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Abstract 11 

The position-dependent neutron detection response of a 3He gas proportional counter (GPC) was 12 

characterized using a collimated (3-mm-wide), monoenergetic 0.05 eV neutron beam. For 13 

neutrons incident on the GPC near the ends of the active region, the neutron capture peak 14 

broadens and the position shifts to lower pulse-height channels. This “edge effect” is due to lower 15 

gas gain within the decreasing electric field near the end of the active volume. For simple peak-16 

region-summing analyses, the consequence is a loss of events that is equivalent to a 13% 17 

reduction in the active area of our GPC. Summing over all events above the triton wall-effect 18 

feature significantly reduces this efficiency loss. Whole-sensor illumination measurements 19 

simulated with Geant4 required a correction for the edge effect to accurately reproduce the 20 

shape and amplitude of the measurements. Once these corrections were applied, the Geant4 21 

models reproduce the whole-sensor count rates to within 10%.  22 

 23 

1. Introduction 24 

Helium-3 (3He) is a common medium for neutron detection due to the high thermal-neutron-25 

absorption cross section (5330 b) of the 3He(n,p)t reaction. This reaction produces two easily-26 

measured charged particles, a proton (p) and a triton (t), whose kinetic energies (573 keV and 27 

191 keV, respectively) sum to the Q-value of the reaction (764 keV). During an ideal neutron 28 

detection event, the proton and triton lose all of their kinetic energy within the 3He gas and a 29 
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characteristic neutron capture peak appears in the energy deposition spectrum at the reaction 30 

Q-value, plus the kinetic energy of the neutron (Figure 1), which is typically much smaller than 31 

the Q-value. 32 

Several geometric effects within the GPC determine the final shape of the energy deposition 33 

spectrum. Wall-effect events occur when one of the two reaction products reach the wall of the 34 

GPC before losing all of their energy within the gas (e.g. [1]). The energy deposited within the 35 

wall is not registered by the sensor, leading the wall-effect events to have measured energy 36 

deposition that is less than the reaction Q-value. Wall-effect events manifest as a two-plateau 37 

structure – one for the proton, one for the triton – with sharp low-energy edges that have an 38 

energy equal to the Q-value minus the maximum particle energy (see Figure 1). 39 

The second geometric effect is the edge effect, which results from a decrease in ionization-40 

induced electron production via gas multiplication. The edge effect occurs within the active 41 

volume of the sensor, near the dead regions, where the electric field rapidly changes from its full 42 

value to zero. Edge effect measurements have been reported for several 3He GPCs [2, 3], however 43 

the effect, and its implications for neutron detection efficiency, are not widely acknowledged by 44 
3He GPC manufacturers or users. 45 

Helium-3 neutron sensors have been used for decades for space-based applications in 46 

planetary science (e.g. [4]) and national security (e.g. [5]). Our research group is developing 3He-47 

GPC-based neutron detectors for three upcoming planetary science spaceflight missions: the 48 

National Aeronautics and Space Administration’s (NASA’s) Psyche mission to asteroid (16) Psyche 49 

[6], the Japanese Aerospace Exploration Agency’s (JAXA’s) Mars Moon eXploration (MMX) 50 

mission to Mars’ moon Phobos [7], and NASA’s Dragonfly mission to Saturn’s moon Titan [8]. For 51 

each of these missions, measurements of neutron emissions from the object’s surface materials 52 

will be used to constrain the chemical composition of the surface. This requires precise 53 

knowledge of the energy- and position-dependent neutron detection efficiency of the neutron 54 

sensors. This paper reports measurements of the response of five 3He GPCs, identical to those 55 

planned for flight on the Psyche and MMX missions. 56 

 57 

2. Neutron Sensors 58 



 3 

The 3He GPCs used for this study were 30.6-cm-long, 5.08-cm-diameter tubes from GE Reuter-59 

Stokes. Figure 2 details the geometry of the GPCs. The GPCs have a 1.4-mm-thick aluminum 60 

housing and are filled with 1013 kPa (10 atm) of 3He gas. The total fill pressure was 1018 kPa, 61 

with the difference (5 kPa) being charge and/or UV quenching gas additives that improve the 62 

performance of the sensors.  63 

The active volume of the GPC (Figure 2) represents the portion of the tube for which the gas 64 

is within the electric field resulting from the application of high-voltage bias to the sensor. Events 65 

occurring within the active volume are subjected to multiplication of ionization electrons, 66 

resulting in increased signal gain. The active length is located between two inactive gas volumes 67 

(called dead regions; Figure 2), which are not within the electric potential when the GPC is under 68 

high-voltage bias. Neutron-capture events occurring in the dead regions are not subject to gas 69 

multiplication gain, and appear as the gain = 1 peak labeled in Figure 1. 70 

Two sets of measurements are reported in this paper. The first are profile measurements of 71 

the absolute neutron detection efficiency along the length of the tube (section 3), made with 72 

mono-energetic neutrons provided by the Filter-Analyzer Neutron Spectrometer (FANS) 73 

beamline (described in [9]) at the National Institute of Standards and Technology (NIST) Center 74 

for Neutron Research (NCNR). The second set of measurements were whole-sensor irradiations, 75 

using a moderated 252Cf source, which more closely mimic the conditions under which the 76 

sensors will operate in space (section 5).  77 

For all of our measurements, our sensors were paired with a Kromtek 550 preamplifier and 78 

an Eagle Classic pulse height analyzer (PHA). The PHA provided high voltage (1300 V) bias to the 79 

sensors, as well as all signal processing. Pulse-height signals were digitized and recorded in a 256-80 

channel-long spectrum. Shaping times of 8 µs (for 252Cf sources) and 6 µs (for FANS 81 

measurements) were used. This setup provided an energy resolution of 3.5% for the 764-keV 82 

neutron capture peak (e.g. Figure 1), although we note that the energy resolution degraded to 83 

approximately 6% for the FANS measurements due to higher (»5 kHz) rates in the detector. 84 

Our experiments were conducted with five identical sensors. Sensors 1-3 are the engineering 85 

model sensors for the Psyche Neutron Spectrometer (NS). Sensors 4 and 5 are the engineering 86 

models for the MMX NS. Data from Sensor 5 was used for efficiency measurements but not peak 87 
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gain measurements, as the GPC exhibited peak broadening thought to be due to contamination 88 

of the 3He gas. Sensor 4 measurements are used for peak gain analysis but not efficiency 89 

measurements, due to a change in the configuration of the beam collimator during those 90 

measurements. 91 

 92 

3. Profile Efficiency Measurements 93 

3.1 Experiment Design 94 

We required a highly-collimated neutron beam in order to characterize the position-dependent 95 

response along the length of the GPC. This neutron beam was provided by the NCNR FANS facility, 96 

which uses a crystalline Cu(220) monochromator to diffract polychromatic neutrons from the 20 97 

MW nuclear reactor to facilitate energy selection via spatial selection. The use of a 98 

monoenergetic beam allowed us to isolate position-dependent effects from energy-dependent 99 

variations in detection efficiency (see Section 4.2). 100 

A FANS setting of 60.5° provides a 0.05 eV neutron beam to the sample position. 0.05 eV 101 

samples the detector response in the regime for which »100% neutron detection efficiency is 102 

expected within the gas. A 20° collimator upstream of the monochromator limited the neutron 103 

flux within FANS, and a low-energy bandpass filter and 10’ collimator downstream of the 104 

monochromator further reduced the neutron flux at the sample position. The energy spread of 105 

this collimated beam was <<0.002 eV. 106 

The 0.05 eV FANS neutron beam, along with an uncollimated fast neutron component from 107 

FANS, was further collimated at our experiment with a boron-graded polyethene shield and a Cd 108 

sheet, both with a 3-mm-wide slit (Figure 3). At the exit of the Cd collimator, a 0.125-mm-thick 109 

Cd foil was used to reduce the neutron beam intensity at the detector. This configuration is 110 

referred to as the “collimator open” setting. The “collimator closed” setting adds an additional 111 

2-mm-thick Cd sheet in the collimator, eliminating all 0.05 eV neutrons at the sample position. 112 

The collimator closed position facilitated background measurements. 113 

Our 3He GPC sensor was placed at the FANS sample position on a linear stage whose full 114 

translation range allowed the entire length of the GPC to be positioned in the collimated beam 115 

over the course of the measurement campaign (Figure 3). The height of the collimated 0.05-eV 116 
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neutron beam samples the entire height of the tube (5.08 cm), but only a small fraction of its 117 

length (3-mm of 30.6 cm total length).  118 

 119 

3.2 Neutron Beam Characterization 120 

The neutron flux was measured with a fission chamber containing a 595 µg deposit of 235U with 121 

an area of 126.7 mm2. Neutron-induced fission events in the deposit are detected in the ion 122 

chamber and used to determine the deposit-incident neutron flux using the known 235U fission 123 

cross section at 0.05 eV and the mass of the deposit. This calculation includes corrections for 124 

neutron losses and scattering in the fission chamber housing. Note that the fission chamber is 125 

typically used to measure fluxes for neutron beams larger than the 235U deposit. For this analysis, 126 

the fission chamber sampled approximately 20% of the full beam height, which we assume was 127 

representative of the entire beam height. 128 

A measurement directly upstream of our collimator yielded a neutron flux of (5.80 ± 0.17) ´ 129 

105 cm-2 s-1. Behind our collimator, approximately 5 cm in front of the GPC, we measured a 130 

neutron flux of (5.50 ± 0.17) ´ 103 cm-2 s-1 for the collimator open configuration. In addition to 131 

the normal corrections, this flux calculation included a correction for the fraction of the 235U 132 

deposit transected by the collimated neutron beam. This correction factor (37.74 mm2/126.7 133 

mm2) assumes the collimated neutron beam is perfectly centered on the deposit. There is an 134 

uncharacterized systematic uncertainty associated with this assumption. A prior set of 135 

measurements, made in collimator open and collimator closed configurations, yielded an 136 

estimate of the fraction of the neutron beam having energies above the Cd cutoff (>0.3 eV) to be 137 

7.3±1.2%. We assumed that this ratio was unchanged for our configuration, yielding a neutron 138 

flux at the collimator exit of (5.10 ± 0.86) x 103 cm-2 s-1. 139 

 140 

3.3 Measurements  141 

Our graded shield design was effective at blocking both the 0.05-eV beam component and the 142 

fast neutron “background” component originating from FANS. However, both beam components 143 

travel through the 3-mm collimator slit to reach the sample position. We remove the fast neutron 144 

beam contaminant by performing two measurements at each position along the tube. The first 145 
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measurement is made with the collimator open (0.125-mm-thick Cd attenuator only). This 146 

measurement includes all neutron energies in the FANS beam. The second measurement is 147 

performed with the collimator closed (blocked with a total of 2.125 mm of Cd). In this setup, the 148 

0.05 eV beam does not reach the sensor, and the measured rate is due to the higher-energy beam 149 

contaminant only. The difference between these two measurements is attributed to the 0.05 eV 150 

neutron beam. 151 

Sample spectra from a measurement made at the center of a GPC, with the collimator open 152 

and closed, are shown in Figure 4A. Figure 4B plots the difference spectrum, which we attribute 153 

to the 0.05 eV neutrons only. These data highlight the good signal-to-background, on the order 154 

of 5:1 as calculated from the difference spectrum versus the collimator-open spectrum, that we 155 

achieved with the collimator and upstream shielding. The data also highlight the slight shift in 156 

energy for the beam contaminant (centroid of channel 115.6 for the collimator closed 157 

measurement) as compared to the value for the open (signal plus contaminant) measurement 158 

(centroid of 114.6) that is diagnostic of higher neutron energies in the beam contaminant.  159 

Translating the linear stage across the collimator line-of-sight allows the response of the 160 

entire length of the sensor to be characterized. Spectra from the collimated signal only, achieved 161 

following subtraction of the background as measured with the collimator closed, are shown for 162 

several different positions along the GPC in Figure 5. Those data were selected to highlight the 163 

edge effect, which manifests as a distorted neutron capture peak whose gain (position) degrades 164 

from the full-energy neutron capture peak near the center of the tube to the gain = 1 peak as the 165 

neutron beam approaches the dead region.  166 

We quantify the gain of the GPCs versus position by calculating the ratio between the 167 

centroids of the neutron-capture peak and the gain = 1 peak. This measured gas gain value is 168 

plotted versus position along the sensor in Figure 6. Loss of gas gain is apparent within the active 169 

volume near the boundary with the dead regions. Figure 6 also plots the neutron capture peak 170 

rate, calculated from simple region-of-interest (ROI) summing around the capture peak, as a 171 

function of position. The ROI fully encompasses the capture peak for nominal gas gain values, but 172 

as the gain decreases near the edge of the active volume, neutron capture events fall outside of 173 

the ROI and the result is a decrease in the neutron detection rate. 174 
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 175 

4. Response Modeling 176 

4.1 Gas Multiplication Modeling 177 

Loss of gas gain had been proposed as an explanation for efficiency loss in GPCs [2, 3]; however, 178 

to date there has been no effort to develop a quantitative match between gas multiplication 179 

models and measurements. Prior analytical modeling of gas multiplication [10,11,12,13] assumed 180 

an infinitely long tube and ignored the edge effect of the electric field distribution. In order to 181 

account for the edge effect, we used finite element analysis to model the electric field 182 

distribution, a result that was incorporated into a generic gas multiplication model to predict the 183 

location-dependent gas multiplication factor.  184 

The generic expression of the gas multiplication factor (M) is 185 

ln𝑀 = −∫ 𝛼 𝑑𝑟*+
*,

, (1) 186 

where rc is the inner radius of the tube, ra is the radius of the anode wire, and α is the Townsend 187 

Coefficient, which is given by [14] as: 188 

𝛼 = .
/
𝑒1

2
34, (2) 189 

where λ is the electron mean free path, W is the threshold energy for ionization, and E is the local 190 

electric field strength. E can be calculated analytically, when the edge effect is ignored, as: 191 

𝐸(𝑟) = 8
9:;<+<,

=*
, (3) 192 

where V is the anode voltage. For this scenario, the gas multiplication factor is provided by [15] 193 

as: 194 

ln𝑀 = 8
>
𝑒1

?@
A .	 (4) 195 

The parameters A and B were determined via curve fitting of measured gas multiplication factor 196 

versus applied voltage for our sensors (Figure 7). This fitting yielded values of A = 50.06 V and B 197 

= 66.93.  198 

Our axisymmetric electric field simulation of the GPC was developed using the COMSOL 199 

Multiphysics code (Figure 8). From this simulation, the Townsend Coefficient α was calculated 200 

for all points within the tube using our fitted A and B values and the simulated electric field values. 201 

Integrating along the radial direction provides the position-dependent distribution of the gas 202 
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multiplication factor along the length of the GPC, which is plotted in Figure 6. The agreement 203 

between the measurements and the models provide strong evidence for a loss of gas gain at the 204 

edges of the active region, where the high-voltage field is modified near the unbiased (dead) 205 

volumes of gas at the ends of the sensor. This loss of gas gain would explain the distorted peaks 206 

shapes (Figures 5, 6) and loss of neutron detection efficiency (Figure 6) at the edges of the GPCs. 207 

The impact of this loss of gain for the neutron efficiency is discussed further in Section 6. 208 

 209 

4.2 Radiation Transport Modeling 210 

We also used the Geant4 radiation transport toolkit [16, 17, 18] to model the GPC profile 211 

measurements. Our code, which was developed from the Geant4 example application AnaEx01, 212 

tracks neutron capture and reaction product energy loss within the active gas volume. The model 213 

uses the QGSP_BIC_HP physics list and G4NDL4.5 neutron cross section library. All recommended 214 

options for Geant4 high-precision (HP) neutron physics are set, following the guidelines in the 215 

Geant4 Application Developer’s Guide, as: 216 

• G4NEUTRONHP_NEGLECT_DOPPLER=1 217 

• G4NEUTRONHP_DO_NOT_ADJUST_FINAL_STATE=1, 218 

G4NEUTRONHP_SKIP_MISSING_ISOTOPES=1 219 

• AllowForHeavyElements=1 220 

These options lower the computation time for the models without adversely affecting the model 221 

output. The range cut for these models was 0.1 mm, a choice that improved the precision of the 222 

model at the expense of increased computation time. 223 

The Geant4 detector volumes were defined using dimensions from a mechanical drawing of 224 

the 3He sensor provided by the manufacturer. Pertinent dimensions are shown in Figure 2. The 225 

sensor geometry was composed of four volumes: the aluminum housing, the active gas volume, 226 

and the two dead volumes. The active volume, the only volume in which neutron-capture events 227 

were recorded, was a 4.8-cm diameter by 25.4-cm-long cylinder of 3He gas (1013 kPa = 1.35´10-228 
3 g cm-3). The dead volumes had the same gas composition and diameter, but different lengths 229 

(1.93 cm and 2.99 cm). The larger dead volume is closer to the high-voltage connector (Figure 2). 230 

The Al housing was a hollowed cylinder, with 1.4 mm thick walls, that enclosed all other volumes. 231 
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The “TS_Aluminum_Metal” composition was used for the aluminum in the housing, as it has the 232 

most accurate thermal neutron scattering (TS) cross sections for aluminum that are available for 233 

Geant4. 234 

Neutrons were implemented within the model using the GeneralParticleSource (GPS) particle 235 

generator. The collimated neutron source was defined as a planar beam of 0.05 eV neutrons. For 236 

one set of simulations, the beam had the same dimensions (3-mm wide, 50.8-mm tall) as the 237 

collimated neutron beam (section 3.1). For a second set of simulations, the beam size was 238 

increased to account for the maximum angular dispersion expected at the GPC. The position of 239 

this beam along the GPC was adjusted within the models to replicate the translation of the sensor 240 

across the beam (Section 3.3). 241 

AnaEx01 natively tracks energy deposition (dE) in active detector volumes. The output is an 242 

event-by-event tally of total dE for each history. dE is calculated for all primary and secondary 243 

particles interacting in the volume and is dominated by ionization loses from the products of the 244 
3He(n,p)t reaction. An Interactive Data Language (IDL) script reads the event-by-event dE tally of 245 

the simulation and creates a histogram with the same channel size and energy range as the 246 

measurements. The output of this model, normalized to the count rate measured at NIST, is 247 

shown in Figure 6 (bottom panel). Note the disagreement between the Geant4 model and 248 

measured position-dependent count rates near the ends of the active volume. This contrasts with 249 

the gas-gain model (Section 4.1), which provides a qualitative match to the behavior near the 250 

dead regions (Figure 6). In summary, Geant4 radiation transport models typically do not model 251 

gas gain, therefore they must be combined with knowledge of edge-effect efficiency loss prior to 252 

developing response models like those used for planetary nuclear spectroscopy applications 253 

(section 6).. 254 

In addition to modeling the 0.05 eV profile measurements, the Geant4 model was also used 255 

to simulate the energy-dependent neutron detection efficiency at the center of the sensor. At 256 

this location, the edge effect is not relevant and the Geant4-modeled efficiency is accurate. The 257 

results, shown in Figure 9, report the neutron detection probability for the NIST experiment 258 

geometry. 3He GPCs are generally almost 100% efficient at measuring sensor-incident neutrons 259 

with energies below about 0.1 eV, with a rapidly dropping (~1/v; where v is the neutron velocity) 260 
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efficiency extending to a maximum energy of about 1 keV. The ~1/v dependence is observed in 261 

our model, and our measured efficiency at <0.1 eV is approximately 85%. We propose two 262 

explanations for our maximum efficiency being <100%. The first is the difference between the 263 

beam/GPC height (5.08 cm) and the height of the active gas volume (4.8 cm),  i.e. some neutrons 264 

are undetected because they never intersect the active volume. The second explanation is that 265 

the cylindrical shape of the GPCs provide less neutron-detecting gas at the edges of the sensor, 266 

with a corresponding reduction in efficiency at these geometric extremes. 267 

The NIST measurements provide a means of benchmarking our models. The measured 268 

neutron capture rate in the center of the GPC, averaged for all sensors and measurements (Figure 269 

6, bottom), is (4.4±0.5)x103 cm-2 s-1. Dividing this value by the background-corrected neutron flux 270 

measured with the fission chamber of (5.10 ± 0.86)x103 cm-2 s-1, and adding an extra 20% 271 

uncertainty to account for unquantified beam divergence, yields an efficiency of (81±21)% (see 272 

Figure 9) for 0.05 eV neutrons incident on the center of the GPC. This value is consistent with the 273 

modeled efficiency value (Figure 9). The extra 20% uncertainty is added specifically to account 274 

for the fact that the beam monitor measurement was made approximately 5-cm upstream of the 275 
3He GPC, and that an unquantified beam divergence would reduce the neutron flux at the GPC. 276 

The value of 20% captures the maximum beam divergence allowed by our setup. 277 

 278 

5. Whole-sensor response measurements 279 

For planetary science applications, the entire volume of the GPC is illuminated with neutrons 280 

having a wide range of energies and sensor-incidence angles. We performed a whole-sensor 281 

neutron irradiation measurement to investigate the impact of the edge effect in this 282 

measurement regime. This measurement was carried out with the Psyche engineering model 1 283 

(P1 sensor) and a 252Cf neutron source. Cf-252 releases neutrons during spontaneous nuclear 284 

fission with a mean energy of 2.13 MeV, which is too high for detection in the GPC. A polyethene 285 

moderator reduced the energy of the neutrons to the point where the GPC neutron detection 286 

efficiency was higher. The moderator was a hollowed cylinder with 1-cm-thick walls, a length of 287 

24.2 cm, and a mass of 494 g. The moderator was centered on the GPC and enclosed the active 288 
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volume of the sensor. This geometry produces whole-sensor irradiation with a mixed-energy 289 

neutron beam similar to that expected in space. 290 

Our 252Cf source was placed 30 cm from the center of the tube, a distance chosen to limit the 291 

dead time of the measurements to <5%. We collected a 600-s-long measurement of the 252Cf 292 

source irradiation, as well as a 3600-s-long room background run. The background-subtracted 293 
252Cf source run is shown in Figure 1. Note the presence of a low-energy tail on the neutron 294 

capture peak, which is a manifestation of the edge effect events (e.g. Figure 5) contributing a 295 

fraction of the events in the whole-sensor measurement. 296 

We used the same Geant4 application detailed in Section 4.2 to model this experiment. The 297 

only changes were the addition of the polyethylene moderator and the GPS neutron source 298 

parameters. The moderator volume was defined as a 24.2-cm-long hollow cylinder with 1-cm-299 

thick walls. The “TS_H_of_Polyethylene” composition for hydrogen was used for the 300 

polyethylene, as it has the most accurate thermal neutron scattering (TS) cross sections for 301 

hydrogen available for Geant4. 302 

Within GPS, the 252Cf source was treated as point source emitting neutrons with an isotropic 303 

angular distribution. The energy spectrum was adopted from [19]. Cf sources emit neutrons at a 304 

rate of 0.1166 s-1 Bq-1 (4,316 neutrons s-1 µCi-1; [19]). Our source had an activity of 11.88 MBq 305 

(321 µCi), and a corresponding neutron emission rate of 1.39´106 s-1. We simulated 1´109 306 

histories, which is equivalent to 720 s of source-exposure time. An IDL script reads the event-by-307 

event tally output of the Geant4 simulation and creates a histogram with the same channel size 308 

and energy range as the measurements. This histogram was divided by the equivalent run time 309 

of 720 s to produce a spectrum that is directly comparable to time-normalized measurements.  310 

A direct comparison of the measurement and model requires application of a smooth to 311 

approximate the energy resolution of the GPC. Figure 10 (top) compares the model and 312 

measurements following a simple Gaussian smooth of the modeled spectrum. Note that the 313 

neutron capture peak tailing we attributed to the edge effect is not reproduced using this simple 314 

smoothing routine. This is expected, as Geant4 tracks energy deposition, but not signal 315 

multiplication within the gas resulting from the high-voltage bias applied to the sensor. So our 316 

Geant4 model has no knowledge of gas gain loss near the edge of the active volume. 317 
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To account for the missing edge effect in the model, we performed a separate two-step 318 

smooth of the model spectrum. First, 15% of the neutron capture events (E >190 keV) are 319 

removed to account for efficiency loss in the edge-effect region. For the remaining events not in 320 

the neutron capture peak, the same Gaussian smooth as described above is applied to the data. 321 

Within the neutron capture peak, 85% were subjected to the simple Gaussian smooth, and 15% 322 

were subjected to an exponentially-modified Gaussian (EMG) smooth with a long tail whose 323 

value is empirically derived from the data. The supplemental online material of [20] details the 324 

EMG function and its use for fitting nuclear spectroscopy data. These numbers (85% detected; 325 

15% in an exponential tail) were chosen to improve the match between the measurements and 326 

the simulation. However, we note that they are similar to our estimate of the efficiency loss due 327 

to the edge effect and the fraction of events with reduced gain due to gas gain loss in the edge 328 

effect region (Section 6). 329 

This smooth of the model spectrum is compared to the data in Figure 10 (bottom). Note the 330 

substantially improved model-data agreement, which indicates that post-simulation processing 331 

of the model can be used to account for the missing edge effect physics in the Geant4 model. 332 

Summing all events in the active-area-corrected model spectra from 180 keV to 800 keV (inclusive 333 

of the neutron capture peak and all wall effect neutrons) yields a modeled counting rate of 755 334 

s-1 for the 252Cf neutron source irradiation. The same sum of events in the measured spectrum 335 

yields a counting rate of 714 s-1. Our model-to-measured rate is thus 106%, and provides a 336 

benchmark of the accuracy of our Geant4 models. We conclude that the models can achieve an 337 

accuracy of within 10% of the measured rates when the magnitude of the edge effect is known a 338 

priori and applied to the Geant4 output. 339 

 340 

6. Discussion 341 

For planetary-science neutron spectroscopy investigations, neutron counting rates are typically 342 

derived via summing of spectral regions of interest (ROI) centered on the neutron capture peak, 343 

e.g. [21], with corrections made for non-neutron events in the ROI (e.g. cosmic-ray energy 344 

deposition in the GPC). This type of analysis is particularly sensitive to signal loss due to the edge 345 

effect, as valid neutron capture events subjected to the edge effect shift to lower pulse height 346 
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(Figure 5) and therefore fall outside of the summing ROI. This manifests at neutron detection 347 

efficiency loss (Figure 6, bottom panel).  348 

The count rate profile of the summing ROI efficiency (Figure 6, bottom panel) yields a FWHM 349 

active length of (22.0±0.6) cm, which is (87±2)% of the reported geometric length of the active 350 

area (25.41 cm; Figure 2). When multiplied by the diameter of the active volume of gas in the 351 

GPC (4.8 cm), we calculate an active area of (106±3) cm2, 13% lower than a simple geometric 352 

model of the active area (25.41 cm ´ 4.8 cm) that does not include the edge effect. Note that this 353 

value is specific to our tube geometry and bias voltage and should not be adopted blindly for 354 

other 3He GPC sensors. Edge effect measurements for other 3He GPCs have also been reported 355 

[2,3]. Figure 9 expands this calculation to include the neutron detection probability versus energy 356 

to report the active area of the sensor from 10-2 to 103 eV, based on the simulated neutron 357 

detection probability in the NIST experiment geometry. 358 

The Lunar Prospector (LP) NS data reduction, which used the neutron-capture peak ROI [20] 359 

to determine the neutron flux at the sensor, consistently yielded counting rates that were 10% 360 

to 20% lower than corresponding simulated rates [22, 23], consistent with our estimate of a 13% 361 

efficiency loss for the ROI summing method. The LP NS was a similarly sized GPC with the same 362 
3He pressure as the GPCs used for this study. We propose that our measurements explain the 363 

longstanding discrepancy with the LP NS data. 364 

Edge-effect-induced efficiency loss can be partly mitigated by expanding the summing ROI to 365 

limit the number of edge-effect events that fall outside the ROI. Choosing an ROI lower limit just 366 

below the lower-energy-edge of the triton wall effect increases efficiency by both including wall 367 

effect events and more of the edge-effect events. We note that, for planetary science 368 

applications, this alternative approach comes at the cost of increased background contributions 369 

from cosmic-ray-induced events. However, use of the wider, wall-effect inclusive ROI allows us 370 

to mitigate the efficiency loss problem for the upcoming Psyche, MMX, Dragonfly, and VIPER [24] 371 

NS data analyses. 372 

 373 

7. Conclusions 374 
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Whole-sensor neutron detection efficiency measurements, achieved via irradiation with a 375 

moderated 252Cf neutron source, and profile measurements along the length of five separate 376 

sensors using a 3-mm-wide, monoenergetic (0.05 eV) neutron beam, allowed us to quantify the 377 

active area of a 3He GPC. We observed that the efficiency-area product (at 0.05 eV) is 13% lower 378 

than that expected based solely on the reported active area of the sensor. The efficiency loss 379 

occurs at the ends of the active volumes, adjacent to the non-biased dead volumes. This edge 380 

effect has been attributed to a decrease in charge production near the end of the active area, 381 

which we confirmed via gas-gain multiplication calculations informed by a finite element model 382 

of the position-dependent electrostatic field within our sensor.  383 

Geant4 models of GPC pulse-height spectra require corrections to account for this active area 384 

loss. A two-component spectral response smoothing routine of the modeled energy deposition 385 

spectrum was required to accurately reproduce the shape and amplitude of the measurements. 386 

Following our corrections for the edge-effect efficiency loss, we found that the Geant4 models 387 

reproduced the whole-sensor 252Cf-measured count rates to within 10%.  388 

Accurate knowledge of the active area of the neutron sensors studied here is necessary to 389 

properly interpret neutron measurements planned for the Psyche and MMX missions to asteroid 390 

(16) Psyche [6] and Mars’ moon Phobos [7], respectively. The results presented here will be 391 

incorporated into analyses of neutron data from those missions. Our Geant4 benchmark provides 392 

an estimate of the systematic uncertainties associated with the modeled efficiency 393 

measurements (<10%), an uncertainty that will be propagated to all resulted derived from those 394 

measurements. Analyses of data from neutron spectrometers on completed (e.g. Lunar 395 

Prospector, [21]) and upcoming (e.g. VIPER, [23]; Dragonfly, [8]) missions, which have sensors 396 

with different geometries and/or housing materials than the sensors studied here, should 397 

conduct similar measurements and modeling efforts to fully understand the active areas prior to 398 

interpreting their measurements.  399 
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 533 

Figure 1. Annotated 3He spectrum, highlighting neutron capture peak, gain = 1 peak, wall effect, 534 

and edge effect.  535 

 536 

 537 

 538 
 539 

Figure 2. The dimensions of the 3He GPC sensor used in this study. The sensor has an aluminum 540 

housing and 1013 kPa (10 atm) of 3He gas. The housing is 1.4-mm thick on all sides. The interior 541 

of the sensor is notional, highlighting the proportional wire and insulators for context only. 542 

 543 
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 544 
Figure 3. Diagram of the experiment, including the beam collimation scheme (boron-graded 545 

polyethylene shieling and Cd collimator), Cd beam attenuator, sensor placement, and linear stage. 546 

Image is not drawn to scale. Note that the preamplifier sits below the platform and is not in the 547 

beam path. 548 
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 550 
Figure 4. A. Pulse-height spectrum measurements with the collimator open (e.g. the 0.05 eV 551 

beam plus room backgrounds; red) and the collimator closed (e.g. room background only; blue). 552 

Dashed lines denote the center of the neutron capture peaks for each measurement. B. The 553 

difference spectrum (open – closed data), which we attribute to the signal from the collimated 554 

(0.05 eV) neutron component only. 555 
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 557 
Figure 5. Neutron capture peak shape for measurements made at four positions along the GPC. 558 

The spectra were chosen to highlight the lower peak centroid (gas gain loss) and distorted peak 559 

shapes that occur in the “edge effect” region, near the dead regions but still within the active gas 560 

volume. 561 
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 563 
Figure 6. (Top Panel) The dimensions of the 3He GPC sensor used in this study. Dark blue is the 564 

active gas volume, light blue is the dead regions. (Middle Panel) Measured gas gain values as a 565 

function of the position of the collimated (3-mm-wide) neutron beam, for four identical sensors. 566 

Modeled gas gain values are shown as the dashed red curve. (Bottom Panel) Measured neutron 567 

capture rates, derived from the neutron-capture peak region-of-interest (ROI). The red dashed 568 

lines show the Geant4-modeled neutron detection efficiency.  For the middle and bottom panels, 569 

vertical grey dashed lines represent the boundaries of the dead volumes. 570 

 571 
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 572 

Figure 7: Derivation of A and B via fitting of measured gain values, ln(M), as a function of the 573 

high-voltage bias applied to the anode (in volts; V). 574 

 575 

576 



 26 

  577 

(a)                                                                       (b) 578 

Figure 8: Axisymmetric electric radial field (V/m) COMSOL simulation for our gas proportional 579 

counter and 1300 V bias: (a) full tube, (b) scaled and zoomed in to show the field distribution 580 

near the anode. 581 
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 583 
Figure 9. Geant4-simulated neutron detection efficiency of the GPC for a plane wave of neutrons, 584 

incident on the center of the GPC, perpendicular to the long-axis of the GPC, in a 3-mm beam, 585 

5.08-cm tall. The measured value is shown in red. The error bar of the measurement is dominated 586 

by systematic uncertainties. 587 
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 589 
Figure 10. Comparison of measured (black) and modeled (red) spectra for the whole-tube 590 

irradiation with the 252Cf source. (Top Panel) Simple Gaussian smooth of the model. (Bottom 591 

Panel) Two-component smooth, which includes a contribution with an exponentially-modified 592 

Gaussian (EMG) shape to approximate contributions from neutron capture events near the dead 593 

region (e.g. Figure 5). 594 


