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1. Introduction

We have developed and deployed a very compact and mobile fast neutron imaging platform 
suitable for a variety of field applications.  This system builds on the decade-plus work we have 
performed on developing neutron scatter cameras1-4 that lead to our current large segmented 
imaging system optimized for large-area search applications.  Due to the reduced size and power 
requirements of a man-portable system, the system described here has been engineered to fit a 
much smaller form factor, and to be operated from either a battery or AC power.  We chose a 
design that enabled omnidirectional (4) imaging, with only a ~twofold decrease in sensitivity 
compared to the much larger neutron scatter cameras (at the cost of reduced spatial and spectral 
resolution).  The system design was optimized for neutron imaging and spectroscopy, but it also 
functions as a Compton camera for gamma imaging.  This paper describes the system in detail, 
and presents laboratory measurements made with it.

2. Imaging methodology

Scatter-camera imaging of fast neutrons utilizes the kinematics of elastic scattering to reconstruct 
the incident energy and direction of neutrons that interact twice in a detector system as illustrated 
in Figure 1.  The incident neutron scatters off a proton in the first detector, and the deposited 
energy ED1,N is determined from the scintillation signal in that detector.  If the scattered neutron 
is subsequently observed in a second detector, the energy ES,N of the scattered neutron is 
determined by the time-of-flight τ between the two detectors separated by distance d (Eqn. 1).  
(For reference, the velocity of a 1 MeV neutron is ~5% c, hence the use of this nonrelativistic 
formula.)  The energy of the incident neutron is the sum of the energy deposited in the first cell 
and the energy of the scattered neutron (Eqn. 2).  The kinematic constraint imposed by those two 
energies determines the initial scatter angle  shown in the figure to within the surface of the
cone with the angle N derived from Eqn. 3.5  For back-projection image reconstruction, the 
intersection of the cones as measured by multiple neutron events then determines the direction to 
the source.  It is worth noting that the signal from the second cell is only used to derive the time-
of-flight τ of the scattered neutron; it cannot be used to accurately determine the energy of the 
scattered neutron as the deposited energy can be anywhere between a very small value and the 
full energy of the neutron.
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Figure 1.  Scattering geometry and quantities relevant to image reconstruction
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Compton-camera imaging of gammas is performed in a similar manner, but we cannot use the 
time-of-flight of the scattered gamma to infer its energy.  In a conventional Compton camera, the 
second detector is designed to capture and measure the full energy of the scattered gamma.  This 
is not the case for the low-Z, modest-size liquid-scintillator cells employed in this system.  In 
general, it is necessary to estimate the fraction of the energy of the scattered gamma (ES,G) that is 
measured in the second cell (ED2,G), and we find that the value of one-half works reasonably well
(Eqn. 4).  The energy of the incident gamma is the sum of the energy deposited in the first cell 
and the energy of the scattered gamma (Eqn. 5).  The scatter angle θG is then given by Eqn. 6
(where me is the mass of the electron).6
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3. System configuration

There is a very large trade-off space in the design of a neutron scatter camera.  The need for
sensitive fast-neutron detectors with neutron/gamma discrimination capabilities rather quickly 



leads one toward several-inch-size scintillators that have pulse-shape-discrimination (PSD) 
capabilities.  Until very recently, this meant liquid scintillator detectors, with the non-hazardous, 
high-flash-point material EJ-309 being chosen to avoid difficulties in transporting the system.  
The recent commercial availability of PSD-capable plastic scintillator and Stilbene crystals lead 
to additional material choices, but do not significantly affect the other design choices related to 
performance.  High sensitivity, spatial resolution, and spectral resolution suggest the use of many 
large cells (the design direction chosen for earlier designs), but flexible use for field deployments
suggests a modest number of smaller cells in a compact configuration.  The available selection of 
fast, sensitive photomultiplier tubes lead to inch-multiple cell diameters, and the selection of 
commercially available fast multichannel digitizers leads to factors-of-two numbers of cells.  
Modeling the system sensitivity and cost of the resulting variety of choices with the goal of a 
system weight under 100 pounds led us to choose to use sixteen 3” diameter liquid scintillator 
cells.

Typical neutron scatter cameras and Compton cameras employ a two-plane design such as that 
shown in Fig. 1.  This approach is conceptually straightforward, but it limits the system field-of-
view to two general directions. If the electronics are configured to allow it, either plane can 
serve as front or rear plane.  We envision measurement scenarios in which the direction of the 
source is not known and thus a system with omnidirectional sensitivity is preferred.  We modeled 
the response of a large number of sixteen-detector configurations, ultimately choosing the 
height-offset cylindrical configuration shown in Fig. 2.  This design provides very uniform 
sensitivity in the horizontal plane, with less than a factor-of-two variation in the vertical plane.  
The close spacing of the cells leads to sensitivity in all directions as good as a two-plane system 
with a plane separation equal to the radius of the cylindrical configuration.  This configuration 
only has a roughly two-fold lower double-scatter efficiency than provided by our large neutron 
scatter camera with thirty-two 5” cells.  The spatial and energy resolution of the system remains 
sufficient to localize neutron and gamma sources, and to make spectral measurements that can 
distinguish among some source materials.

Figure 2.  Cell layout of the height offset cylindrical configuration of neutron detectors
4. Detector cell design and performance

We investigated the performance of a variety of 3”-diameter cells and photomultiplier 
combinations using Detect20007 to guide our experimental studies.  After a variety of 



simulations and measurements of sensitivity and PSD performance (including investigating a 
variety of photomultiplier choices), we chose cylindrical, 3” diameter, 3” deep liquid scintillator 
cells coupled to a 3” diameter photomultiplier (Electron Tubes 9821B).  Based on these results 
and previous experience with a wide variety of liquid scintillator cells, we have developed a new 
cell design explicitly for this project (Fig. 3).  The body of each cell is constructed out of a solid 
billet of 6061-T6 aluminum.  Aluminum offers a strong yet light material that is easy to machine 
and has an acceptable level of interaction with both neutrons and gamma rays.  Cell interior 
walls are painted with EJ-520 to give a uniform and diffuse reflective surface.  Each cell has a 
window at one end of the right cylinder that is made of cast acrylic as it is optically clear in the 
scintillators emission spectrum, has excellent machinability, is functional from -20 to 180 
degrees F, and is highly impact and chemically resistant.  The windows are coupled to the cell 
using a mechanical flange and sealed with Viton O-rings.  Viton is used for superior 
environmental stability and chemical resistance.  To enable a bubble free volume of EJ-309 
scintillator, each cell has an expansion chamber to allow a useful temperature range of 50 
degrees Celsius.  The expansion chamber uses a small cylinder and piston coupled to the main 
volume via a small hole in the floor of the cell.  The chamber piston uses a double O-ring seal in 
intimate contact with the liquid in the chamber.  As the temperature changes, the expansion and 
contraction of the liquid creates a hydraulic force on the piston, moving it in and out.  This 
movement compensates for the expansion and allows the cells to be virtually bubble free.  
Photomultiplier tubes are coupled to the cell window using silicone coupling material and held in 
place using light spring pressure.  The entire PMT assembly (Fig. 3), including the divider base 
and high voltage power supply (a low-power, USB-controlled custom circuit mounted directly 
behind the voltage divider board), is housed in a light tight assembly lined with Mu-metal.

Figure 3.  Detector cell components (left), assembled liquid scintillator cell (top right), and 
complete detector assembly (bottom right).
The three key considerations related to the performance of the individual cells are our ability to 
measure the energy deposited in a cell when an incident neutron scatters off a proton in the 
scintillator (ED1 in Figure 1), ability to discriminate neutrons from gammas based on the shape of 
the PMT output pulse, and a fast time response in order to accurately measure the time-of-flight 



.  We measured these characteristics using a laptop computer to control a Struck SIS3316 16-
channel, 250 MSPS, 14-bit digitizer.  The digitizer firmware is very flexible, with multiple 
control and readout modalities.  In addition to (optionally) recording waveforms, the digital 
signal processors in the module provide peak signal values, signal sums over specified windows, 
a timestamp that counts 4-ns clock periods since the start of data acquisition, and internal 
“moving average window” processing that can be used to calculate event timing with 
substantially better precision than the 4-ns-period sampling clock.

Figure 4 shows a representative measurement of the peak amplitude spectrum of the gamma 
emissions from a 22Na source, which we use to calibrate the detector.  We start with an MCNP-
PoliMi model of the source output (blue curve), adding Gaussian broadening and an exponential 
low-energy background to obtain a detector-response curve (red curve).  We then fit this to the 
measurement (black data points), with the two Compton edges at 341 keV and 1062 keV making 
it possible to convert a peak amplitude into an electron equivalent energy deposited.  The 
agreement of the fit to the measurement indicates that the detectors are responding as expected.

Figure 4.  Liquid scintillator cell energy calibration.  Blue curve: MCNP-PoliMi model of the 
source output.  Red curve: modeled detector response.  Black data points: measurement.

In order to distinguish neutron and gamma signals, we integrate the PMT output pulse over a 
long and a short time interval (using the windowing capability of the digitizer), and define a PSD 
response as the baseline-subtracted ratio of the long-interval pulse over the short-interval pulse.  
Because neutrons produce scintillation pulses with longer tails than gammas in the liquid organic 
scintillator, neutrons have larger PSD values than gammas.  Each data point in Figure 5 
represents the PSD value for individual scintillation events as a function of the peak amplitude of 
the corresponding scintillation pulse; neutrons appear in the upper branch of the figure, gammas 
in the lower branch.  For a specified pulse peak amplitude (a vertical slice through the figure), 
we characterize the PSD response as a fit to a sum of two Gaussians.  The fit then enables us to 
assign a statistical probability that each pulse was produced by a neutron or a gamma interaction.  
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In the figure, white points are gamma events with a greater than 90% probability.  Green, blue, 
yellow, purple, and orange points are neutron events with probabilities greater than 90%, 99%, 
99.9%, 99.99%, and 99.999%, respectively.  Red points are events that we cannot ascribe to 
either type of particle with a certainly greater than 90%.  The “staircase” appearance in the low-
amplitude region of the plot is caused by the relatively coarse amplitude binning used in this 
analysis.

Figure 5.  Neutron-gamma discrimination using pulse-shape discrimination (PSD)

For each digitizer event, in addition to the 4-ns-resolution event timestamp, the SIS3316 digitizer 
also provides moving-average-window timing values that enable us to improve the timing 
resolution beyond that provided by the raw timestamp.  In order to determine this accuracy, we 
placed a gamma source to one side of the system, and recorded the time difference between the 
trigger times for two detectors.  Figure 6 displays a histogram of that time difference, with a 
FWHM of 1.25 ns for a Gaussian fitted to the result.  In order to take into account differences in 
the time responses of the individual channels, we placed a gamma source at the center of the 
array of detectors, and then for each pair of detectors we recorded the difference in time between 
a gamma that is scattered from one to the other.  We then used a least-squares fitting routine 
incorporating measurements from all combinations of two-cell timing signals to determine 
single-channel timing corrections to minimize this effect.  This enables us to measure the time 
interval between double-scatter events with ~1 ns precision.  This is sufficient for the neutron 
time-of-flight measurement, though marginal for determining the sequence of double-scatter 
events needed for gamma imaging.



Figure 6.  Histogram of the variation in gamma transit time
between two cells of the detection system

5. System implementation

Early imaging studies were performed with a flexible test stand that enabled us to vary the 
spacing of the cells.  As indicated by simulations, we found that a relatively close -packed 
geometry was optimal for double-scatter sensitivity and is much more compact than a wider-
spaced geometry, with an acceptable reduction in angular resolut ion.  We subsequently designed 
the final ruggedized mounting system shown in Fig. 7.  The cells are suspended in the center of 
the external protective cylinder (36” high, 15” diameter), with shock mounting provided by the 
round structures at the top and bottom of the assemblies.  The photograph in Fig. 8 shows the 
final assembly opened up to reveal its internal structure.

Figure 7. Illustration of the mechanical design of the detection system.



Figure 8.  Photograph of the interior of the detection system.

The initial implementation of the electronics used a relatively high-power VME-based data 
acquisition system.  Since that time, Struck has introduced a DC-powered “desktop” version of 
the sixteen-channel digitizer that can be operated using Ethernet, eliminating the need for any 
VME-based electronics.  This new product has made it straightforward to modify the system so 
that it can be powered from either an electrical outlet or a battery.

The new desktop digitizer operates with 19-36 VDC power.  The PMT circuitry operates on 12 
VDC power (upconverted to high voltage using the custom circuitry mounted behind each PMT 
base shown in Fig. 3).  To provide these two voltages, we have built a power conditioning 
module that can in turn be powered by electrical outlet or battery power (110 W required).  We 
have operated the system for five hours using a nominally 92 amp-hour deep-cycle battery, 
observing a 1 V drop in battery voltage after that period, which corresponds to roughly half the 
nominal capacity of the battery.  The digitizer draws ~90 W, and the PMTs draw ~20 W.  The 
latter could be reduced substantially by replacing the standard resistor-based dynode chain with a 
transistorized circuit, but significant reductions in power can only be achieved by reducing the 
power required by the digitizer.  The digitizer we are using was originally designed for use in a 
VME crate, and thus low power consumption was likely not an overriding concern.  With careful 
attention to the power consumption of all components, we believe that the power requirements of 
could be reduced to ~10-20 W.



To simplify transport and handling of the system, we chose to mount the electronics on the side 
of the cylindrical detector head (see Fig. 9).  The top box is the power conditioning module 
described above, and the bottom module is the desktop digitizer.  With this configuration, only 
three external cables are connected to the assembly: power (either AC power or battery), a USB 
cable to control the PMT high voltage, and an Ethernet cable to communicate with the digitizer.  
The latter two cables are connected to the Windows-based laptop computer shown resting on top 
of the system (the only other component of the entire system) that runs the LabVIEW-based data 
acquisition and real-time display software.  For transport, it is only necessary to disconnect the 
three cables before the assembly and the laptop are placed in a 43”x27”x20” Pelican transport 
case.  The system can then be set up at a new location and be acquiring data in less than five 
minutes.

Figure 9.  Photograph of the detection system

One disadvantage of this mounting scheme is that it introduces additional mat erial on one side of 
the detector head, leading to a small asymmetry in the response of the system in the horizontal 
plane.  We evaluated this effect by measuring the response to a 252Cf source located 2 m from the 
system positioned directly in-line with the side-mounted modules, recording measurements both 
with the modules in place and with them removed.  We found that the presence of the electronics 
reduced the neutron and gamma count rates by ~5% and ~10%, respectively.  We did not 
observe any significant discrepancies between the resulting “images” or neutron spectra, 
however, and for most applications we believe that the asymmetry introduced by the presence of 
the electronics will not be significant.  However, if desired, the electronics can be removed from 
the side of the detector head simply by pulling the two pins visible at the top of the module 
mounting rails, freeing the rails so that the modules can be relocated as a unit.



The system is operated using LabVIEW-based software on a standard Windows laptop PC.  Data 
acquisition cycles operate on a user-specified time period, during which one memory buffer of 
the digitizer acquires measurements while data is transferred from, stored to disk, and optionally 
processed and displayed from the other buffer.  At the end of each period, the role of the two 
buffers switches, eliminating data-transfer deadtime (as long as the buffer can be read out faster 
than it is filled).  The software can acquire and store full digitized waveforms, but it is more 
typically configured such that the digitizer only transfers key pulse parameters (pulse height, 
three integration gates used for PSD, and timing information), greatly reducing the data-transfer 
overhead.  The real-time software display includes  time-cycle-updated images, spectra, PSD 
characterization, and event counts (classified by type) at event rates in excess of 105 events per 
second while also streaming the measurements to disk at the completion of each buffer read (list-
mode recording); operation at higher trigger rates can be accommodated by simply turning off 
the real-time display.

6. System characterization

We have performed extensive laboratory characterization of the system using 252Cf and AmBe 
neutron sources and a variety of gamma sources.  As one example, Fig. 10 presents a sample 
screenshot from the real-time display provided by the LabVIEW program.  This twenty-minute 
measurement was recorded with the sources placed only ~2 m from the detector in order to 
provide very clean images and spectra.  The screen is updated during the course of a 
measurement at a user-specified rate, typically 10 seconds for strong nearby sources to a minute 
or two for weaker more distant sources.  The “events by class” table at the top left is a running 
counter of the events as they are classified by the routine.  “Bad sample” indicates an error 
reading from the digitizer (they are very rare); “below threshold” indicates an event that is above 
the hardware trigger threshold, but below the software threshold; “off scale” is for an event 
beyond the measurement range of the digitizer, generally a high-energy (>10 MeV) cosmic ray; 
“bad PSD” is an indication that the PSD value is outside the acceptable range of values; the other 
types of events are as described above for Fig. 5.  The “PSD Graph” below the table is a real-
time display of those events, again as described for Fig. 5.  

In the “Neutron” column in Fig. 10, the center plot is a real-time image of the neutron source 
created as a back-projection reconstruction of events using Eqn. 3 (we have also implemented 
post-data-acquisition image generation using maximum likelihood expectation maximization, or 
MLEM, and hypothesis-test methods).  The x-axis, θ, is equivalent to latitude (-180º ‒ +180º), 
and the y-axis, φ, is equivalent to longitude (+90º straight up, -90º straight down).  The upper 
plot is an Aitoff projection of the same real-time data to more clearly represent measurements 
near the polar extremes of the image.  The bottom graph is an energy spectrum (in MeV) 
constructed using the event-by-event energy values derived using Eqn. 2; longer data acquisition 
times are necessary to obtain useful spectra.  The “number of neutron pairs” value at the bottom 
of the column is the number of double-scatter events that were used to derive the information 
described above.  The data in the “Gamma” column is similar.  Finally, the right-hand column 
provides diagnostic measurements (histograms of the neutron and gamma double-scatter angles 
and the neutron and gamma scintillator signals recorded in all cells).  This same routine is used 
for post-acquisition analysis of measurements saved to disk, with the ability to vary analysis 
parameters at that time.



Figure 10.  Real-time display at the end of a measurement made with a 252Cf placed at θ = -90º,   
φ = 0º and a 60Co gamma source placed at φ = 90º directly above the detector.

In order to be designated a double-scatter neutron event, we require that the pulse in each single-
cell be categorized as a neutron event by PSD, and that the time difference between the two 
events is longer than it would be for a gamma.  This triple requirement makes the neutron 
imaging very robust in the presence of strong gamma fields.  This is demonstrated in Fig. 11, in 
which the neutron image of a 252Cf source is unaffected by the presence of the strong gamma 
emission from a 152Eu source.  (The Cf gamma image is not visible in the Cf+Eu gamma image 
because its rate of valid double-scatter events is nearly 100 times lower than that of Eu.)



Fig. 11.  Neutron (top) and gamma (bottom) images recorded with a 252Cf source  several meters 
from the system at a relative angle of 135º (left), a strong 152 Eu source closer to the system at a 
relative angle of 0º (center), and both sources at the same time (right).  The scales on the color 
bars indicate the relative strengths of the signals (in particular, no neutron signal for Eu only).

To characterize the intrinsic efficiency of the system for detecting neutrons, we consider the 
cross sectional area of the 32 cm wide by 30 cm high rectangle of the sixteen liquid scintillator 
cells viewed from the side of the apparatus (ignoring for this purpose the majority of the system 
area/volume taken up by the photomultipliers and their associated hardware).  With this 
definition, and using 252Cf with known neutron emission rates, we measure a 45% efficiency for 
detecting fission-energy neutrons that strike that area, and a 1% efficiency for observing double-
scatter events for fission-energy neutrons that strike that area.  

7. Neutron spectroscopy

Detailed measurements of three test objects that contain significant quantities of plutonium were 
made during a measurement at the Idaho National Laboratory ZPPR (Zero Power Physics 
Reactor) facility.  One object is a plutonium metal sphere; the other two are “hex cans” 
containing plutonium oxide.  In addition to performing a variety of imaging studies, the 
relatively high neutron emission rates of these objects provided excellent statistics for 
measurements of neutron energy spectra.  The plutonium metal sphere emits only fission -
spectrum neutrons, while the hex cans additionally emit neutrons from an (α,n)  interaction on 
oxygen in the material.  The differences in these two neutron spectra can be used to distinguish 
plutonium metal from its oxide.8-12  Measurements of double-scatter and single-scatter events are 
shown in Figs. 12 and 13, respectively, demonstrating the effectiveness of the detector system
for making this material discrimination.  Spectra are also displayed for 252Cf (a fission-energy 
spectrum that for all practical purposes cannot be distinguished from plutonium metal) and 
AmBe (a common industrial neutron source).  These spectra do not represent the true spectra, as 
the instrument response function has a steep threshold at low-energies.  However, the differences 
between observed spectra can nonetheless be used for material characterization. 



Figure 12. Peak-normalized double-scatter spectra (not corrected for instrument response) for 
four neutron sources

Figure. 13.  Peak-normalized single-scatter spectra (not corrected for instrument response) for 
four neutron sources

The spectra shown in Figs. 12 and 13 are for bare sources, whereas material of interest in real-
world scenarios is likely to be shielded by surrounding material.  To explore this impact on 
fission-energy neutron spectra, peak-normalized double-scatter and single-scatter spectra are 



displayed for a bare 252Cf source, and the same source shielded by 6” of high-density 
polyethylene (HDPE) and 2” of lead (Figs. 14 and 15).  Although the intervening material 
reduces the strength of the signal, it has little impact on the shape of the recorded spectrum.  This 
behavior (for double-scatter spectra in particular) can be attributed to the relatively high energy 
threshold of the detection system, the significant energy loss of the neutrons during scattering 
events, and the fact that a significant fraction of fission-energy neutrons fall below the energy 
threshold.

Figure 14.  Peak-normalized double-scatter spectra (not corrected for instrument response) for a 
bare and shielded 252Cf source.

Figure 15.  Peak-normalized single-scatter spectra (not corrected for instrument response) for a 
bare and shielded 252Cf source.



8. Conclusion

We have described the design and performance of a compact, omnidirectional-sensitivity neutron 
scatter camera, touched on its capabilities for localizing both neutron and gamma sources, and 
demonstrated its use for material identification using neutron spectroscopy.  Although not 
described here, this system has been very successful at localizing and characterizing neutron (and 
to a lesser extent gamma) sources during several field deployments.  Future work will explore
detection of HEU through active interrogation, neutron source multiplication measurements 
using time-correlated pulse-height measurements,13 enhanced gamma localization using energy 
windowing, and additional field deployments.  We are also exploring the use of alternative 
detection materials to enhance the sensitivity and neutron-gamma discrimination capabilities of 
the system, and alternative photodetectors to substantially decrease its size.
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