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The potential for smuggling special nuclear material
(SNM) into the United States is a major concern to home-
land security, so federal agencies are investigating a
variety of preventive measures, including detection and
interdiction of SNM during transport. One approach for
SNM detection, called active interrogation, uses a radi-
ation source, such as a beam of neutrons or photons, to
scan cargo containers and detect the products of induced
fissions. In realistic cargo transport scenarios, the pro-
cess of inducing and detecting fissions in SNM is difficult
due to the presence of various and potentially thick ma-
terials between the radiation source and the SNM and the
practical limitations on radiation source strength and
detection capabilities. Therefore, computer simulations
are being used, along with experimental measurements,
in efforts to design effective active interrogation detec-
tion systems. The computer simulations primarily consist
of simulating radiation transport from the source to the

I. INTRODUCTION

The U.S. Department of Homeland Security (DHS)
has a goal of scanning cargo containers entering the United
States for illicit nuclear material. The goal addresses ship-
ments by land, sea, and air. One method under study by
the U.S. Department of Energy and other federal agen-
cies for detecting fissionable material is active
interrogation—a system that uses a radiation source, such
as a collimated beam of neutrons or photons, to scan

*E-mail: peplowde @ornl.gov
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detector region(s). Although the Monte Carlo method is
predominantly used for these simulations, difficulties per-
sist related to calculating statistically meaningful detec-
tor responses in practical computing times, thereby
limiting their usefulness for design and evaluation of
practical active interrogation systems. In previous work,
the benefits of hybrid methods that use the results of
approximate deterministic transport calculations to ac-
celerate high-fidelity Monte Carlo simulations have been
demonstrated for source-detector—type problems. In this
work, hybrid methods are applied and evaluated for three
example active interrogation problems. Additionally, a
new approach is presented that uses multiple goal-based
importance functions depending on a particle’s rele-
vance to the ultimate goal of the simulation. Results from
the examples demonstrate that the application of hybrid
methods to active interrogation simulations dramatically
increases their calculational efficiency.

cargo containers and detect the products of induced fis-
sions from any fissionable material.

l.A. Active Interrogation

Active interrogation involves directing radiation (e.g.,
neutrons and/or photons) into a cargo container (e.g.,
luggage, a 55-gal drum, a Sea-Land container, or the
cargo hold of a large boat or airplane) suspected of car-
rying special nuclear material (SNM) and then detecting
the products of any subsequent fission reactions. This
approach differs from passive detection, which relies on
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detecting the natural radiation emitted from SNM. Sev-
eral active interrogation techniques under evaluation at-
tempt to observe different combinations of interrogating
radiation sources, detector types, and fission reaction ef-
fects. Detecting fissionable material is conceptually
straightforward, but thick and diverse materials between
the fissionable material and the interrogation source act
as shielding for both the interrogating radiation and the
resulting fission radiation, thus complicating the task.
When using isotropic sources with large standoff dis-
tances R, one has to contend with 1/R? geometric atten-
uation of the active interrogation beam particles. If the
detectors have similar standoff distances, then the detec-
tion of fission radiation also suffers from another 1/R?2
geometric attenuation. SNM could easily be encased in
an engineered shield specifically constructed to reduce
fission signatures. This would cause very few fission
events to be detected and therefore would require a very
intense interrogating source strength.

Aside from the basic physics, active interrogation
scanning systems for cargo vessels and shipping con-
tainers are also subject to real-world engineering limi-
tations. These constraints include maximum allowable
dose to operations personnel, maximum allowable dose
to cargo materials, low induced radioactivity (activa-
tion) of the cargo, limit on scan time to preserve cargo
throughput rate, low false-negative rate, low false-
positive rate, reasonable system installation costs, and
reasonable maintenance and operations costs. Large
source strengths, which help increase the number of
events seen by the detectors, are limited not only by the
dose rate requirements but also by electrical power needs
and heat removal requirements. Detectors and their analy-
sis electronics can range from simple to exotic,'? dras-
tically affecting cost and reliability. For an active
interrogation system to be successful in realistic cargo
transport scenarios, it will have to utilize a mix of source
particles that can penetrate different materials.

The challenge is to find the right combination of
source parameters, fission signature emissions, and de-
tection schemes that can detect the threat object (ura-
nium, plutonium, or other SNM) in cargo containers of
various sizes with a wide variety of cargo materials. Ac-
tive interrogation sources are generally characterized by
particle type (neutron, gamma, muon, etc.), energy de-
pendency (monoenergetic or polyenergetic), production
source (accelerators or natural decay), and operational
mode (pulsed or steady state). The fission signatures typ-
ically of interest are prompt or delayed neutrons or gamma
rays, or even induced multiplication. Detection schemes
include count rate or energy spectrum, steady state or
timed with the source, coincidence measurements, dif-
ferential die-away, and many others. Cargo materials range
from water-based agricultural products, which are diffi-
cult for neutrons to penetrate, to heavy industrial equip-
ment made of metal, which is difficult for photons to
penetrate. As an example, consider active interrogation
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using photons to produce photonuclear effects in the fis-
sile material. Hydrogenous cargo would allow the high-
energy photons to penetrate rather easily, while outgoing
neutrons from fission events would attenuate rapidly. In
contrast, a cargo mixture with a high metal content would
attenuate the incoming photons while offering less atten-
uation to outgoing neutrons. The large number of source
and cargo combinations severely limits the practicality
of using laboratory experiments to compare different in-
terrogation strategies. The use of simulations can narrow
the range of applicability of various concepts followed
by laboratory experiments to provide maximum informa-
tion and confirm detection capabilities.

I.B. Simulation of Active Interrogation

Computer simulation is required to explore the ef-
fectiveness of the various radiation source and detector
options for active interrogation. The Monte Carlo method,
which samples the probabilities of nuclear radiation to
scatter and penetrate material, is used to determine (a)
the transmission of source radiation through the cargo
materials, (b) the amount of fission in the SNM, (c) the
radiation released from the fission, (d) the mode of radi-
ation transport from the container, and (e) the radiation
interaction with the detectors. Everything that makes ac-
tive interrogation a difficult problem in the real world
also makes it difficult for computer simulation—only a
small fraction of the simulated source particles reaches
the SNM to cause fission, and only a small fraction of the
fission signature radiation reaches the detectors. Similar
to detector counting statistics, every Monte Carlo result
has some stochastic variance. Calculations, even for sim-
ple models of systems, may require long computation
times or many processors to reduce statistical uncer-
tainty of the final results to acceptable levels.? The cal-
culations described in Ref. 3 took 1 to 6 h on 30 processors,
depending on the materials inside the shipping container.
To evaluate the detection systems, Monte Carlo calcula-
tions must be done in pairs—with and without the threat
object—so that the signal from the threat object can be
seen as a difference from the background signal coming
from the rest of the container. If Monte Carlo simulations
of active interrogation systems could be performed hun-
dreds of times faster, dramatic improvements in design
would be realized and optimization studies using more-
detailed models could be completed.

This paper describes work in applying automated vari-
ance reduction using hybrid deterministic/Monte Carlo
methods to active interrogation problems. The MAVRIC
sequence,* part of the SCALE package’? of codes used
for criticality, shielding, and reactor analysis, uses a coarse-
mesh discrete ordinates calculation to determine the

aReference 5 is also available from the Radiation Safety In-
formation Computational Center at Oak Ridge National Lab-
oratory (ORNL) as CCC-750.
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space- and energy-dependent importance parameters for
a detailed Monte Carlo simulation. The CADIS (Consis-
tent Adjoint-Driven Importance Sampling) method®” is
used to compute both the target weight windows and a con-
sistent biased source, both functions of space and energy.
The MAVRIC sequence is automated—handling the cal-
culations for the variance reduction parameters with only
minor additional input from the user—and highly capable
in terms of accelerating traditional source-detector
problems.

Most applications to which the MAVRIC sequence
has been successfully applied have been source-detector
problems that bias source particles such that particles
moving toward the detector with energies that will con-
tribute to the detector response are simulated more often
than those moving away from the detector or those with
inconsequential energies. Active interrogation problems
differ from typical source-detector problems in that source
particles must travel from the source to the fissionable
material and cause fission, and then secondary particles
must travel to a detector. The importance of particles
contributing to the detector(s) is no longer dependent on
only space and energy but is also dependent on the path
and particles of interest (i.e., incoming active interroga-
tion source particles or outgoing particles produced from
the active interrogation source particles’ interactions with
other materials).

Storing two importance maps in memory at the same
time could be impractical for large problems. Setting a
trigger to select each particle map is not as straightfor-
ward as setting an interaction flag or using a particle
time. Doing the latter may start the biasing of particles
toward the detector too early, not allowing for deeper
penetration into, or completion of fission chains within,
the threat object. The approach used in this study is to
break the problem into separate steps (source to threat
object and threat object to detector) and fully develop
biasing parameters for each step.

Il. THEORY

II.LA. CADIS Review

Wagner and Haghighat®” developed and fully de-
scribed CADIS, so only a brief review is given here. The
goal of the Monte Carlo calculation is to compute the
flux from a unit source (7, E) over some detector re-
gion and then compute the response R, using a response
function o (7, E), to determine total reaction rate, dose,
etc.:

R= Jfa(F,E)¢(E,E) dEdV . (1)

In a Monte Carlo simulation, particles are sampled from
the source distribution ¢ (7, E), followed through the ge-
NUCLEAR TECHNOLOGY
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ometry, and tallied with the response function in the ap-
propriate portion of phase space. Equivalently, the
response can also be found from integrating the source
with the adjoint flux " (7, E):

R= fq(F,E)¢+(7,E)dEdV , (2)

where the adjoint calculation uses the adjoint source of
q*(F,E) = o (F, E). To minimize the variance in the Monte
Carlo calculation of R, Wagner and Haghighat showed
that the biased source distribution,

1
q(r.E) = I—eq(F,E)W(?,E) ; 3)

could be used. Particles sampled from the biased distri-
bution are born with a weight of wy = ¢/g. A set of weight
window target values w (7, E) can be constructed to match
these birth weights by using

)

If the adjoint is known precisely, then these weight win-
dow target values and the biased source should yield a
zero-variance estimate of R. A good estimate of the ad-
joint should significantly reduce the variance in calcu-
lating R.

CADIS is implemented by first estimating the ad-
joint flux " (F, E), integrating the adjoint flux and true
source distribution to estimate R, and then forming the
biased source distribution and weight window targets for
use in the Monte Carlo calculation. Note that this formu-
lation of the weight window target values makes the im-
portance map “consistent” with the biased source; a source
particle is born with an initial weight matching the target
weight value of the location and energy where it is born.

CADIS has been implemented into two code systems
at ORNL: the ADVANTG code system® for MCNP and
the MAVRIC sequence* of SCALE, both of which use
the adjoint scalar fluxes produced by the Denovo discrete
ordinates (Sy) code.’ The resulting importance map is a
function of only space and energy, and the source is bi-
ased only in space and energy. Recent work at ORNL has
investigated extending the above formalism to also in-
clude particle direction.'”

Both ADVANTG and MAVRIC were developed to
be as automatic as possible. The user creates the same
input file as for an analog Monte Carlo calculation and
then provides a small amount of additional information
for the discrete ordinates adjoint calculation using Den-
ovo. This additional information consists of the spatial
mesh and the adjoint source spatial and energy distribu-
tions, which should correspond to the tally that the user
wishes to optimize. Default parameters for the Denovo
calculation, such as quadrature order, Legendre order,
upscatter capability, etc., can also be overridden by the
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user. ADVANTG and MAVRIC then use the information
to construct a voxelized version of the geometry and
adjoint source, relieving the user of the task of preparing
multiple models for the deterministic and Monte Carlo
codes.

11.B. Forward-Weighted CADIS Review

The CADIS method described above is a very effi-
cient hybrid method for computing a single tally. For
applications that require the calculation of many tallies,
applying the CADIS method one tally at a time could be
difficult and time-consuming. This would be even more
challenging for a large mesh tally.

One way to compute multiple tallies at once with
CADIS is to simply include an adjoint source in the ad-
joint calculation for each tally in the Monte Carlo prob-
lem. Unfortunately, when multiple adjoint sources (tallies)
are used with the CADIS methodology, Monte Carlo par-
ticles tend to be transported only to the tally that is clos-
est to the true source and not to the other tallies. Increasing
the adjoint source strength corresponding to the tallies
farther away from the true source tends to improve the
relative uncertainties of those tallies. To compute all of
the tallies of the problem with about the same relative
uncertainty, it has been determined that the adjoint source
strength in the deterministic adjoint calculation should
be inversely proportional to the expected Monte Carlo
response of those tallies.

This leads to a natural extension of the CADIS
method, where the adjoint source is inversely weighted
by the forward estimate of the tally responses: forward-
weighted CADIS (FW-CADIS) (Refs. 11, 12, and 13).
First, a forward Sy calculation is performed to estimate
the expected tally results. Next, an adjoint Sy calculation
is performed, for which the adjoint source is inversely
weighted by the expected tally estimates from the for-
ward Sy calculation, to obtain the space- and energy-
dependent adjoint importance function. Then, the standard
CADIS approach is used—an importance map (target
weight windows) and a biased source are calculated using
the adjoint flux computed from the adjoint Sy calculation.

For example, if the goal is to calculate a detector
response function o,(E), such as dose rate using flux-
to-dose-rate conversion factors, over a volume [defined
by g(7)] corresponding to the mesh tally, then instead of
simply using ¢ *(#, E) = o4(E)g(F), the adjoint source
would be

o,(E)g(F
g (i.E) = B 5)

Jad(EM)(F,E) dE

where ¢ (7, E) is the Sy estimate of the forward flux and
the energy integral is over the voxel at position 7. The
adjoint source is nonzero only where the mesh tally is
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defined [ g(#)], and its strength is inversely proportional
to the forward estimate of dose rate for that voxel.

In MAVRIC, there are two options for forward weight-
ing. For tallies over some area where the entire group-
wise flux is needed with low relative uncertainties, the
adjoint source is weighted inversely by the forward flux
estimate, ¢ (7, E). The other option is for a tally where
only an energy-integrated quantity is desired. In this case
the adjoint source is inversely weighted by that energy-
integrated quantity, [ o,(E)¢(F, E) dE. For a tally where
the total flux is desired, the response in the adjoint source
is O'd(E) =1.

11.C. Hybrid Methods Applied to Active
Interrogation Problems

Positive detection of a threat object depends on de-
termining small differences in the detector response be-
tween configurations with and without the threat object.
The particles coming from the threat object to the detec-
tor provide the desired signal, which can be small com-
pared to all of the particles arriving at the detector that
were induced by the interrogation source through reac-
tions with the rest of the materials (called “active back-
ground”). In simulations, the incoming source particles
can be biased to enhance interaction with the threat ob-
ject, or the outgoing particles produced in the threat ob-
ject can be biased to enhance detector response, but present
simulation capabilities do not easily handle the simulta-
neous occurrence of both biases in a general manner
[MCNP (Ref. 14) can use different importance maps for
different particle types; MCNPX (Ref. 15) can use mul-
tiple importance maps based on time]. Hence, to deal
effectively with the difficult problem of simulating an
active interrogation system, the problem can be divided
into several steps, and hybrid methods can be applied to
each step. In the first step, particles are transported from
the interrogation source to the threat object to generate
the sources for the second step. The particles that result
from interactions in the threat object become the source
for the next step and need to be characterized well in
terms of their spatial and energy distributions. For deter-
mining the fission rate in a small volume of SNM, the
CADIS method can be used to significantly improve the
calculational efficiency. For determining the active back-
ground produced by the interrogation source over a large
volume of surrounding materials, a calculation using the
FW-CADIS method can be performed to obtain more
uniform relative uncertainties over the large volume.

For the second step, the detector response needs to
be determined for the various sources of induced parti-
cles. For typical detectors, which are small compared
with the overall problem, a multiple-source calculation
using the CADIS method is sufficient. Detectors that are
large compared to the size of the problem may require
use of the FW-CADIS method. For some problems, more
than two steps may be required to model particles produced

NUCLEAR TECHNOLOGY
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in surrounding materials that lead to fission in the threat
object. For example, a high-energy photon interrogation
source could induce photonuclear reactions in surround-
ing materials, which could then cause fission in the threat
object. This large-volume-induced photo-neutron source
could be determined using an FW-CADIS approach and
added to the interrogation source when determining the
interaction rate within the threat object.

A separate calculation also must be performed with-
out the threat object present to determine the detector
response due solely to source particles interacting with
surrounding material. Variance reduction can be applied
to this calculation as well.

11l. EXAMPLE PROBLEMS

In Secs. IIILA, II1.B, and III.C, the hybrid methods
described in Sec. II are applied to three relevant active
interrogation problem configurations of increasing size
and complexity.

IIl.A. Barrel-Scanning System

A simple example of an active interrogation system
for scanning 55-gal drums is shown in Fig. 1, which
illustrates a system similar to those discussed in Refs. 16
and 17. A 14.1-MeV, 10° n/s isotropic source and a
polyethylene-moderated *He detector are positioned on
opposite sides of a 55-gal barrel. The goal is to compute
the difference in detector signal between two water-filled

+— 57 cm diameter —

«— W2 g8 —

47
O]

(e

Fig. 1. Geometry for a barrel-scanning system. The 25 kg of
HEU sits at the bottom of the barrel in a balsa box. The
source (S) is on the left, and the detector (D) is on the
right.

NUCLEAR TECHNOLOGY VOL. 182 APR. 2013

HYBRID MC-DETERMINISTIC METHODS FOR ACCELERATING ACTIVE INTERROGATION MODELING

barrels, with and without a spherical threat object (ra-
dius = 6.83 cm) containing 25 kg of highly enriched
uranium (HEU) (an International Atomic Energy Agency
significant quantity'®) in a balsa box (to avoid critical-
ity). A single calculation is performed for the barrel con-
taining only water, and a two-step calculation is performed
for the barrel containing HEU. Note that all calculations
for this problem considered neutrons only.

For the barrel without the HEU threat object, a
MAVRIC calculation that was optimized to transport par-
ticles to the detector was performed using a coarse-mesh
importance map (19 X 26 X 26 and 27 groups) and a final
Monte Carlo calculation using a 200-group cross-section
library. The He(n, p) *H interaction rate in the detector
was calculated to be 6.43 X 107 interactions/s * 0.4%.
This calculation took 1 h on a single processor to complete.

For the barrel with the HEU, the fission rate of the
HEU was first calculated. This calculation was done using
the CADIS method to optimize neutron transport to the
HEU, so the importance map (28 X 37 X 36) used more
detail near the source and the HEU and little detail near
the detector. In 1 h of computing time, the total fission
neutron production rate in the HEU was calculated to be
4.16 X 107 n/s = 0.7%. The fission neutron production
rate mesh tally is shown in Fig. 2. Note that the highest
fission rates appeared on the outer edge of the sphere, in
the quadrant facing the source.

The second step of the calculation with HEU in the
barrel used both the interrogation source and the HEU
fission source (with multiplication turned off so as to not
double count fission neutrons in the HEU). This calcu-
lation used CADIS to more effectively transport neu-
trons to the detector with an importance map of 28 X
42 X 40, which included planes to provide more detail in
the threat object and the detector. The total detector in-
teraction rate for the barrel containing HEU was calcu-
lated to be 7.74 X 103 interactions/s = 0.5%, which is
20% higher than the detector response without the threat
object. This calculation also took 1 h. Note that the mesh

| I ¢ .50E04 - 7.00E04
I :.00E04 - 5.SOE04
[ = 50ED4 - 6.00E04

5.00E04 - 5.50E04
4. 50E04 - 5.00E04
4.00E04 - 4 50E04
3.50E04 - 4.00E04
3.00E04 - 3.50E04

I :zs0E04 - 3.00E04
I : ooE04 - 2.50E04
I 1 coe0s - z.00E04
I 1 ocE04 - 1.50E04
I - oveos - 1.00E04

I 1 0cE0D - 5.00E03

Fig. 2. Fission distribution in the HEU sphere, shown for the
same slice as shown in Fig. 1.
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source used in this step contained uncertainties in the
strength of each voxel, which are not accounted for in the
uncertainty estimates of the final tally. Tests using 30
different versions of the mesh source (replicants made
with different starting random numbers in step 1) and 30
replicants of step 2 with the same mesh source showed
that the uncertainty in the mesh source contributed very
little to the uncertainty of the final detector interaction
rate. Nearly all of the uncertainty in the detector inter-
action rate was from source sampling and particle trans-
port in step 2.

To obtain the same level of statistical uncertainty
(~0.5%) with analog calculations, it would take an esti-
mated 270 h for the water-only barrel and 390 h for the
barrel with the threat object. Use of the automated hybrid
methods for these simulations provides a substantial sav-
ings in calculation time.

I11.B. Single Shipping Container

For a larger problem, consider a system used to scan
12-m (40-ft) long Sea-Land cargo containers using a
2H-2H source on one side and three types of detectors on
the other. For this demonstration, the container was mod-
eled as a homogenous mixture representing a specific
cargo type inside a thin steel shell, which is similar to the
system evaluated in Ref. 3. Three different mixtures fill-
ing the container were investigated.!® These are listed in
Table I. The container was modeled 1 m above a concrete
slab, as shown in Fig. 3. Simulations were made for
containers with and without a 25-kg HEU spherical threat
object in the center of the cargo container. Note that
25 kg of HEU in any of these materials will not be crit-
ical, having k. values of about 0.85.

The 2H-2H source was modeled as a point isotropic
source of 2.45-MeV neutrons located 28.08 cm (~11 in.)
from the side of the container. Neutrons can create gamma
rays in the cargo material through scattering and absorp-

TABLE 1

Materials Used for the Homogenous
Shipping Container Model*

Density
Material/Constituents by Weight Fraction (g/cm?)
PNNL? hydrogenous cargo
Water 0.2
DHS iron/organic mixed cargo
50% Fe, 23.5% O, 23.5% C, 3% H 0.4
PNNL high-iron mixed cargo
60% Fe, 19% C, 10% Al, 4% O, 3.99% N,
3% H, 0.01% C1 0.6

*Reference 19.
4PNNL = Pacific Northwest National Laboratory.
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Fig. 3. Homogenous cargo container above a concrete slab
with the detector bank (D) visible. (The source is be-
hind the container.)

tion interactions. When the threat object is present, fis-
sions producing both neutrons and gamma rays can occur.

The bank of detectors, shown in Fig. 4, includes a
large cylindrical sodium iodide (Nal) photon detector, a
small high-purity germanium (HPGe) photon detector,
and five cylindrical 3He neutron detectors surrounded by
polyethylene. The goal is to determine the change in the
detector count rates due to the presence of the HEU sphere.

helium
tubes

HPGe

@ |Nal

poly

Fig. 4. Detectors inside the detector bank (left to right) include
five *He tubes surrounded by polyethylene, a small
HPGe detector, and a large Nal detector. The detector
bank is 74.81 cm wide and 140.31 cm high.
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Note that any neutrons detected with energies >2.45 MeV
must have originated from fission.

The calculations for each combination of cargo type
and detector without the uranium threat object required
one MAVRIC calculation and used the CADIS method
for acceleration. The adjoint source was the appropriate
detector response function for the total count rate located
in the appropriate detector volume. For the neutron de-
tector, the importance map included only neutrons. For
the gamma ray detectors, a coupled neutron-gamma im-
portance map was used.

The calculations for models with the 25-kg HEU
sphere required two steps. First, the fission density was
tallied on a small grid overlaying the sphere. For this
MAVRIC calculation, the adjoint source was the fission
cross section, and only a neutron importance map was
created. The second MAVRIC simulation, with multipli-
cation turned off, used the original 2H-?H source and the
fission mesh source (with fission photons added). The
adjoint source for this step was the appropriate detector
response function for the total count rate located in the
appropriate detector volume. Note that this is the same
adjoint Sy calculation as the “no threat object” case above.

A total of nine sets of calculations were performed—
for each combination of the three different cargo mate-
rials and three different detectors. Within each set, six
MAVRIC calculations were performed—the first two were
performed only to provide analog results for comparison
purposes:

1. analog calculation without the HEU
2. analog calculation with the HEU

3. calculation using CADIS of the detector response
due to the active interrogation source without the
HEU

4. calculation using CADIS with the threat object to
determine the fission rate in the HEU (step 1)

HYBRID MC-DETERMINISTIC METHODS FOR ACCELERATING ACTIVE INTERROGATION MODELING

5. calculation using CADIS to determine the detec-
tor response due to both the active interrogation
source and the fission particles from the HEU
(step 2)

6. calculation using CADIS to determine the detec-
tor response due to only the fission particles from
the HEU.

Calculations 1 and 3 should obtain the same result
for the container without the HEU, with the CADIS cal-
culation being faster. The two-step approach using cal-
culations 4 and 5 should match the analog result from
calculation 2. The effect of the HEU is the difference
between the corresponding with /without calculations (cal-
culations 1/2 and calculations 3/5). In this case, that
difference is too small to be seen compared to the statis-
tical uncertainties in calculations 3 and 5; therefore, cal-
culation 6 was used to compute the detector response to
only the fissions in the HEU.

As an example of the nine sets of calculations, the
results for the medium-density DHS iron/organic mate-
rial and the HPGe detector are shown in Table II. Each of
the analog calculations was run for 24 h and yielded
detector count rates with 4.5% to 5.0% relative uncer-
tainties. The difference between the with-HEU and
without-HEU results is 1.09 X 10* reactions/s-Ci~ ! +
60%. It would take a very long time to converge each
calculation sufficiently to obtain a difference with a rea-
sonably low uncertainty.

The CADIS calculation without the HEU was run for
12 h and gave the same result (within about 1) as the
24-h analog calculation but with a much lower relative
uncertainty (calculation 3 in Table IT). Target weight win-
dows from the importance map are shown in Fig. 5 for
source neutrons to get to the fissile threat object (step 1)
and in Fig. 6 for photons to get to the HPGe detector. The
figure of merit (FOM) for the CADIS calculation, in-
cluding the Sy time, was about 32 times higher than that

TABLE 11
Results for the Set of Calculations for the DHS Iron/Organic Mixed Cargo* and the HPGe Neutron Detector
Time (min) Relative
Count Rate Uncertainty | Monte Carlo FOM

Calculation Denovo Sy | Monte Carlo | (Reactions/s-Ci~!) (%) (min—1)

1. Analog without HEU 1442 9.365E+042 4.9 0.287

2. Analog with HEU 1443 1.046E+05 4.5 0.348
3. CADIS without HEU 70 643 9.901E+04 1.2 10.1
4. CADIS fission rate (step 1) 83 62 7.292E+07 0.4 1210.0
5. CADIS (step 2) 104 465 9.963E+04 1.4 10.9
6. CADIS fission only 105 462 3.166E+03 1.0 22.4

*DHS iron/organic mixed cargo density is 0.4 g/cm?.
aRead as 9.365 X 10*
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Fig. 5. Importance map weight window target values for 1-MeV
neutrons for step 1: determination of the fission rate in
the HEU.
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Fig. 6. Importance map weight window target values for 1-MeV
photons for step 2: determination of the HPGe detector
response.

for the analog calculation. For the two-step CADIS cal-
culations for the cargo container with the HEU, ~2.5 h
was required to compute the fission source and ~9.5 h
was required to compute the detector response. The re-
sult of the two-step calculation was the same as the an-
alog calculation (within about 1o) but had a much lower
relative uncertainty. Including the Sy and Monte Carlo
times of both steps, the FOM of the two-step CADIS
method is 20 times higher than that of the analog.

Even though both the with-HEU and the without-
HEU CADIS results converged better than the analog
results, the difference between the two results also suf-
fers from a very large uncertainty (623 reactions/s-Ci~! +
300%). Calculation 6 computed the detector response to
only the fission source to be 3166 reactions/s-Ci~! +
1.0%. So, from these calculations it appears that the HEU
threat object increased the HPGe detector response by
only 3.2%—a very small effect. This is probably the best
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way to simulate the change in detector response due to
the presence of the nuclear material (ignoring the small
amount of signal coming from the cargo material that the
uranium displaced).

The speedup results (ratio of FOMs) for the other
combinations of cargo material and specific detector are
shown in Table III. For cargo containers without HEU,
the CADIS calculations computed the same result as the
analog calculation but with a much higher FOM (speed-
ups in the range of 6 to 132). For the cases of cargo
containers with HEU, the two-step CADIS method also
calculated the same result as the analog method but with
a much lower relative uncertainty for a given amount of
calculation time (speedups in the range of 4 to 87).

Also shown in Table III is the change in detector
response due to the presence of the HEU. The ratio of the
response due to just the fission source (calculation 6) to
the response from the source, the fission, and active back-
ground (calculation 5) is shown in the column titled
“Fission/Total.” For the nine combinations examined in
this study, the change in detector response due to the
presence of nuclear material is small, from <11% to as
low as 0.3%. The statistical uncertainties on the fission/
total ratios were all <4% of the ratio value.

The spectral shapes of particles inside the detectors
were also investigated. For the combinations in this study,
the spectra of particles arriving at the detector from fis-
sion were shaped very similarly to the spectra coming
from the surrounding materials. The spectra from the
HPGe detector for the medium-density DHS iron /organic
mixture are shown in Fig. 7 as an example. The neutron

TABLE III

Results Summary for Nine Combinations of
Cargo Container Material and Detector

Speedup
Fission/
Without | With | Total
Material and Detector HEU |[HEU| (%)
PNNL hydrogenous (0.2 g/cm?)
Sodium iodide detector 10 16 4.7
HPGe detector 93 72 10.7
Helium-3 detectors 114 87 1.3
DHS iron/organic mixed cargo
(0.4 g/cm?)
Sodium iodide detector 6 4 2.8
HPGe detector 32 20 3.2
Helium-3 detectors 60 46 2.3
PNNL high-iron mixed cargo
(0.6 g/cm?)
Sodium iodide detector 21 14 0.8
HPGe detector 132 74 1.1
Helium-3 detectors 96 64 0.3
NUCLEAR TECHNOLOGY VOL. 182 APR. 2013
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Fig. 7. Energy-dependent photon flux in the HPGe detector
with HEU, without HEU, and only from HEU fission.
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Fig. 8. Energy-dependent neutron flux in the He detector with
HEU, without HEU, and only from HEU fission.

spectra in the *He tubes were slightly different; a few neu-
trons above the source energy of 2.45 MeV were detected,
but the number of neutrons in this range was very small
compared with the rest of the spectra (shown in Fig. 8).

Fish/ice mixture

HYBRID MC-DETERMINISTIC METHODS FOR ACCELERATING ACTIVE INTERROGATION MODELING

l11.C. Fishing Trawler

The third example problem in this study is an active
interrogation system that uses a 20-MeV electron brems-
strahlung spectrum above 1 MeV, collimated into a beam
with a total width of 1 deg. This source, emitting 1 X 1010
photons/s, is collocated with two neutron detectors (*He
and a plastic scintillator) that are 25 m from the side of
the boat. The standard threat object (a 25-kg sphere of
HEU) is located in the main hold of the trawler, which is
surrounded by a homogenous mixture representing fish
and ice. The beam is pointed directly at the HEU sphere.
The boat shown in Fig. 9 is a simplified model of a
fishing trawler made up by the authors.

The multistep approach for this problem is more in-
volved than for the previous problems. Here, the photon
source can cause photofission in the HEU and can also
cause the creation of photo-neutrons in the surrounding
materials (deuterium in the fish/ice mixture and iron in
the hull) via the giant dipole resonance effect.

The first step in the process used an FW-CADIS
calculation to determine the photonuclear reaction rates
as a function of space and energy in the HEU and sur-
rounding materials. This was a photon-only calculation.
The importance map for 10-MeV photons for this step is
shown in Fig. 10, and the resulting reaction rate mesh
tallies for the HEU, the fish/ice mixture in the hold, and
the steel hull of the ship are shown in Figs. 11, 12, and 13,
respectively. Figures 11, 12, and 13 show the photo-
nuclear reaction rate in each material separately. Note
that the HEU (Fig. 11) is at the center of the main hold
(Fig. 12), which is in the center of the ship (Fig. 13). This
calculation took 11 h (forward Sy, 2 h; adjoint Sy, 1 h;
and Monte Carlo, 8 h).

The photonuclear reaction rates were then com-
bined with neutron emission spectra to create neutron
sources. These became the source in the second step,
which determined the neutron-induced fission rate in-
side the HEU. This was a neutron-only calculation, and
the final fission rate tally was converted into a neutron
source for the third step. The computer time was 1 h for

HEL threat

abject

Diesel tank

Congrete slab

Fig. 9. Cutaway view of the simple model of a fishing trawler with HEU hidden in the main hold.
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Fig. 10. Importance map target weight values for 10-MeV pho-
tons, shown with the source position (S) and the trawler
(right) containing the HEU in the center of the main
hold.
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Fig. 11. Photonuclear reaction rate (s~!/cm?) in the HEU.

the adjoint Sy calculation and 1 h for the Monte Carlo
calculation.

The third step was to combine the photo-neutron
sources from the HEU, the fish/ice mixture, and the hull,
as well as the neutrons from the HEU neutron-induced
fission, and compute the detector responses. This was
also a neutron-only calculation and took 9.5 h (forward
Sy, 0.75 h; adjoint Sy, 0.75 h; and Monte Carlo, 8 h). The
importance map for neutron transport from the trawler to
the detectors is shown in Fig. 14. The final results for the
two detector responses from both the active background
and the HEU sources are shown in Table I'V. Also shown
in Table IV are the detector responses from just the HEU
fission sources (photofission computed in the first step
and neutron-induced fission from the second step). Com-
paring these responses to the detector responses using all
of the sources shows that the HEU accounted for less
than one-millionth of the total detector count rates. Note
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Fig. 12. Photonuclear reaction rate (s~ !/cm?) in the main hold
containing a fish/ice mixture.

that Figs. 10 through 14 are all for the z-plane containing
the threat object, all oriented the same way.

The final example problem contains two features that
cannot be modeled in the public release of MAVRIC in
SCALE 6.1: (a) the collimated beam cannot be modeled
in a forward Denovo calculation (for FW-CADIS), and
(b) SCALE 6.1 libraries currently do not include photo-
nuclear cross-section data. To address the first issue, a
special version of Denovo was used that could model an-
isotropic point sources. For the second issue, continuous-
energy ENDF/B-VII photonuclear cross sections were
taken from the MCNPX data Web site® and collapsed to
the appropriate multigroup energy structure. These multi-
group photonuclear cross sections were then entered into
MAVRIC as response functions. A separate code was also
written and used to convert energy-dependent photo-
nuclear reaction rates into neutron sources using neutron
emission spectra derived from MCNPX calculations.
MCNPX was executed using its event generator mode to
tally the neutrons produced by photonuclear interactions
for the various materials in the trawler model (see the
“noact=2" option on the LCA input card).

IV. SUMMARY AND FUTURE WORK

The three examples in this study demonstrate that the
CADIS methodology can be applied in a multistep ap-
proach to active interrogation problems. This procedure
allows variance reduction to be applied at each step in a

bhttps://menpx.lanl.gov/data.html.
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Fig. 13. Photonuclear reaction rate (s~'/cm?) in the hull and
steel materials.

straightforward manner to yield correct results more ef-
ficiently. When CADIS was used for the variance reduc-
tion, impressive gains in efficiency compared to analog
calculations were seen. Since the problem was broken
into several steps, some parts could easily be reused in
similar problems, again saving time.

These example problems also illustrate the difficul-
ties associated with detecting SNM using active interro-
gation systems. With improved simulation efficiency,
parameter studies could be used to better characterize the
NUCLEAR TECHNOLOGY
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Fig. 14. Importance map target weight values for 1-MeV neu-
trons, shown with the detector panel (D) and the trawler
(right) containing the HEU in the center of the main
hold.

effectiveness of various proposed active interrogation sys-
tems with different sources, cargo materials, standoff ge-
ometries, detectors, etc.

As the results presented in this paper demonstrate the
effectiveness of the hybrid methods for improving the
efficiency of active interrogation problems, future work
is recommended to further automate the analysis steps
and hence simplify the use of these methods. First, hy-
brid codes such as MAVRIC could be modified to more
easily facilitate generation of the multiple deterministic-
based importance functions required for these analyses.
Second, Monte Carlo codes such as Monaco could be
modified to enable the use of multiple goal-based impor-
tance functions that depend on a particle’s relevance to
the ultimate goal of the simulation (e.g., particles origi-
nating from the active interrogation source are encour-
aged toward the threat object by one importance function,
while particles emanating from the threat object are en-
couraged toward the detector with a different importance
function). In such a system, it would be desirable for the
user to be able to simply specify terms such as the inter-
rogating source, the specific reactions to make induced
sources, and the final detector area in a single input file.
The code (e.g., MAVRIC) could then decompose the
problem into separate steps that create the individual
importance maps. Then, during the Monte Carlo simula-
tion, after a given particle undergoes a specified reaction
(e.g., fission in a threat object), it would switch impor-
tance maps for the progeny of the specified reaction. At
each of the specified interactions, the primary particle
could be split such that its transport could continue with
each of the available importance maps, thereby allowing
an accurate simulation of the detector response due to the
presence of SNM and the active background. Enabling
this process in a single Monte Carlo simulation would
eliminate concerns and/or need for efforts related to en-
suring that the statistical uncertainties in the calculated
source for use in the second step of the multiple-step
approach are adequately small. Further research on
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TABLE IV

Detector Response Results for the Fishing Trawler

All Neutron Sources

HEU Fission Only

Interactions Relative Uncertainty Interactions Relative Uncertainty
(s (%) (s7h) (%)
Helium-3 (n, p) 1.44E+002 5.5 2.95E—-07 14.0
Plastic scintillator 5.68E+02 3.5 1.74E—04 8.1

aRead as 1.44 X 10°.

methods to normalize (or make consistent) the impor-
tance maps is also needed.
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