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ABSTRACT 
 

With growing concerns over port security and the potential for illicit trafficking of SNM through 
portable cargo shipping containers, efforts are ongoing to reduce the threat via container 
monitoring.  This paper focuses on answering an important question of how many detectors are 
necessary for adequate coverage of a cargo container considering the detection of neutrons and 
gamma rays.  Deterministic adjoint transport calculations are performed with compressed helium-
3 polyethylene moderated neutron detectors and sodium activated cesium-iodide gamma-ray 
scintillation detectors on partial and full container models.  Results indicate that the detector 
capability is dependent on source strength and potential shielding.  Using a surrogate weapons-
grade plutonium leakage source, it was determined that for a 20 foot ISO container, five neutron 
detectors and three gamma detectors are necessary for adequate coverage.  While a large CsI(Na) 
gamma detector has the potential to monitor the entire height of the container for SNM, the He-3 
neutron detector is limited to roughly 1.25 m in depth.  Detector blind spots are unavoidable inside 
the container volume unless additional measures are taken for adequate coverage.   
 
Key Words: SNM, adjoint, deterministic, container, He-3, CsI. 

 
 

1. INTRODUCTION 
 
Largely in part of the effort to combat nuclear smuggling through the use of portable shipping 
containers, this paper approaches a very basic question that is ultimately very important.  For 
some time, portal monitoring has been a focus for the trafficking of illicit goods into the country.  
The shipment of Special Nuclear Materials (SNM) in cargo is of increasing concern as the 
international community attempts to mitigate the terrorist threat.  Both neutron and gamma-ray 
measurements are used in the interdiction of clandestine nuclear materials at border crossings 
and ports of embarkation/debarkation.  Thus, it is appropriate that we understand the capabilities 
of the detectors when applied to shipping containers.  Underestimating a detector’s ability (i.e. 
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using too many detectors) leads to a waste of resources; conversely, overestimating their ability 
(i.e. using too few detectors) means container volumes proceed without inspection. 
 
The question we seek to answer is: how many detectors are necessary to adequately monitor 
cargo containers for SNM?  Using deterministic adjoint transport methods, this question is 
answered.  Two detectors are studied: compressed helium-3 gas proportional neutron detectors 
with polyethylene moderators, and cesium-iodide scintillator detectors for gamma-ray detection.  
These detectors are studied individually to ascertain their individual contribution into a model 
phase space, and collectively as an array to measure the overall effectiveness for SNM detection.   
 
 

2. DETERMINISTIC TRANSPORT METHODS OF DETECTOR RESPONSE 

2.1. Boltzmann Transport Equation 
 
Numerical transport calculations are most often carried out in steady state, and for systems which 
are non-multiplying with a source that is time-independent, the standard integro-differential form 
of the linear Boltzmann transport equation is used, as given in Equation 1, in terms of angular 
flux, � : 
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The linear Boltzmann equation above is in terms of space, angle, and energy represented by 

,ˆ, �r�  and E respectively.  The spatial domain is characterized by three dimensions and the 
angular domain by two angles (since any one direction must be described by two angles), 
azimuthal and polar.  The spatial domain provides the particle location and the angular domain 
provides particle direction and particle energy, E , in terms of electron volts, eV.   
 
Equation 1 may be considered into two main parts, the gains and losses, which occur within the 
phase space.  From left to right, the two loss terms are: (Eq. 2a) particle streaming, (Eq. 2b) 
particle collisions; these are in balance with the gain terms: (Eq. 2c) fixed source in the system, 
and (Eq. 2d) particle scattering into the energy and direction, �,E , respectively, of interest, 
from all other ��� ˆ,E  [1]. 
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Discretizing the energy spectrum into two or more energy groups, i.e. the multi-group method, 
allows one to solve the linear Boltzmann equation in a system and account for neutral particle 
downscattering from high to low energy.  Energy group structures can vary greatly and are often 
dependent on the specific problem at hand.  In multi-group form, the steady state Boltzmann 
transport equation considers energy groups from � �Gg ,1
 , where energy group 1 represents high 
energy particles, and group G  contains the lowest energy particles, is given by 
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This equation is the result of the forward multi-group transport equation operating on the forward 
angular flux, g� , which is equivalent to )ˆ,( �rqg

� .  Additionally, it is noteworthy that this 
equation takes into effect in-group scattering as well as up-scattering from lower energies to 
higher energies, which can be important considering thermal neutron energy group structures [2].   
 
2.2. Adjoint Transport Equation 
 
There is a related adjoint equation for each forward transport equation.  Given an operator H , 
from Equation 3 and explicitly defined in Equation (4a) for forward multi-group transport, an 
adjoint operator 	H  (Eq. 4b) may be derived using the adjoint identity (Eq. 5) for a pair of real 
valued functions g�  and 	

g�  that meet appropriate boundary and continuity conditions [2, 3].   
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Integration over all independent variables is denoted by Dirac braces .   

The angular adjoint function 	
g�  is known as the importance function.  From the adjoint identity 

equation, it is clear that the importance function multiplied by the forward transport equation 

gH�  is equivalent to adjoint transport equation, 		
gH � , multiplied by the forward angular flux.    

The adjoint boundary condition holds that the problem volume is bounded by a surface across 
which all particles exiting have an importance of zero, the opposite of forward transport with 
vacuum boundaries and a “zero return current”, where particles leaking from the system across a 
vacuum boundary do not return.  The negative sign on the streaming term indicates that particles 
in adjoint travel in a reverse direction.  The scattering term, therefore, accounts for particles 
moving from group g  back to other groups g � .   
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2.3. Forward and Adjoint Detector Response 
 
Adjoint may be used to determine the overall response, R , in the detector.  Detector response is 
measured in counts per second.  In the case of fixed source problems in non-multiplying systems, 
as given in the aforementioned forward transport equation, it is clear that 

 
gg qH 
�                                                        (6) 

 
It follows that the adjoint equation is satisfied with an adjoint source aliased to the detector cross 
section gd as shown in Equation 7. 
 

gdgH � 
		          (7) 
 

Combining the adjoint identity in Equation 5 with Equations 6 and 7, the following equation is a 
consistent expression for the response in a detector [2]: 
 

gggdg qR 	

 ��                  (8) 

 
Applying adjoint techniques in a 3-D Cartesian phase space through the use of the 3-D SN code 
PENTRAN brings power and versatility to the engineer [5].  PENTRAN is a 3-D discrete 
ordinates (SN) code with options for parallel decomposition among the angular, energy, and 
spatial variables and a robust adaptive differencing scheme to enable maximum accuracy over a 
block adaptive Cartesian mesh [2].  Adjoint aliases particles to their possible locations of origin, 
and provides the importance that a location has to contributing to a given response in the 
detector.  In the Cartesian environment of PENTRAN, the importance is given for all discrete 
points in the problem.  Thus, adjoint transport in PENTRAN is a very economical approach, as it 
will calculate the importance profile for an entire problem phase space, making it possible to 
determine how far a detector will “see” into a cargo container. 
 
 

3. DETECTOR PLACEMENT OPTIMIZATION MODELS AND RESULTS 
 
In order to optimize the computation time, it is impractical to simulate the full size of a 
container, at least initially.  Therefore, a section of the container is taken from the whole which 
will become the model phase space.  Figure 1 illustrates the location of the selected model 
volume within the full sized container.  The selected model space and detector orientation gives 
the advantage of viewing a single detector’s ability to “see” within the container without the 
added computational effort of a full model.  With additional detectors in a similar orientation 
sharing the container’s top surface, the coverage will overlap as necessary, but also carry to the 
far reaches of the corners.   
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Figure1.   Model of partial container volume illustrating symmetric geometry used in 
transport simulation models. 

 
Through the use of reflected boundaries, whereby the albedo factor is unity, it is possible to 
further simplify the model.  The reflected boundaries on this model are the y-minimum, z-
minimum, and z-maximum surfaces.  The container walls and ceiling, composed of corrugated 
steel, are homogenized with the surrounding air into a 1 cm thick steel-air density equivalent. 
 

3.1. Neutron detection through air-filled container 
 
The major objective of this study is to determine the capacity of a detector to detect illicit 
material trafficked in a cargo container.  The model established in Figure 2 illustrates a 
polyethylene moderated helium-3 neutron detector located just outside a portion of a container 
volume separated by steel.  One may apply these results as if the detector were situated on any of 
the container’s surfaces save the bottom.   
 
 

 
Figure 2.  Cargo container model for detecting neutrons through air using moderated 

helium-3.  Materials: (1) polyethylene, (2) He3, (3) homogenized steel-air, (4) 
humid-air.  Rendered using PENMSHXP. 

 
P3 neutron cross sections were created using GMIX and the BUGLE96 library.  The quadrature 
was set to S40 using a Legendre-Chebychev quadrature set built into PENTRAN for a total of 210 
directional cosines in each sweep octant; there are 20 coarse meshes and a sum of 2153 fine 
meshes.  Figure 3 presents the neutron importance profile for certain energy groups representing 
a cross section of the neutron detector capability.   
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Figure 3.  Adjoint transport results using PENTRAN; helium-3 neutron adjoint function 

groups 15 (2 MeV), 19 (1 MeV), 27 (100 keV), 37 (1 keV), and 47 (thermal) in air 
filled container simulation.  S40, P3.  Distances in cm.  Rendered using TecPlot. 

 
Examining the group dependent adjoint function values for all groups for this air filled container 
case, we find that the detector is optimized for neutrons between energies of 3.73 x 10-5 and 3.01 
MeV, or groups 10 through 40.  From group 1 through 24 the adjoint function increases relative 
to a location selected distal to the detector; from group 25 to 47, the trend reverses and relative 
importance at the distal location decreases.  Again considering a location distal to the detector, 
the adjoint function peaks around group 24 (29-37 keV), which is likely a factor of detector 
moderator thickness and the intrinsic efficiency of the detector itself.  The steel wall of the 
container has an interesting, but not unexpected, effect on the adjoint function.  We see that for 
all energy groups there is discontinuity between the adjoint function above and below the steel 
wall of the container—they do not align.  The neutron importance outside the container carries 
about 10-15 cm further in distance than the importance inside the steel wall due to the slant-
range interaction of particles with the steel, impacting detector sensitivity. 
 
If a weapons-grade plutonium (WGPu) source were introduced inside this container, unshielded 
and unmoderated, a 1 count/sec response in the helium-3 detector can be measured at any 
distance within the scale of this model.  To ascertain the presence of a source in this study, we 
required a 1 count/sec detector response; the corresponding adjoint function required for 
detection at this rate is listed in Table I.  The required adjoint is simply the inverse of the source 
current in that energy group.  By matching this requirement to the results in Figure 3, the depth 
of detection is obtained.  Using the WGPu surface current source distribution in Table I, with our 
threshold, the detector is thereby effective over 1.25 meters for neutrons all groups 5 through 27, 
or energies between 0.0674 to 8.61 MeV, except group 13 (2.35 – 2.37 MeV), where the 
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maximum reach is approximately 80 cm.  If the standard by which an alarm was triggered were 
reduced to 0.5 counts/sec or less, the distance would be increased substantially.  Through 
interpretation of the plots in all energy groups, the average improvement to neutron importance 
to the detector is 20 – 30 cm of additional coverage distance when only 1 count every 2 seconds 
is required. 
 
 

Table I.  WGPu source leakage term by energy group. 

Group Surface 
Current 

(neutrons/sec) 

Adjoint 
Function 

required for 
1 cps 

Group Surface 
Current 

(neutrons/sec) 

Adjoint 
Function 

required for 
1 cps 

1 2.04E+01 4.892E-02 25 8.16E+03 1.226E-04 
2 5.50E+01 1.817E-02 26 4.34E+03 2.305E-04 
3 2.63E+02 3.806E-03 27 2.12E+03 4.727E-04 
4 5.41E+02 1.850E-03 28 9.85E+02 1.016E-03 
5 1.08E+03 9.290E-04 29 1.71E+02 5.833E-03 
6 2.83E+03 3.528E-04 30 2.27E+02 4.403E-03 
7 5.08E+03 1.967E-04 31 4.77E+01 2.096E-02 
8 1.25E+04 8.005E-05 32 5.35E+01 1.868E-02 
9 1.14E+04 8.806E-05 33 1.32E+02 7.596E-03 

10 6.09E+03 1.642E-04 34 9.81E+01 1.019E-02 
11 6.56E+03 1.525E-04 35 3.04E+01 3.294E-02 
12 2.95E+03 3.395E-04 36 9.18E+00 1.089E-01 
13 5.92E+02 1.690E-03 37 2.30E+00 4.341E-01 
14 3.61E+03 2.771E-04 38 3.12E-01 3.209E+00 
15 1.04E+04 9.619E-05 39 1.06E-01 9.478E+00 
16 1.07E+04 9.316E-05 40 7.53E-02 1.328E+01 
17 1.37E+04 7.308E-05 41 0.00E+00 -- 
18 1.94E+04 5.142E-05 42 0.00E+00 -- 
19 1.13E+04 8.822E-05 43 0.00E+00 -- 
20 5.22E+03 1.916E-04 44 0.00E+00 -- 
21 9.90E+03 1.011E-04 45 0.00E+00 -- 
22 8.36E+03 1.196E-04 46 0.00E+00 -- 
23 1.02E+04 9.845E-05 47 0.00E+00 -- 
24 5.53E+03 1.809E-04    

 
 
A WGPu source can be easily detected at distances beyond the scale of this model due to the 
high energy neutrons.  However, it is not unreasonable to assume that a surreptitious WGPu 
source would be moderated and shielded to some degree, limited by container weight.  As a 
result, the source will lose many or all of its highly penetrating neutrons used in detection at 
greater distances.    
 
The ship effect regarding neutrons may also have a significant impact on obtaining an accurate 
neutron count in a detector, aside from having a significant effect on neutron background.  Ship 
effect neutrons are a result of cosmic-ray induced charged particles interacting with high Z 
materials such as iron and lead.  Because containers and ships are massed at ports of 
embarkation/debarkation, it is certain that the neutron background at the port location will be 
elevated.  According to Kouzes et al, the “presence of Pb and Fe produced an increase of about 
25% in the neutron count rate”.  The ship effect is most significant in detector responses at 
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distances within 0.2 m.  Distances greater than 0.2 m subtend significantly smaller solid angles 
thus diminishing ship effect signal [4].  Therefore, placing detectors up immediately against the 
container surface may induce nuisance false alarms if background is not calibrated appropriately.   

3.2. Neutron detection through water-filled lattice cargo in a container 
 
A variation of the neutron adjoint study considers potential shielding and moderation of 
neutrons.  In this section, in lieu of an empty, air-filled container, a potential cargo shield 
situation is studied.  Cargo acts as a shield or moderator to neutrons affecting the detector 
response.  In this model, cargo with a complex shape is simulated with a lattice.  The lattice may 
in reality consist of a pallet of bottles or a crate of machine parts.  In either case, the cargo has 
multiple layers and air gaps.  In this investigation, the cargo is composed of air and water, 
intending to mimic a pallet of water bottles.   
 
Figure 4 depicts a deterministic PENTRAN model of a lattice body within a container.  Instead 
of air, Dow foam is used as the filler packing material in the container.  The bottles are 6.5 cm in 
diameter, fitted to a 6.6 cm lattice cell that is 20.5 cm tall.  The pitch of the lattice is 6.6 cm in 
both the x and y directions.  Each bottle is filled to 16 cm with full density water, and 4.5 cm of 
air at the top.  The bottles are stacked one on top of the other, 9 wide by 2 deep by 4 high.  
Reflected y-min, z-min and z-max boundaries simulate a pallet that is 18 bottles wide, infinitely 
deep and 4 high.   
 
 
 

 
Figure 4.  Water-bottle lattice cargo neutron adjoint shipping container model for 

PENTRAN;  Materials: (1) He3, (2)polyethylene, (3) Dow foam, (4) steel-air, (5) not 
present in model, (6) water, (7) air.  Model generated using PENMSHXP. 
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Figure 5.  Neutron adjoint transport results using PENTRAN; helium-3 neutron adjoint 

function for forward groups 15 (2 MeV), 19 (1 MeV), 27 (100 KeV), 37 (1 KeV) and 
47 (thermal) in a water bottle lattice filled container simulation.  S40, P3.  Rendered 

using TecPlot. 

 
 

Comparing Figure 5 with Figure 3 we see that cargo obviously has a dramatic effect to neutron 
response throughout the container volume.  Figure 5 shows the neutron importance for a 
moderated helium-3 neutron detector for select groups in a cargo filled container.  The adjoint 
function is at its greatest in (forward numbering) group 1 where fast neutrons (14-19 MeV) 
dominate, and gradually tapers by group until reaching thermal energies.  Interestingly, as the 
forward group number increases (and energy decreases), the rows of the water bottle lattice 
begin to slowly reveal themselves in the adjoint results.  As expected, highly energetic neutrons 
in the lower group numbers are the most likely to penetrate the entire depth of the cargo, such as 
seen in group 1, where there water lattice cargo is practically invisible to the adjoint source.  
Given the source leakage term in Table I, the neutrons originating from a shielded distance of 
over a meter and creating a detector response of 1 count/sec are most likely from forward groups 
3 thru 9, or from high neutron energies between 3.01 and 12.2 MeV.   
 
Source neutrons in groups 8 and 9 (3.68-4.97 MeV) are abundant enough that there is strong 
probability of arriving at the detector.  Beginning in group 35 (energies less than 7.10 KeV), the 
cargo material begins to negatively impact detection in the void region in the opposite corner 
from the detector.  At lower energies, the lattice shaped water cargo serves as a shield to a 
neutron source.  Given the adjoint function in the plots of Figure 5, a WGPu source shielded by a 
water-filled lattice structure will produce 1 count per second at a distance of 0.9 m in any radial 
direction from the detector.  Recall that without any cargo shielding, a WGPu source is 
detectable at distances greater than a meter.  WGPu sources embedded in or shielded by a 
moderating material such as water reduce the detection distances by at least 0.35 meters when 
considering a 1 count/sec threshold metric. 
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3.3. Gamma-ray detection through air filled container 
 
Turning attention now to gamma-ray detection in cargo containers, we utilize the same model as 
was used with neutrons but with two modifications.  The primary change calls for replacing the 
He-3 neutron detector with a 3 in x 3 in CsI:Na scintillator detector—the detector diameter is 
therefore 7.62 cm.  Additionally, the scale of the model increased to illustrate a flux profile that 
penetrates the entire height of the container (2.70 m).  It should be noted that this model neglects 
the influence of a wood planked floor inside the container or the bottom steel surface (and floor 
material, as applicable) below.  Potential scattering from the bottom surface, or floor, can have 
an impact on detector response.   The x-direction is extended to 270 cm and the y-direction to 
260 cm from the neutron model.  The gamma-ray adjoint study through an air filled container 
utilizes P2 Legendre cross sections and a specially developed 24 energy group gamma structure 
with a very robust S44 Legendre-Chebychev quadrature set built into PENTRAN selected to 
ensure minimal ray effects.  The gamma adjoint is set using the CsI absorption cross sections 
obtained from the Sandia developed CEPXS code.  Adapted from Figure 1, the reflected 
boundaries on the y-minimum, z-minimum and z-maximum surface planes remain.  The adjoint 
flux plots for the CsI:Na detector are illustrated in Figure 6. 
 

 
Figure 6.  Gamma adjoint transport results using PENTRAN; CsI:Na gamma-ray detector 

adjoint function through air filled cargo container using P2 cross sections and S44 
quadrature.  Showing groups 1 (2.25 – 2.75 MeV), 15 (0.999 – 1.002 MeV), 19 (0.765 
– 0.766 MeV), 22 (0.300 – 0.741 MeV), 23 (0.290 – 0.300 MeV), and 24 (0.000 – 0.290 

MeV).  Rendered using TecPlot. 

 
Even with the large number of directional cosines, we note that ray effects were unavoidable in 
the adjoint profiles illustrated in Figure 6.  The empty air container does not offer much 
opportunity for scattering, and as a result, particle streaming occurs through the phase space.  
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Adjoint functions along the two axes take on a “stiletto-like” shape due to the fact that 
directional cosines in quadrature never reach zero or one.  These angles approach the axis as 
quarature is increased; however, over increased distances the sine of the angle increases, 
resulting in more dramatic ray effects between octants/quadrants.   
 
The homogenized steel-air surface of the container to particles traveling at oblique angles are 
affected by the slant range through the steel in a manner as with neutrons.  The steel surface of 
the container acts as a shield, particularly at acute angles where the particle path length through 
the steel increases.  The adjoint function inside the container is offset from the flux outside the 
container at the boundary by roughly 30 cm.  This creates a detection blind spot inside the 
container on the surface shared by the detector.  One may conclude that particles traveling 
normal to the steel surface and oppose the detector have higher detection probabilites.  The blind 
spot is most prominent with gamma-rays at 1 MeV and below.  Recalling that the majority of 
signature gamma lines from uranium are 1 MeV and below, this is an issue worth addressing and 
is discussed further in section 3.4.2.  

 
Table II.  Maximum distance unshielded 237 g 93.5 w/o HEU source can be placed in air 

filled container to achieve detector response R of 1 count per second. 
 

Forward 
Group # 

237 g HEU 
Surface 
Current 
(photons/s) 

Adjoint 
Function 
Required for 
R≥1cps 

Max Radial 
Distance to 
Achieve R≥1 cps 
(cm +/- 5 cm) 

1 4.3297E+01 2.3096E-02 40-50 
2 5.4876E+01 1.8223E-02 35-40 
3 1.9121E+02 5.2298E-03 95-110 
4 2.1155E+01 4.7269E-02 10-15 
5 3.7052E+02 2.6989E-03 135-160 
6 4.0918E+00 2.4439E-01 0 
7 5.8475E+01 1.7101E-02 0 
8 1.4800E+02 6.7567E-03 45-55 
9 6.8051E+01 1.4695E-02 35-45 

10 2.7177E+02 3.6796E-03 120-140 
11 1.5961E+00 6.2653E-01 0 
12 1.5357E+02 6.5116E-03 90-105 
13 1.4916E+01 6.7041E-02 0 
14 4.5900E+02 2.1786E-03 170-200 
15 9.1644E+02 1.0912E-03 230-260 
16 3.2908E+01 3.0388E-02 40-50 
17 8.7059E+00 1.1486E-01 0 
18 1.0218E+03 9.7865E-04 N/A 
19 4.4098E+02 2.2677E-03 185-215 
20 1.0592E+01 9.4409E-02 0-10 
21 1.7586E+02 5.6864E-03 100-120 
22 2.4751E+04 4.0403E-05 N/A 
23 1.0428E+04 9.5891E-05 N/A 
24 2.8982E+07 3.4505E-08 N/A 

 
 

Table II provides a meaure of how well the CsI:Na gamma-ray detector can “see” into a cargo 
container.  Additionally, Table II gives the source leakage by group of a 237 gram HEU source.  
Again, the required adjoint is simply the inverse of the source leakage term in each group.  The 
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distances in column 4 are obtained through comparison of the required adjoint (column 3 and the 
results displayed in Figure 6.  Assuming that a mass of 237 g HEU is a good approximation for 
surface leakage from a 25 kg bare sphere of HEU, we see that the souce can be detected at about 
2.5 meters.  Comparing this information an unshielded 25 kg HEU source (data not provided), 
we note that in nearly all energy groups, detection is not bound to a distance within the scale of 
this model.    

3.4. Full container detector arrays 
 
3.4.1. Neutron detector array 
 
Applying the penetration depths of each detector, as given by the adjoint function calculations 
above, it appears that 5 He-3 neutron detectors are optimal for coverage along the top surface of 
a 20 ft container.   Therefore, He-3 neutron detectors should be placed 4 feet from each other, 
starting in the middle and moving outward.  Figure 7 illustrates the He-3 adjoint function 
coverage for five energy groups of interest in an air filled full container model.  The model is 
610 cm in length, 112 cm in height, and a depth of 20 cm with no reflected boundaries and is 
composed of 55 coarse mesh cells and 72268 fine meshes.  P1 neutron cross sections were 
created using GMIX and the BUGLE96 library.  The quadrature was set to S40 using a Legendre-
Chebychev quadrature set built into PENTRAN for a total of 210 directional cosines in each 
sweep octant. 

Group15 

 
Group 19 

 
Group 27 

 
Group 37 

 
Group 47 



SNM Detection in Cargo Containers 
 

2011 International Conference on Mathematics and Computational Methods Applied to  
Nuclear Science and Engineering (M&C 2011), Rio de Janeiro, RJ, Brazil, 2011 

13/16 

 

 
Figure 7.  Neutron adjoint transport results using PENTRAN; Helium-3 neutron detector array adjoint 

function for 20 ft container.  Showing groups 15 (2 MeV), 19 (1 MeV), 27 (100 KeV), 37 (1 KeV) and 
47 (thermal) with S40 and P1.  Rendered using TecPlot. 

 
The helium-3 detectors work in concert to provide coverage over the top surface of the container 
up to 1.25 m in depth.  We observe the expected conical detection region emanating from each of 
the detectors in low energies (e.g. group 47); however, the detection region smears to become 
more uniform at high energies (e.g. group 15).    
 
3.4.2. Gamma-ray detector array 
 
In the full container model, three CsI:Na gamma-ray scintillator detectors are used.  One detector 
is located at the container’s midpoint and there are two detectors placed 4 ft from the ends.  The 
gamma adjoint is again set using the P1 CsI absorption cross sections obtained from the Sandia 
developed CEPXS code and S32 Legendre-Chebyshev quadrature set built into PENTRAN.  Due 
to the size and nature of this model, a large number of processors were required, thus precluding 
the use of a larger SN to overcome the apparent ray effects.  This model has 45 coarse meshes 
and 112,938 fine meshes.  The images in Figure 8 illustrate the gamma adjoint function in an air 
filled 20 ft container model for select energy groups. 
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Group 19                         Group 22 

 
Group 23               Group 24 

 
 

Figure 8.  Gamma adjoint transport results using PENTRAN; CsI:Na scintillator detector 
array adjoint function for 20 ft container.  Showing groups 1 (2.25 – 2.75 MeV), 15 (0.999 – 
1.002 MeV), 19 (0.765 – 0.766 MeV), 22 (0.300 – 0.741 MeV), 23 (0.290 – 0.300 MeV), and 

24 (0.000 – 0.290 MeV) with S32 and P1.  Rendered using TecPlot. 
 
 
The results of the full container model compare well with the results of the smaller, single 
detector models with reflected symmetric boundaries.  The results in Figure 8 of the full 
container model show a less capable detector by an average of 50 cm.  This can be attributed to 
the fact that there are no reflected boundaries which otherwise give the appearance of an infinite 
cargo volume and detector length in the z-direction.  We observe that the CsI:Na detectors are 
still able to detect gammas from surrogate  237 g HEU source for key gamma lines in groups 22, 
23 and 24; however, in groups 15 and 19 there is a reduction in detection depth of 100-150 cm 
from the distances noted in Table II.  Additionally, group 1 source gammas are only detectable to 
20 cm in depth.   
 
The schematic in Figure 9 illustrates the detectable regions in a standard 20 ft container volume.  
Two distinct regions are defined here.  First, we note there is a region that is detectable only by 
source gamma-ray radiation.  Gammas may be detected throughout the container at a 1 count/sec 
threshold given the HEU source described above.   Secondly, we note that the region detectable 
by source neutrons is also detectable by source gammas and is located nearest the surface of the 
container shared by the detectors.  This schematic is created from the combined results of the 
gamma and neutrons studies. 
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Figure 9.  Schematic of detectable container volume of a 20 ft shipping container given 5 x 

He-3 neutron detectors and 3 x CsI detectors, based on adjoint transport 
assessment.  Not drawn to scale. 

 
4. CONCLUSIONS  

 
Through this study, we assessed the coverage of detectors necessary to properly monitor a 
standard 20 foot cargo shipping container.  Our studies considered two detector types:  a 
polyethylene moderated helium-3 gas filled proportional neutron detector, and a 3 in x 3 in 
cesium-iodide gamma-ray scintillation detector.  Independently, the detectors were tested through 
deterministic adjoint transport computations.  Results indicated that the neutron detector has 
potential for 1 count/sec detection (as our metric for evaluation for these results) of an 
unshielded WGPu source at a range of 1.25 meters.  These results were obtained using a 
simplified model with reflected boundaries and a robust angular quadrature with adaptive 
differencing using PENTRAN.  For a better understanding of how cargo effects neutron 
detection, a water-filled lattice structure was place in the model.  At a distance of roughly 0.9 m, 
the detector can obtain a 1 count/sec response rate through a water-filled lattice shield.  The 
optimal spacing for the He-3 neutron detector is ~4 feet.  Based on these findings, a standard 20 
foot container will require 5 neutron detectors using our threshold. 
 
Cesium-iodide detectors can detect gammas from a HEU source at a distance equivalent to the 
full height of the container (8.5 feet).  Detection blind spots next to the container surface were 
apparent at distances over meter.  These blind spots may be overcome through the 
implementation of sequence of detectors spaced no more than 2 meters (~6 feet) apart from each 
other.  For a standard 20 foot container, our findings show that 3 cesium-iodide detectors are 
required to provide thorough coverage of the container volume, sufficiently overcoming blind 
spots. 
 
Future work in this research will investigate the effects of the container floor to the detector 
adjoint function.  Additionally, efforts will be placed on further refinement to the gamma models 
to reduce ray effects with special emphasis on hybridization of deterministic SN techniques with 
Monte Carlo transport, in particular coupling the PENTRAN adjoint transport results for use in 
variance reduction techniques with MCNP5.   
 



T. D. McLaughlin, G. E. Sjoden, and K. Manalo 

2011 International Conference on Mathematics and Computational Methods Applied to  
Nuclear Science and Engineering (M&C 2011), Rio de Janeiro, RJ, Brazil, 2011 

16/16 

 

ACKNOWLEDGMENTS 
 
This work was completed under the auspices of the U.S. D.o.D.  
 

REFERENCES 
1. J. J. Duderstadt & L. J. Hamilton, Nuclear Reactor Analysis, John Wiley & Sons, Lexington, 

USA (1976). 
2. G. Sjoden, “Determinstic adjoint transport applications for He-3 neutron detector design,” 

Annals of Nuclear Energy, 29, pp.1055-1071 (2002). 
3. E. E. Lewis & W. F. Miller, Computational Methods of Neutron Transport, American Nuclear 

Society, Inc., La Grange, USA (1993). 
4. R. Kouzes, et al, “Cosmic-ray-induced ship-effect neutron measurements and implications 

for cargo scanning at borders,” Nuclear Instruments and Methods in Physics Research, 587, 
pp. 89-100 (2008). 

5. Sjoden, G. and A. Haghighat, "PENTRAN - Parallel Environment Neutral-particle 
TRANsport, Code User’s Guide/Manual, Version 9.4X.5". (2008), HSW Technologies LLC. 

 


