cm thick aluminum main support plate. This design takes full 
advantage of close packing to maximize gamma efficiency and 
increase the total energy detected per gamma. 

Ideal surface reflectivity conditions were used for all surfaces 
in our Geant4 model. We set the front face and sides of the 
scintillator to total internal reflection (TIR) by creating an air 
gap between the scintillator and the nonreflective inner housing. 
The side of the light guide also was set to TIR. All internal 
detector housing surfaces were set to be ideal nonreflective. 

The surface reflectivities are changeable parameters but are 
not formally explored in this study. Our anecdotal experience 
suggests that to first order, small changes in reflectivity will 
change the output in proportion in much the same way as 
similar changes in the scintillation yield will do. Another effect 
is that the FWHM of the time response increases with greater 
reflectivity due to the larger optical path length.  

The response of the system in absolute terms will certainly 
differ from the model predictions. In addition to imperfections 
in the optical surfaces, the sensitivity of any organic scintillator 
will differ from the value to be found in the vendor’s 
specifications, which are only approximations. Therefore, our 
final results must be treated as an approximation to the “true” 

value that we can make better or worse by varying the model’s 
components. In addition to the use of extensive material 
measurements, there is an ongoing effort in this collaboration 
to calibrate the models using known pulse mode and current 
mode sources. 

 

 
Fig. 5.  Geant4 nominal model of a single NDSE gamma ray detector comprised 
of scintillator, light guide, optical coupling interfaces, and PMT (housing absent 
for viewing). 

 
Fig. 6.  Geant4 model of single NDSE gamma ray detector comprised of 
scintillator, light guide, optical coupling interfaces, PMT, and housing. 
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Fig. 7.  Geant4 model of NDSE gamma ray detector wall made up of 151 
individual detector pixels.    

We modeled three different cases: (1) an individual detector, 
(2) a detector wall consisting of 151 individual detector pixels 
with only the central detector illuminated by gammas, and (3) 
with the full 3.4 m diameter array illuminated by gammas. For 
each case, we ran the Geant4 model with 105 gammas drawn 
from a representative plutonium fission spectrum. The resultant 
outputs from the Geant4 model include impulse response 
(photoelectrons as a function of time), pulse height spectrum, 
number of photoelectrons per MeV, detector efficiency, and 
cross talk. 

D. Analysis 
We used MATLAB to import and analyze the Geant4 outputs 

and perform any required post-processing including the 
convolution of the PMT-only impulse response and the Geant4 
photoelectron versus time output.  

We evaluated the time response of the Geant4-only data, 
PMT-only data, and Geant4 and PMT convolved data by fitting 
each of these three waveforms with a Gaussian function and 
calculating the FWHM (3),  

FWHM = 2√2 ln 2𝜎𝜎, (3) 
here σ is the standard deviation of the fitted Gaussian function. 
The tail-to-total integral, Rtail, is defined by (4),  

𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =
∫ 𝑝𝑝(𝑡𝑡)𝑑𝑑𝑑𝑑𝑡𝑡 @ peak + 160 ns
𝑡𝑡 @ peak + 5 ns

∫ 𝑝𝑝(𝑡𝑡)𝑑𝑑𝑑𝑑𝑡𝑡 @ peak + 160 ns
𝑡𝑡 @ peak − 30 ns

 , (4) 

where p(t) is the number of photoelectrons as a function of time 
t from the Geant4 and PMT convolved time response. The tail 
portion of the impulse response, i.e., the numerator of 𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡, is 
dominated by the longer scintillator decay components 
combined with the decay of the PMT-only impulse response. 
Thus, the integral limits of 𝑡𝑡 @ peak + 5 ns to 𝑡𝑡 @ peak +
 160 ns were selected. The integral limits of the total impulse 

response are 𝑡𝑡 @ peak −  30 ns to 𝑡𝑡 @ peak + 160 ns. These 
limits were selected for eventual comparison to the 
experimental impulse response, which will be collected over the 
same time interval when that measurement is completed in the 
future. Rtail was evaluated only for the convolved time response 
because it is the combined effects of the light transport through 
the scintillator and light guide plus the PMT impulse response 
that we are interested in quantifying. 

To evaluate the number of photoelectrons per MeV 
deposited, PE, we constructed a histogram from the Geant4 
simulation data and calculated the weighted average of the 
photoelectrons per MeV deposited in accordance with (6), 

𝑃𝑃𝑃𝑃 =  
∑ 𝑛𝑛𝑖𝑖 × 𝑝𝑝𝑖𝑖𝑚𝑚
𝑖𝑖=1
∑ 𝑛𝑛𝑖𝑖𝑚𝑚
𝑖𝑖=1

, (6) 

where n is the histogram counts in the i-th histogram bin, and p 
is the number of photoelectrons representing the i-th histogram 
bin. The energy that is deposited in the scintillator by each 
interacting gamma ray and the resultant number of 
photoelectrons created are tracked with Geant4, thus 
determining the number of photoelectrons per MeV deposited 
in the scintillator. 

In NDSE measurements that rely on current mode detection 
techniques, the relative uncertainty in the total energy deposited 
(and detected) within each time bin is increased by the pulse 
height spectrum quality factor, Qspec, as defined in (7), (8), and 
(9) [3,5]. Emean and ERMS are the histogram mean and root-mean-
square values for the pulse height spectrum in a given time bin, 

𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =
∑ 𝑛𝑛𝑖𝑖𝑚𝑚
𝑖𝑖=1 × 𝐸𝐸𝑖𝑖
∑ 𝑛𝑛𝑖𝑖𝑚𝑚
𝑖𝑖=1

, (7) 

and 

𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅 = �
∑ 𝑛𝑛𝑖𝑖𝑚𝑚
𝑖𝑖=1 × 𝐸𝐸𝑖𝑖2

∑ 𝑛𝑛𝑖𝑖𝑚𝑚
𝑖𝑖=1

, (8) 

where n is the histogram counts in the i-th histogram bin, and E 
is the energy in MeV representing the i-th histogram bin. From 
(7) and (8), we get  

𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅
𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

. (9) 

The closer to a value of 1.0 that Qspec is, the higher the quality 
of the pulse height spectrum and the lower the relative 
uncertainty in the measured signal in each time bin. 

The intrinsic gamma ray detector efficiency captures how 
many gamma rays deposit energy in the detector. This is 
defined in (10) and is calculated from the respective Geant4 
histograms: 

𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖 =
Number of γ-rays depositing energy in scintillator
Number of γ-rays incident on face of scintillator

. (10) 

The previously defined metrics enable the evaluation of 
detector performance from an overall perspective that 
envelopes time response and counting statistics. 

III. RESULTS 
The results of the GAST simulations of the NDSE gamma 

ray detector wall are presented herein. The time response and 
counting statistics performance metrics are presented in Table 
III and discussed in the following sections. The influence of 
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cross talk (sharing of gamma energy between pixels) in the 
detector wall is also addressed. 

TABLE IIII 
DETECTOR PERFORMANCE METRIC RESULTS 

Metric Single 
Detector 

Center 
Illuminated 

Wall 

Fully 
Illuminated 

Wall 
Geant4 FWHM (ns) 4.70 4.76 4.77 
PMT FWHM (ns) 2.27 2.27 2.27 
Convolved FWHM (ns) 7.51 7.56 7.54 
Rtail 0.42 0.42 0.42 
Mean # of 
photoelectrons/MeV 122 123 123 

Mean # of 
photoelectrons/gamma ray 138 149 146 

Qspec 1.51 1.48 1.49 
Efficiency (%) 70.5 73.4 72.9 

A. Time Response 
The Geant4-only response described in Section II.C, PMT-

only response described in Section II.B, and convolved impulse 
response described in Section II.D for a single NDSE gamma 
ray detector are shown in Fig. 8. The FWHM of the Geant4-
only impulse response is 4.70 ns, which is approximately two 
times larger than that of the PMT only. This indicates that the 
scintillator emission decay time and transport of optical photons 
through the scintillator and light guide to the PMT 
photocathode dominate the impulse response of the whole 
detector. The FWHM of the convolved impulse response is 7.51 
ns. This demonstrates the combined effects of the scintillator, 
light guide, and PMT on the FWHM metric. It is worthwhile to 
note that the ringing and after-pulsing present in the PMT-only 
impulse response are dampened in the convolved impulse 
response and thus the overall detector impulse response. 

 
Fig. 8.  NDSE gamma ray detector time response normalized to unity: Geant4 
impulse response as described in Section II.C, PMT impulse response as 
described in Section II.B, and Geant4 and PMT convolved impulse response as 
described in Section II.D. 

The Rtail for the convolved impulse response, and thus the 
whole detector, is 0.42. This indicates that the prompt portion 
of the impulse response dominates the total as opposed to the 
tail because Rtail is less than 0.5. This low-influence tail is 
desirable for NDSE and resolving the fission gamma ray die-
off distribution at late times. 

B. Counting Statistics 
The results of the gamma ray and photoelectron statistics 

performance of a single NDSE gamma ray detector are 
discussed here. Fig. 9 shows the histogram of the number of 
photoelectrons per MeV of deposited energy by each gamma 
ray interaction in the scintillator. This histogram indicates a 
range of values from ~20 up to ~500 photoelectrons per MeV 
with a peak at ~110 photoelectrons per MeV. This data yielded 
a mean number of photoelectrons per MeV of 122 per 
interacting gamma ray.  

 
Fig. 9.  NDSE gamma ray detector photoelectrons per MeV histogram from 
Geant4. Events with no energy deposited or no photoelectrons are not included.   

Fig. 10 shows the histogram of the number of photoelectrons 
created in the single detector per event with one or more 
interacting gamma rays. This histogram represents the pulse 
mode behavior of a detector. The pulse height spectrum ranges 
in value from 0 to ~ 1200 photoelectrons. This data yielded a 
mean number of photoelectrons per gamma ray interaction of 
138. 

 
Fig. 10.  NDSE gamma ray detector spectrum of photoelectrons per event from 
Geant4. Events with no photoelectrons are not included. 

We used these results to calculate Qspec, which was equal to 
1.51. The closer to a value of 1.0 that Qspec is, the lower the 
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uncertainty in the detector response to the fission gamma ray 
die-off distribution. A detector with a Qspec of 1.0 is equivalent 
to one with ideal Poisson counting statistics as if the detector 
was being used in pulsed mode.  

The calculated intrinsic gamma ray efficiency of a single 
NDSE gamma ray detector is 70.5% for the NDSE 
representative plutonium fission spectrum used in the 
simulation. This efficiency is reasonable for a detector based on 
a plastic scintillator. When 151 of these detectors are deployed 
into a close-packed array, the intrinsic gamma ray efficiency 
increases ~2% to 3% depending on the distribution of the 
gamma rays across the face of the array. This increase in 
efficiency is attributed to gamma ray cross talk between 
detector pixels. This is explored further in the next section. 

C. Cross Talk between Detector Pixels 
We compared the single detector performance metrics to 

those of the detector wall first with only the center detector 
illuminated and then with all detectors illuminated in Table III. 
Here we investigate the cross talk in the wall when only the 
center detector is illuminated and when the wall is fully 
illuminated. In this case, cross talk in the pixel array refers to 
gamma rays that scatter out of one detector and into another, 
thus increasing the possible energy deposition somewhere in 
the array. Regardless of the number of detectors or illumination 
pattern, 105 events were generated in each case. For the single-
detector cases, the generated gamma ray flux is uniform over 
its hexagonal front face. For the center-illuminated case, that 
one detector is the zeroth, which is located in the geometric 
center. The fully illuminated case is a circular uniform 
distribution with a slightly larger diameter than the array.  

The differences in overall performance metrics between all 
three cases as shown in Table III were small, except for mean 
photoelectrons per gamma, which indicates a higher 
performance due to the cross-talk effect (more opportunities for 
gamma energy deposition). In particular, the lack of a 
configuration dependence on the number of photoelectrons per 
MeV deposited in any given scintillator is also expected. 
Additionally, Fig. 11 calls attention to an expected difference 
in response between the center-illuminated case and the fully 
illuminated case as a function of detector pixel position in the 
wall. Each point is the predicted number of photoelectrons for 
a given detector index. The Geant4-generated histograms of the 
number of photoelectrons per interacting gamma ray in the 
scintillator are summed over all 105 events for each detector 
index. Note that the detector array index starts with the 
innermost detector and winds counterclockwise outward. 

 
Fig. 11.  NDSE gamma array detector scintillator photoelectron prediction 
histogram from Geant4. Each point is the predicted number of photoelectrons 
for a given detector index summed over the 105 event samples. 

In the fully illuminated case, the response of all 151 detectors 
appears to be approximately the same for each detector index 
from the data plotted in Fig. 11. However, upon closer 
inspection, the cross talk is on the order of 15% lower in the 
outermost detectors. Such a relatively small difference is not 
obvious in Fig. 11. In the center-illuminated case, the center 
detector has the highest response. As you move out from the 
center, the detector response decreases as expected. This 
staircase distribution indicates the presence of cross talk 
between the center detector and its neighbors. Detectors at 
nearly the same distance away from the center detector have a 
similar response. 

IV. CONCLUSIONS AND FUTURE WORK 
The GAST provides the capability to perform end-to-end 

simulations of the NDSE gamma ray detector wall. With it, we 
have evaluated key detector performance metrics that will help 
inform how well the fission gamma ray die-off distribution 
from an NDSE measurement can be resolved.  

Due to the die-off dynamics of fission gamma rays for an 
SCE, the temporal shape of the detector time response, coupled 
with the gamma ray and photoelectron statistics, is crucial in 
fitting the neutron multiplication factor, keff, and thus inferring 
reactivity. This drives the importance of both high statistics and 
fast time response in the performance of the gamma ray 
detectors for NDSE. The individual NDSE gamma ray 
detectors, as simulated in this study, have an overall FWHM of 
7.51 ns and an Rtail of 0.42. These time response metrics indicate 
that this detector is adequate to meet the requirements of NDSE. 
The simulations of the individual NDSE gamma ray detectors 
also yield counting statistics performance metrics that exceed 
the requirements of NDSE. The mean number of photoelectrons 
per MeV was 122, the mean number of photoelectrons per 
gamma ray was 138, the Qspec was 1.51, and the intrinsic gamma 
ray detector efficiency was 70.5%. 

We revealed the presence of cross talk between neighboring 
detector pixels by comparing the single detector performance 



IEEE TRANSACTIONS ON NUCLEAR SCIENCE 
 

9 

metrics to those of the detector wall first with only the center 
detector illuminated and then with all detectors illuminated. The 
response of all 151 detectors is approximately the same in the 
fully illuminated case. The center detector has the highest 
response, and cross talk is evident in the remaining detector 
pixels in the center-illuminated case. This cross talk decreases 
the further the detector pixels are from the center-illuminated 
detector pixel. Detector pixels at the same distance from the 
center detector exhibited similar responses. Assuming that the 
NDSE source term will be somewhere in between the fully 
illuminated case and the center-illuminated case, it is expected 
that cross talk will be present and have a positive impact on 
counting statistics and a negative impact on time response. 
However, further studies are required to confirm this.  

We plan to continue to improve the simulation fidelity and 
realism as we add more and better experimental data as inputs 
to the GAST. Such data will include measured attenuation 
length and refractive index data for the PMT photocathode glass 
material. We will also investigate any differences in material 
property data between different batches of scintillators and light 
guides and differences in impulse response across different 
PMTs. As we characterize the first NDSE gamma ray detectors, 
we will be able to benchmark this model with the experimental 
data that we gain. This will enable and aid in the analysis of the 
experimental data from an actual NDSE measurement by being 
part of a forward model used to inform the reactivity of the 
SCE. 
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