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In this work, several active interrogation (AI) sources are evaluated to determine their usefulness in
detecting the presence of special nuclear material (SNM) in fishing trawlers, small cargo transport ships,
and luxury yachts at large standoff distances from the AI source and detector. This evaluation is per-
formed via computational analysis applying Monte Carlo methods with advanced variance reduction
techniques. The goal is to determine the AI source strength required to detect the presence of SNM.
The general conclusion of this study is that AI is not reliable when SNM is heavily shielded and not tightly
coupled geometrically with the source and detector, to the point that AI should not be considered a via
interrogation option in these scenarios. More specifically, when SNM is shielded by hydrogenous material
large AI source strengths are required if detection is based on neutrons, which is not surprising. However,
if the SNM is shielded by high-Z material the required AI source strengths are not significantly different if
detection is based on neutrons or photons, which is somewhat surprising. Furthermore, some of the
required AI source strengths that were calculated are very large. These results coupled with the realities
of two ships moving independently at sea and other assumptions made during this analysis make the use
of standoff AI in the maritime environment impractical.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

This work examines an aspect of the problem posed by the
threat of the surreptitious transport of special nuclear materials
(SNM) in the marine environment. In particular, we focus on radi-
ation-sensing technologies that might be useful in the detection,
via remote monitoring, of significant quantities of fissile materials
when sequestered in maritime vessels. The technology investi-
gated in this work is active interrogation (AI), which uses an active
source to create a signal, such as fission, that can be detected. Be-
cause the general area of maritime detection and interdiction of
SNM is complex and beyond the scope of a single article, this paper
focuses on one specific scenario of interest: the ‘‘high seas’’ ship-
to-ship detection of SNM via AI. The scenario involves the search/
scan of a vessel from nearby, without boarding it (i.e., a ship-to-
ship interdiction and search from a few tens of meters). For the
current investigation, the threat basis is restricted to include only
fishing trawlers, small cargo transport ships (e.g., break-bulk carri-
ers), and luxury yachts, which are all assumed to have steel hulls.
The goal is to determine the source strength required of different
AI sources to detect the presence of SNM in these types of ships.
This examination is performed completely via computational anal-
ysis applying Monte Carlo methods with advanced variance reduc-
tion techniques due to the difficulty and expense of performing
experimental measurements of the same type.

AI has been evaluated experimentally and computationally in
previous work [1–6]. Refs. [5] and [6] provide a comprehensive re-
view of the efforts focused on detecting SNM. For the purposes of
most of the past work, the geometry was lightly shielded and spa-
tially tightly coupled. At most, the contents of one standard cargo
container (2.44 m � 2.60 m � 6.10 m) were interrogated, and the
source and detector were both within a few meters of the SNM.
AI scenarios in which the geometry is more heavily shielded and/
or at larger standoff distances will require larger source intensities,
larger detector surface areas (bigger detectors or more detectors),
greater detector efficiencies, longer count times, or some combina-
tion of these.

The target break-bulk carrier represents the largest vessel con-
sidered in this investigation. These ships are typically 61–152 m in
length and carry bulk cargo (dry or liquid) or break bulk cargo (car-
go with individually handled pieces). In some instances they carry
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a limited number of containers on deck. Many have cranes onboard
for loading and unloading operations, giving them access to smal-
ler seaports and river ports that do not have significant loading/
unloading infrastructure.

The target fishing trawlers range from 24 m to 37 m in length
and are typical of fishing vessels that leave from and return to
the same port after an extended fishing trip. For the luxury yacht,
the target vessel is a motorized yacht from 30 m to 46 m in length.

The interrogation sources are co-located with computational
particle tallies, which represent radiation detectors, at a fixed dis-
tance from the ship being interrogated. For all of these vessels, the
cargo loadings are assumed to be homogenized representations of
typical cargo. More realistic heterogeneous cargo could create
streaming paths, but these are not modeled due to the infinite
number of possible configurations. The threat object used is a
25-kg sphere of highly enriched uranium (HEU), which represents
the International Atomic Energy Agency standard for a significant
quantity of HEU [7]. The threat object is placed at several different
locations in each ship, and Monte Carlo methods are used to calcu-
late interrogating source strengths required to detect the presence
of the threat object in each location.
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2. Ship geometry models and threat object locations

To begin this investigation, computational models of a luxury
yacht, a break-bulk carrier, and a fishing trawler were built. The
models have been developed primarily for use with the MCNPX
radiation transport code version 2.6.0, which was the primary
computational tool used in this investigation [8]. The model of
the luxury yacht is based on the Ocean Alexander 98 Motoryacht
[9], and the fishing trawler model is based on the Stark Brothers
LTD SB-ST19 Steel Trawler [10]. The break-bulk cargo carrier model
is based on the SS Cape Chalmers, which is located at the Federal
Law Enforcement Training Center in Charleston, South Carolina,
USA [11].

The evaluation of AI sources with the MCNPX luxury yacht
model was limited to three different areas: the engine room, the li-
quid storage tanks, and the ‘‘cabin type rooms’’, which are all la-
beled in images of the MCNPX geometry in Figs. 1 and 2 and are
colored consistently in both figures. Cabin type rooms include
the galley, cabin, and head. These rooms were lumped together be-
cause they largely consist of air. These three areas were selected
because they bracket all the rooms/shielding materials onboard
the luxury yacht. The engine room represents a high-Z material
or shield, which maybe problematic for AI photon sources. The li-
quid storage tanks represent a hydrogenous material or shield,
which maybe problematic for AI neutron sources. The cabin-type
rooms are typical representations of most areas on the luxury
Galley

Fig. 1. Elevation view showing a cross section of the MCNPX yacht model.
yacht outside the engine room and liquid storage tanks. Inside each
of these three areas, the assessment of AI sources was performed
with the threat object in two different locations. The first location
was at the centerline of the yacht and the second location was 1 m
inside the hull. All six locations were on the lower deck, but 1 m
above the waterline; they are marked (approximately) in Fig. 2.
In Fig. 2 the yacht centerline locations are marked by red dots
and the locations1 m inside the hull are marked by blue dots.
The centerline of the yacht and 1 m inside the hull were used be-
cause those locations represent the deepest and shallowest possi-
ble penetrations, respectively, that an AI source would have to
make. The distance from the side of the yacht to the centerline of
the ship varies, but was between 2.7 and 2.9 m for the locations
considered in this investigation. Results from those locations can
also be used to assess a fishing trawler because a fishing trawler
will also have an engine room and cabin-type rooms. However, a
yacht does not have a large hold that may be filled with fish and
ice.

The MCNPX fishing trawler model is based on a version origi-
nally obtained from Los Alamos National Laboratory [12], which
was updated for this effort. Images of the Oak Ridge fishing trawler
model are shown in Fig. 3 and 4. The freezer hold of the fishing
trawler is considered the most likely region of concern with regard
to the illicit transport of SNM. This is primarily because the volume
is large and the hydrogenous material provides substantial neutron
shielding. Other possible SNM hiding locations of concern are the
diesel fuel tank and the engine room. The diesel fuel tank is also
a volume filled with hydrogenous material. Although it is not as
large as the freezer hold, the diesel tank is always below the water-
line, which presents an additional amount of neutron shielding.
The engine room is also always below the waterline. It is consider-
ably smaller than the freezer hold, but it contains a large amount of
high-Z material, which provides substantial photon shielding. The
engine compartment and liquid storage tank of the luxury yacht
Room

Fig. 2. Plan view of lower deck of the MCNPX model.

freezer hold

Fig. 3. A plan view of the fishing trawler MCNPX model.
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Fig. 6. Plan view of the simplified USS Chalmers cargo hold MCNPX model.
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studied in this project are comparable to the engine compartment
and diesel tank of the fishing trawler. Therefore, the only location
evaluated during this study with the fishing trawler model was the
freezer hold. Similar to its placement on the luxury yacht, the HEU
threat object was placed at two locations: along the centerline of
the trawler and 1 m inside the hull of the ship and 0.5 m above
the waterline in both locations. The distance from the side of the
trawler to the centerline is 2 m.

In the simulations for this study, all interrogation sources,
threat objects, and detectors were located above the waterline,
which is a significant assumption for the trawler model. Fig. 4 illus-
trates that a threat object in the trawler’s freezer would likely be
below the waterline. The waterline and draft (the amount of ship
below the waterline) of the trawler in Fig. 4 is representative of
typical fishing trawlers of this size, therefore the draft of the fishing
trawler model was artificially reduced to ensure the threat object
at the center of the freezer hold was above the waterline during
this analysis. If the threat object is inside a full freezer hold below
the waterline, there is additional significant shielding surrounding
the threat object that is not part of the fishing trawler, which fur-
ther complicates the difficulties with a standoff interrogation
source and detector. Eventually, issues concerning AI in maritime
environments below the waterline must be addressed, but they
are not addressed in this study.

For the purposes of this study, only a single location within the
break-bulk cargo carrier ship seen in Fig. 5 was chosen as an AI
evaluation location. One of the cargo holds in the forward section
of the ship, above the waterline, was modeled using a Cartesian
geometry (see Fig. 6), with the representative dimensions and
thickness for the hull, floor, and ceiling and interior cargo volume.
The cargo hold that was approximated by this simplified geometry
is also one of the widest cargo holds, so a threat object placed at
the ship’s centerline in the geometry would have the maximum
amount of shielding available between the threat object and source
and detectors. The distance between the side of the break-bulk car-
rier and the centerline of the ship is 10.5 m. Hence, if a source can
freezer hold 
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Fig. 4. An elevation view of the fishing trawler MCNPX model with the important
compartments identified.

Fig. 5. 3-D view of SS Cape Chalmers MCNPX model.
produce a detectable signal in the SNMwith this simplified geom-
etry, then the SNM will also be detectable in other areas of the ship.
The contents of the cargo hold were modeled as a homogenous
mixture distributed throughout hold. Because the use of a homog-
enized mixture precludes any possible streaming paths, it repre-
sents a very conservative approach for both the AI source
radiation and the radiation produced by the SNM.

Due to the wide variety of cargos for the cargo hold and more so
the variety of structure within the ship itself, the interior region of
the simplified model has been represented by four distinct mate-
rial/shielding configurations, which are shown in Table 1. The car-
go loadings in Table 1 were chosen to either represent a physical
place where a threat object could be hidden (the fuel tank), or, if
the threat object was hidden among cargo, to represent limiting
cargo cases. The high-iron cargo would provide greater shielding
to photons, and the hydrogenous material would provide greater
shielding to neutrons. The DHS cargo is meant to be a mixture of
iron and hydrogenous material that would shield both neutrons
and photons and is representative of general cargo loadings. The
density and composition of the DHS cargo was arrived at by eval-
uating cargo density and composition data that were reported to
the United States Department of Homeland Security (DHS) in Ref.
[13].
3. Sources

Numerous sources can be applied inAI scenarios. Table 2lists a
summary of the sources that are considered in this work. The
sources in Table 2 are by no means an exhaustive list. They consist
of photon sources, neutron sources, and sources that are a mix of
neutrons and photons. Source 1 is a standard deuterium–tritium
(DT) neutron generator that produces isotropic 14.1-MeV neu-
trons. Source 2 is a neutron source with energies higher than
source 1 that are forward directed, (i.e., not isotropic). Accelerating
deuterons to 50 MeV and having them impinge onto a natural Li
target produces these neutrons. Some of the deuterons will break-
up resulting in neutrons with a wide distribution of energies, some
of which will be 50 MeV or higher. Sources 3, 4, and 5 are brems-
strahlung sources with electron energies above 15 MeV. This en-
ergy was selected because the peak of the photonuclear cross
sections in HEU is between approximately 10 and 15 MeV. Plots



Table 1
Cargo loadings for break-bulk carrier AI analysis.

Cargo
material

Density
(g/cc)

Description

DHS 0.4000 Represents a mixture of hydrogenous and iron
cargo

Diesel 0.9910 Represents threat object placed in a full fuel tank
High Iron 0.6000 Represents a cargo containing mostly iron
Hydrogenous 0.2000 Represents a cargo containing mostly hydrogenous

material

Table 2
Candidate active interrogation sources.

Source
number

Short name Source description

1 14 MeV n 14 MeV neutrons, (D,T)
2 50 MeV 2H on Li High energy neutrons – natLi(d,n)X
3 25 MeV e-/W 25 MeV e- on tungsten, bremsstrahlung
4 50 MeV e-/W 50 MeV e- on tungsten, bremsstrahlung
5 100 MeV e-/W 100 MeV e- on tungsten, bremsstrahlung
6 25 MeV e-/W/

Be
25 MeV e- on tungsten/beryllium, c + n

7 50 MeV e-/W/
Be

50 MeV e- on tungsten/beryllium, c + n
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of pertinent ENDF/B-VII photonuclear cross sections for the HEU
threat object is shown in Fig. 7, which includes the total photonu-
clear cross section (g, n), the cross section for gamma absorption
producing two neutrons (g, 2n), and the cross section for gam-
ma-induced fission (g, fission). These cross sections all have peaks
between 10 and 15 MeV. Sources 6 and 7 are similar to sources 3
and 4, except downstream from the accelerator converter there is
a beryllium target in which some of the bremsstrahlung photons
create neutrons from photonuclear interactions, which provide a
mixed photon and neutron source.

The MCNPX simulations of the ships being interrogated always
started with a photon or neutron source. In other words, the sim-
ulations never used electron or deuteron transport because, in gen-
eral, charged-particle Monte Carlo transport is much slower than
neutral-particle Monte Carlo transport.

For the bremsstrahlung sources, the electron beam hitting a
block of tungsten was modeled once, and the photons exiting the
tungsten were tallied as a function of position, energy, and angle.
Similarly, the deuteron beam on the lithium target was simulated
once, and the neutrons exiting the lithium were tallied as a
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Fig. 7. Threat object photonuclear cross sections ENDF/B-VII.0.
function of position, energy, and angle. Of the photons and neu-
trons that were tallied, a subset of those was included in the
bremsstrahlung or neutron spectra that were used in the MCNPX
AI simulations. The photons and neutrons included in the AI source
spectra were those traveling in the forward direction, ±0.5� from
the charged particle beam axis, with energy greater than 1 MeV.
This does not perfectly model the angular dependence of these
sources, but that can only be done if the exact design of a given
electron or deuteron accelerator converter and collimator are
known. It should be noted that for the bremsstrahlung source the
thickness of the tungsten block (converter) was optimized to pro-
duce the maximum number of photons with energies of 15 MeV or
greater. The plots of the 25-, 50-, and 100-MeV bremsstrahlung
spectra that were used are shown in Fig. 8.

Likewise, the thickness of the lithium target was optimized to
produce the maximum number of neutrons with energies between
20 and 35 MeV. Fig. 9 is a plot of the calculated neutron spectrum.

4. Detection signals

In Refs [5,6] and [14] several methods are discussed for detec-
tion of HEU during the AI process. Measurement methods include
count rates, particle multiplicities, time correlations between mul-
tiple detectors, and differential die away. Another measurement
method, nuclear resonance fluorescence (NRF), is discussed in more
detail in Ref. [15]. The method that appears most readily available,
that requires the least amount of development, and that is the sim-
plest to calculate is the measurement of time-dependent count
rates between pulses of a pulsed AI source or after a steady-state
source is switched off (differential die away that includes prompt
and delayed particle detection). Time-dependent count rates arethe
focus of methods used in this article. The resulting number of par-
ticles as a function of time can be compared with and without SNM
present to determine whether the AI source is useful. An AI source is
considered useful if a difference can be seen in the number of par-
ticles as a function of time with and without SNM. The most impor-
tant difference with time-dependent count rates results from the
buildup and detection of delayed-fission neutrons and photons.

4.1. Computational tools

Several different radiation transport codes can be used when
evaluating AI sources and techniques. There are a few time-depen-
dent deterministic radiation transport codes that could have been
used, but there are no multigroup cross-section libraries that con-
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Fig. 8. Bremsstrahlung spectra for 25-, 50-, and 100-MeV electrons on tungsten in a
forward 1.0-degree cone.
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tained photonuclear reactions (i.e., up-scatter from photon groups
to neutron groups). Ongoing work at Oak Ridge National Labora-
tory (ORNL) will alleviate this problem in the future, but for this
evaluation only Monte Carlo radiation transport codes were avail-
able. The primary computational tool of this study is the radiation
transport code MCNPX version 2.6.0. Another Monte Carlo code
considered was MCNPX-PoliMi [16], which is an excellent code
to simulate many of the measurement types discussed in Ref.
[14]. MCNPX-PoliMi is useful because it attempts to conserve en-
ergy on an event-by-event basis and because all particle produc-
tion is correlated to the interaction type that produces each
particle. However, MCNPX was chosen over MCNPX-PoliMi be-
cause MCNPX-PoliMi’s post-processing code requires an MCNPX
like PTRAC file to be written and analog transport, which precludes
the use of parallel processing and simulating deep-penetration
shielding calculations, respectively.

A secondary tool, ADVANTG [17,18], was used to generate
weight windows and biased sources for MCNPX. ADVANTG was
important to all the analyses because the scenarios that are being
considered involve geometries that are heavily shielded and not
tightly coupled. Therefore, analog (or nearly analog) Monte Carlo
calculations will not provide results in a timely fashion and in
some cases may not provide any statistically significant results.
Ref. [18] provides a few examples of how ADVANTG can be used
to accelerate the convergence of Monte Carlo tallies in scenarios
similar to those being evaluated by this work.

4.2. Computational methodology

For some of the measurement methods described in Section 4,
two measurements are required to definitively detect the presence
of SNM: one with the SNM present in the object being interrogated
and a second without the SNM present. The difference between the
two measurements, D, would serve as the actual indication of the
presence of SNM.

D ¼ Signal with SNM� Signal without SNM ð1Þ

In practical applications the two measurements described will
not be made. If the object being interrogated is going to be
searched so that any SNM can be removed, then no AI measure-
ments are necessary. Therefore, in practical applications it is neces-
sary to have an idea of what the signal without any SNM present
would be prior to interrogating the object. How this estimate of
the signal without any SNM is arrived at will not be discussed in
detail here. However, here are two suggestions. First, if the mate-
rial composition and density of the object being interrogated is
known, an estimate of the signal could be looked up in a database
in which specific signals are correlated with material composition
and density and source type. Second, if the material composition
and density are unknown and if the object being interrogated is
very large, several measurements could be performed to establish
a baseline measurement. Any measured signals that do not follow
the trends of the baseline measurements might indicate the pres-
ence of SNM.

Some methods discussed in Section 4 do not require a measure-
ment with and without any SNM. For example, multiplicity mea-
surements do not require a measurement with and without any
SNM because multiplets that deviate from Poisson statistics are
an indication of the presence of SNM. However, multiplicities are
not being considered in this work because that would require good
statistical convergence in multiple detectors for rare events. In-
stead, the particle count rate (particularly the delayed particle
count rate) is being used because it can be calculated with small
statistical uncertainties faster than multiplicities and other meth-
ods that rely on rare events. The count rates can serve as a good
indication of whether or not an AI source can detect the presence
of SNM for a given cargo loading by providing a lower bound of
the required AI source strength, but may not be the best method
for actual application of AI.

Because the method being used to detect the presence of SNM
requires two measurements, one with and one without the pres-
ence of SNM, it follows that any calculations using that method
will also require two calculations, one with and one without the
presence of SNM. Each of the MCNPX calculations needs to be a
‘‘semi-analog’’ calculation; ‘‘semi-analog’’ because implicit capture
and Russian roulette are used. In other words, neither importances
nor weight windows can always be used when the AI source parti-
cle is the same species as the particle that, if detected, would indi-
cate the presence of SNM in a given scenario. For example, if the AI
source is a DT generator and the interrogation is attempting to de-
tect fission neutrons, MCNPX weight windows can only bias neu-
trons from the source to the object being interrogated or from
the interrogation object to the detector but not both. Work cur-
rently under way at ORNL will alleviate this issue in the future[19].

The difference between the total calculated counts with SNM
present and without SNM present, D, is what indicates whether
an AI source can be used to detect the presence of SNM for a given
cargo loading. If the calculated count rate with the SNM present is s
and the calculated count rate without the SNM present is ba. The
integral of these count rates is S, the total counts with the SNM
present, and BA, the total number of counts without the SNM pres-
ent or the active background. Therefore, Eq. (1) can be rewritten as
Eq. (2),
D ¼
Z T

0
SðtÞdt �

Z T

0
baðtÞdt ¼ S� BA; ð2Þ

Where T is the total length of time of the AI scan. If S is statis-
tically greater than BA, or D is statistically greater than zero, the
specified AI scenario can detect the presence of SNM.

The primary drawback to using two calculations as described in
the previous paragraph is that often no importance map or weight
windows can be used. Unfortunately, these are two effective vari-
ance reduction techniques that are very helpful when geometries
are heavily shielded and not tightly coupled. In order to use them,
the evaluation would have to be broken down into four calcula-
tions instead of two. The four calculations that have to be per-
formed when using weight windows or an importance map are
described briefly in the following list.
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1. First, weight windows are used to bias AI source particles
from the source location to the SNM. The energy and
time-dependent leakage of neutrons and photons exiting
the SNM are tallied independently. This calculation accu-
rately models fission events in the SNM and transmission
of AI source particles through the SNM, and it ensures that
the phase space of the SNM is adequately sampled.

2. In calculation 2, the energy- and time-dependent leakage
tallies from the first calculation are used as the source.
The source particles are biased from the SNM to the detec-
tor(s) using weight windows and biased source distribu-
tions. The result of the second calculation is the detector
response due to the SNM, SSNM. The importance inside the
SNM is set to zero so any particles entering the SNM are
killed because all particle transport in the SNM was mod-
eled in the first calculation.

3. Calculation 3 is used to obtain the detector response due to
the rest of the object being interrogated, SOBJ, or in other
words, the signal excluding the SNM. Like calculation 2,
in the third calculation the importance inside the SNM is
set to zero. The total detector response when SNM is pres-
ent, S from Eq. (2), is the sum of tallies from calculations 2
and 3.

4. Calculation 4 is used to determine the detector response
with no SNM present; i.e., the active background [BA from
Eq. (2)]. The source is the AI source.

These four calculations require that Eq. (2) be modified. Now
the total counts when the SNM is present are the sum of tallies
from calculations 2 and 3 described above, so Eq. (2) must be
rewritten as Eq. (3).

D ¼
Z T

0
SsnmðtÞdt þ

Z T

0
SobjðtÞdt �

Z T

0
baðtÞdt

¼ SSNM þ SOBJ � BA ð3Þ
4.3. Analysis methodology

The goal of this analysis is to determine what source strength is
required for the AI scenario in question to be viable. If the calcula-
tion of D in Eq. (3) is on a per-source-particle basis, the actual dif-
ference between the calculated signal with and without any SNM is
ND, where N is the source strength. In order to calculate N, some
criterion must be established that is used to determine whether
ND is significant. Below is a generic criterion that can be used in
most cases.

The difference between the signal with and without any SNM pres-
ent, ND, must be greater than z times the standard deviation of the
background, aB, after T seconds of active interrogation. The back-
ground consists of the natural background, BN, plus the active back-
ground, BA.

Mathematically, that criterion is represented by

ND > zrB ð4Þ

or

N
Z T

0
SsnmðtÞdt þ

Z T

0
SobjðtÞdt �

Z T

0
baðtÞdt

� �

> z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N
Z T

0
baðtÞdt þ

Z T

0
bnðtÞdt

s
; ð5Þ

Eq. (5) can be rewritten as Eq. (6) after all the integrations in Eq.
(5) are performed.

N2D2 � Nz2BA � z2BN � 0 ð6Þ
The solution for N, keeping the positive root, is shown in Eq. (7).

N ¼
z2BA þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z4B2

A þ 4D2z2BN

q
2D2 ð7Þ

When evaluating N where D and BA are based on a single pulse
of a pulsed AI source or for a steady-state source, N will be the total
number of AI source particles needed over the full interrogation
time, T. If the MCNPX source represents one pulse of a pulsed AI
source when calculating D and BA, then the calculated time-depen-
dent detector response, counts in this case, only represents the re-
sponse due to a single source pulse. To accurately calculate D and
BA due to a pulsed AI source the superposition of the detector re-
sponse due to each source pulse over the interrogation time must
be convolved with a function that represents the pulsed nature of
the source and detector over the interrogation time. If this super-
position and convolution are not performed the buildup of delayed
particles intermingled with the bursts of prompt particles will not
be accurately modeled, so this is vital for pulsed AI sources.

Further consideration of Eq. (7) is warranted because a Monte
Carlo code is the primary tool used in these analyses. For Eq. (7),
the limit of N as D goes to zero is infinity. Physically that corre-
sponds to the fact that as the difference between the signal with
and without any SNM, D, decreases the required AI source
strength, N, must increase to meet the criterion prescribed in Eq.
(4). The true value of D must always be greater than or equal to
zero because when no SNM is present, or if it is undetectable, the
true value of SSNM plus the true value of SOBJ will equal the true va-
lue of BA. The calculated value of D may be less than zero or statis-
tically indistinguishable from zero, but that is purely due to the
statistical uncertainty associated with the MCNPX solution. For D
to be positive and statistically distinguishable from zero, the fol-
lowing criterion must be met:

D > yrD; ð8Þ

where, SOBJ, SSNM, and BA are assumed to be uncorrelated, rD is

rD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

SNM þ r2
OBJ þ r2

BA

q
: ð9Þ

The criterion in Eq. (8) looks very similar to the criterion in Eq.
(4), but it is actually quite different. In Eq. (8), rA does not include
the uncertainty of the natural background. The parameter y in Eq.
(8) has the same meaning as z in Eq. (4); D must be y standard
deviations above zero. In Eqs. (4) and (8), y and z do not have to
equal the same value. N is not included in Eq. (8) because this cri-
terion can be evaluated on a per-source-particle basis. Once the
criterion in Eq. (8) is met, the criterion in Eq. (4) can be applied
and Eq. (7) can be used to calculate the required source strength
for the given AI scenario.

An interesting question is, ‘‘what should be done if the criterion
in Eq. (8) is not met?’’ The most straightforward answer is that the
MCNPX calculations must be continued in order to reduce the sta-
tistical uncertainty. However, in many cases further reduction of
the Monte Carlo statistical uncertainties may not be practical. If
the criterion in Eq. (8) has not been met and the Monte Carlo sta-
tistical uncertainties are small, then the following approximation
for D can be used in Eq. (7):

Dapprox ¼ SSNM: ð10Þ

Essentially, Eq. (10) says that if the criterion in Eq. (8) cannot be
met, then it can be assumed that D is simply equal to the signal
from the SNM. Neglecting the BA and SOBJ is not a bad approxima-
tion when SSNM is a small fraction of the total AI signal, S, and SOBJ is
nearly equal to BA. Given Eqs. (3) and (7) and the fact that the true
value of SOBJ is always less than or equal to the true value of BA, the
true value of D is always less than or equal to the true value of
SSNM. Therefore, D is always less than or equal to Dapprox. This
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means the approximation to D in Eq. (10) always results in a calcu-
lated value of the required AI source strength, N, which is less than
or equal to the true value of N. So if the Monte Carlo results for
SSNM, SOBJ, and BA have small statistical uncertainty, but D is statis-
tically indistinguishable from zero, Dapprox can be used to calculate
a lower bound for N. Once a lower bound of N is known, one can
decide whether the Monte Carlo uncertainties for SSNM, SOBJ, and
BA need to be further reduced. If the lower bound of N represents
an AI source strength that is achievable, then those uncertainties
need to be reduced to more accurately calculate N. However, if
the lower bound of N is unachievable, then further refinement of
the Monte Carlo uncertainties is unwarranted.
5. Active interrogation source investigations

Calculations have been performed to determine which AI tech-
niques would represent viable options for the ship-to-ship mari-
time scenario. First, fission rate per source particle results within
the HEU are reported. Next, some particle counts rates calculated
using the idealized computational detector described below are
presented. Then the required source strengths for some of the
sources in Table 2, based on the count rate results, are presented.

In the calculations discussed in the following sections, the AI
sources and particle detector tallies are co-located 10 m from the
hull of the ship. No actual detectors are modeled. The detector tal-
lies are based on surface tallies over a 1 � 1 m2 area, which
are100% efficient. These results can be applied to any detector if
the results are scaled to account for the different detector area (size
of detector) and a fluence-to-detector response function is applied,
which is more accurate if the fluence (counts) and detector re-
sponse function are a function of energy. Details about realistic
detectors are available in Refs. [5] and [6]. The methodology dis-
cussed in Section 5 is applied here in Section 6.

5.1. Fission rate results: yacht and trawler

The fission rates due to the sources in Table 2 were calculated
for the HEU threat object in the fishing trawler and luxury yacht
locations described in Section 2. In each calculation the axis of
the source always passes directly through the center of the threat
object, so the sources are always at the same height above the
waterline and at the same position along the keel of the ship as
the threat object. This is an important assumption because this
condition will occur very rarely due to the relative motion of two
ships at sea. The total fission rate per source particle results (neu-
tron induced plus photon induced) for the different threat object
locationsare presented in Table 3. The Monte Carlo relative uncer-
tainties for all the results in Table 3 are less than 2%.

5.2. Detection of fission particle results: yacht and trawler

Next, the time and energy dependence of photons and neutrons
entering the front face of a detector were tallied. These tallies repre-
sent the detector response due to the SNM, S in Eq. (2) or SSNM plus
SOBJ in Eq. (3). In this section only results for the bremsstrahlung
sources (without beryllium) are discussed because the results pre-
sented in Table 3 show that those sources produce the highest fission
rate per source particle. Representative samples of simulated time-
dependent detector responses are shown. For comparison purposes,
the detector response without any SNM is presented alongside the
results when SNM is present. No energy-dependent responses are
shown because it is well known that energy spectra are not always
reliable when looking to detect the presence of SNM. For example,
lead and depleted uranium under the right conditions can produce
similar energy spectra [20]. Time-dependent results are useful be-
cause fission chain reactions will produce additional neutrons and
photons. Plus, the fission products produced during the fission
chains decay and subsequently produce delayed neutrons. All mate-
rials have the potential to create delayed photons via activation and/
or decay of fission products. Delayed photons can also be produced
by inelastic scattering or radiative capture of delayed neutrons.
Excluding activation photons, all the delayed particles produced re-
sult somehow from a fission event that occurs as part of a fission
chain reaction, which further emphasizes the importance of the de-
layed particles to signal the presence of any SNM.

Figs. 10 and 11 show the time-dependent neutron and photon
detector responses due to the 50-MeV bremsstrahlung source
when the threat object is 1 m from the hull inside the luxury yacht
cabin, which is the scenario that produced the highest fission rate
in the luxury yacht. The lowest fission rate for the luxury yacht
with a bremsstrahlung source (without Be) occurred when the
threat object was along the luxury yacht centerline inside the li-
quid storage tank during interrogation with the 25-MeV brems-
strahlung source. Figs. 12 and 13 show the time-dependent
neutron and photon detector responses for this scenario. Figs. 10–
13 show the time-dependent detector response for only a single
source pulse, and the plotted results are per source photon (at this
point in the analysis the required number of photons and electrons
is unknown). The Monte Carlo relative uncertainties for most of the
time bins in Figs. 10–13 are less than 10%. However, at later times
(>1 � 10�2 s) the uncertainties increase, but are all less than 20%.

There are two vertical dotted lines in Figs. 10–13 that provide
information about the plotted detector responses with respect to
the repetition rate of the AI source and the pulse width. In these
calculations it was assumed that the AI source pulsed at 60 Hz
and that each pulse lasted for 4 ls. The first dotted line, on the left
side of these figures, marks the end of the first source pulse. While
the second dotted line, on the right, marks the beginning of the
second pulse. It is impossible to look at Figs. 10–13 and make
any quantitative assessment about the source strength required
to detect the presence of SNM. However, a qualitative assessment
can be made. The signal with and without the SNM must diverge at
some time in these figures in order to detect the presence of SNM.
Therefore, the scenario plotted in Figs. 10 and 11 can definitely de-
tect the presence of SNM, while the scenario in Figs. 12 and 13
most likely cannot. The question now is what source strength is re-
quired to detect the differences in Figs. 10 and 11, and is that
source strength reasonably achievable?

5.3. Required active interrogation source strengths: yacht and trawler

The required source strengths for the sources and scenarios that
have been analyzed for the luxury yacht and fishing trawler are
presented next. They have been limited to the bremsstrahlung
sources and are reported with units of electrons per second on a
tungsten converter, without beryllium, based on the fission rate
data presented in Table 3. Eq. (7) is used to calculate the required
source strength. The criterion for successfully detecting the SNM is
as follows:

The difference between the signal with and without any SNM pres-
ent, ND, must be greater than 5 times the standard deviation of the
background, rB, after 100 s of active interrogation. The background
consists of the natural background, BN, plus the active background,
BA. It is assumed that the natural background is 10 neutrons per sec-
ond and 100 photons per second.

Assuming a neutron background of 10 neutrons per second is
high for sea level background outdoors closer to the equator than
either of the poles, but is not an unrealistic estimate inside a build-
ing or ship at higher latitudes [5,21–23]. The photon background at
sea will be less than the photon background on land, particularly in
the presence of some stone and brick buildings. A photon back-



Table 3
Fission rates inside the threat object while in the luxury yacht and fishing trawler freezer hold (10 m standoff – fissions per source electron
or neutron)a.

Source Yacht cabin, centerline Yacht cabin, 1 m from hull

25 MeV e-/W 3.88E-03 7.37E-03
25 MeV e-/W/Be 2.81E-03 5.32E-03
50 MeV e-/W 4.98E-03 9.32E-03
50 MeV e-/W/Be 3.55E-03 6.63E-03
14 MeV n 2.84E-05 7.02E-05

Source Yacht water storage tank, centerline Yacht water storage tank, 1 m from hull

25 MeV e-/W 8.19E-05 5.07E-03
25 MeV e-/W/Be 6.00E-05 3.48E-03
50 MeV e-/W 1.52E-04 7.16E-03
50 MeV e-/W/Be 1.12E-04 5.17E-03
100 MeV e-/W 3.28E-04 ⁄⁄⁄
14 MeV n 5.93E-08 1.50E-06
50 MeV 2H on Li 6.54E-06 ⁄⁄⁄
Source Yacht engine room, centerline Yacht engine room, 1 m from hull

25 MeV e-/W 2.36E-04 2.90E-03
25 MeV e-/W/Be 1.70E-04 2.09E-03
50 MeV e-/W 3.14E-04 4.31E-03
50 MeV e-/W/Be 2.29E-04 2.73E-03
14 MeV n 1.76E-05 6.31E-05

Source Trawler freezer, centerline Trawler freezer, 1 m from hull

25 MeV e-/W 3.84E-04 9.12E-03
25 MeV e-/W/Be 2.78E-04 6.90E-03
50 MeV e-/W 5.85E-04 1.25E-02
50 MeV e-/W/Be 4.41E-04 9.32E-03
14 MeV n 1.25E-09 1.09E-04

⁄⁄⁄This source was not evaluated for this location.
a Monte Carlo relative uncertainties all less than 2%.
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ground of 100 counts per second is reasonable compared to photon
backgrounds on land near sea level. This photon background is an
overestimate inside a ship at sea but not a ship dockside [6,22,23].
It is important to this type of analysis to not grossly overestimate
or underestimate the background radiation. Underestimating the
background will make it easier for the proposed AI scenarios to
successfully detect SNM, and therefore require smaller AI source
strengths, while overestimating the background will make things
more difficult for the proposed AI scenarios.

For the superposition and convolution that must be performed
to compensate for the fact that MCNPX modeled a single pulse of
the AI sources, it is assumed that all the sources are pulsed with
a repetition rate of 60 Hz and that the pulse width, also detector
downtime, is 4 ls. Fig. 14 shows the required source strengths
based on the neutron detector responses. Fig. 15 shows the re-
quired source strengths based on the photon detector responses.
The cases marked ‘‘centerline’’ in Figs. 14 and 15 have the threat
object along the centerline of the ship; the cases marked ‘‘hull’’
have the threat object 1 m inside the hull of the ship. The Monte
Carlo relative uncertainty for all the source strengths shown in
Figs. 14 and 15 are less than 10%. In the luxury yacht, all the cases
with the threat object along the centerline of the liquid storage
tank (water tank) are statistically indistinguishable, i.e., Eq. (8)
was not satisfied with y equal 2 and the approximation in Eq.
(10) was applied. The same is also true when the threat object is
along the centerline of the freezer hold in the fishing trawler.
Therefore, the source strengths shown for the yacht water tank
and trawler freezer hold, with the treat object along the centerline,
are lower estimates of the required source strength.

5.4. Required active interrogation source strengths: break-bulk cargo
carrier

Based on the results of the AI scenarios analyzed for the luxury
yacht and fishing trawler, it is obvious that the AI scenarios for the
break-bulk carrier will be very challenging. For the luxury yacht
and the fishing trawler the maximum amount of shielding was a
few meters, but the maximum amount of shielding for a break-
bulk carrier is much more likely to be tens of meters. The place-
ment of the threat object for this analysis can be seen in Fig. 6,
and the shielding materials are listed in Table 1. The sources used
in the break-bulk carrier scenarios were limited to the bremsstrah-
lung sources without beryllium. The methodology and superposi-
tion and convolution described in Section 4 and the detection
criterion and source repetition rate described in Section 5.3 were
applied to the break-bulk carrier as well. All these cases place
the threat object at the centerline of the break-bulk carrier. The
most significant difference between the break-bulk carrier and
the other ships is that the sources were only 1 m from the hull of
the ship. Fig. 16 shows the required source strengths based on
the neutron detector responses.

6. Conclusions and summary

The fission rate results in Table 3 show that the bremsstrahlung
sources without any beryllium produce the largest number of fis-
sions per second. This is partly due to the ability of the high-energy
photons (>20 MeV) to more easily penetrate shielding materials
and to reach the threat object. Once a few neutrons from photonu-
clear interactions have been created in the threat object, they can
stimulate fission chains and create additional fission neutrons. This
is particularly evident when the threat object is in the fishing traw-
ler freezer hold, 1 m inside the hull. In this case there is not a large
amount of shielding material between the source and threat object,
and the contents of the freezer hold provide a reflector and moder-
ator for the neutrons that leak from the threat object. Although
neutrons can penetrate high-Z materials much more easily than
photons, the bremsstrahlung sources always outperformed the
DT neutron source. The neutron sources do not perform as well
as the bremsstrahlung sources because they are isotropic, like
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Fig. 10. Comparison between neutron signals with and without the threat object
located in the luxury yacht cabin 1 m inside the hull.
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Fig. 11. Comparison between photon signals with and without the threat object
located in the luxury yacht cabin 1 m inside the hull.

1.0E-17

1.0E-16

1.0E-15

1.0E-14

1.0E-13

1.0E-12

1.0E-11

1.0E-10

1.0E-09

1.0E-08

1.0E-07

1.0E-06

1.0E-05

1.0E-04

1.0E-03

1.0E-02

1.0E-01

1.0E+00

1.0E-07 1.0E-05 1.0E-03 1.0E-01 1.0E+01 1.0E+03

N
eu

tr
on

s E
nt

er
in

g 
D

et
ec

to
r 

(p
er

 se
c 

pe
r 

so
ur

ce
 

ph
ot

on
)

Time (sec)

Active Background

Signal with Object

4 uSec Pulse Width

Begin 2nd Pulse

Fig. 12. Comparison between neutron signals with and without the threat object
located in the luxury yacht liquid storage tank along the centerline of the yacht.
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Fig. 13. Comparison between photon signals with and without the threat object
located in the luxury yacht liquid storage tank along the centerline of the yacht.
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Fig. 14. Electron accelerator intensity required to meet the criterion for success-
fully detecting SNM via the production of neutrons in the given luxury yacht and
fishing trawler scenarios.
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the DT source. The directional dependence of the bremsstrahlung
sources is very forward peaked, so most of the bremsstrahlung
photons travel towards the threat object. This is also why the
bremsstrahlung–beryllium mixed neutron photon sources do not
perform as well as the bremsstrahlung sources alone. The photons
that are absorbed in the beryllium to create neutrons end up
creating neutrons in an isotropic manner. Based on these results,
it was decided to focus on bremsstrahlung sources for the rest of
this analysis. Isotropic sources may be useful when systems are
tightly coupled, possibly even if the tightly coupled system has
many mean free paths of shielding. However, for any standoff AI
scenario, directional sources must be used.

Figs. 10–13 show the extremes of the detection signals for the
interrogation scenarios with bremsstrahlung sources. For the best
cases there is a distinct difference between the signal with and
without the threat object present. In the worst cases the signals
are nearly indistinguishable. The differences seen in Figs. 12 and
13 are primarily due to statistical uncertainty.

The results of most interest from this analysis are the electron
intensities (or source strengths) required to detect an HEU threat
object after a 100 s AI scan in Figs. 14–16. The best case, i.e., the
lowest source strength, is the lowest density case, the yacht cabin.
The yacht engine room requires a source strength that is larger
than the cabin, and the yacht liquid storage tank requires an even
larger interrogation source. The largest required source strength
amongst the yacht and trawler scenarios is when the threat object
is at the center of the fish hold in the trawler. However, when the
threat object is moved within 1 m of the fishing trawler hull the re-
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quired electron source intensity is greatly decreased. At this posi-
tion in the trawler freezer hold, there is only about 13 cm of the
fish and ice mixture between the threat object and detector. The
increased fission rate mentioned previously in this section com-
bined with the lack of attenuation of the detection signal results
in easy detection when the threat object is near the hull of the fish-
ing trawler. In order to put the numbers in Figs. 14–16 in perspec-
tive, they can be compared to the accelerator in Ref. 4 that
operated with a beam current between 3 and 4 lA (�1.0 � 1013

electrons per second).
An interesting result was that in nonhydrogenous shielding sce-

narios the required source strength was fairly similar regardless of
whether neutrons or photons were being detected during the
interrogation (within an order of magnitude). However, in the
hydrogenous cases the source strength required for the detection
of neutrons is much larger than that required to detect photons be-
cause hydrogenous material does not attenuate photons as well as
it attenuates neutrons. If a case were analyzed that had a much lar-
ger volume fraction of high-Z material, a similar result might be
observed where the source strength increase is smaller for detect-
ing neutrons than for detecting photons. This illustrates the need
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Fig. 16. Electron accelerator intensity required to meet the criterion for success-
fully detecting SNM via the production of neutrons in the break-bulk carrier
scenarios.
for interrogation techniques that can effectively measure neutrons
and photons.

For the break-bulk carrier, standoff AI is practically impossible.
Some scenarios may exist that successfully detect SNM in a break-
bulk carrier; such as if the threat object was 1 m inside the hull.
However, it is not realistic to expect standoff AI to work with
any high degree of reliability because the break-bulk carrier is such
a large class of ship and because it can carry large quantities of car-
go that provide shielding.

This analysis has shown that standoff AI is possible in the mar-
itime environment if a number of criteria are met. First, the stand-
off distances cannot be too large, which in this context is less than
10s of meters. Second, highly efficient detectors are needed. This
analysis modeled 100% efficient detectors, but realistic detectors
would increase the required source strength by a factor between
2 and 100 [5 and 6]. Third, the interrogation source is highly direc-
tional (not isotropic). Fourth, the SNM is not too heavily shielded.
Fifth, the natural background is well accounted for. Significant in-
creases or decreases in the background source strength will in-
crease or decrease the required AI source strength, respectively.
Finally, the interrogation source is directed exactly at the SNM.
This final point is very significant considering the relative motion
of two ships at sea and that the threat object fission rate, and sub-
sequently SSNM, decrease as the AI source moves away from the
SNM. Furthermore, this analysis has relied on a methodology that
compares interrogation signals with and without any SNM present,
which is not realistic in normal conduct of operations. In short, all
these criteria point to very optimistic evaluations of source
strengths required to perform AI.

An important fact about the detection of SNM via AI and the
detection of fission neutrons and photons is that no matter how fis-
sion is induced, the signal from fission will always be the same; i.e.,
particles will be emitted isotropically, and the spectrum of those
particles will be the same for a given material. Therefore, whatever
AI source is used to induce fission, the signal that must be detected
will always be the same and will always suffer from the same prob-
lems. In light of this, it does not seem practical to develop new exo-
tic sources for AI that can induce fission from great distances or
when the SNM is surrounded by a large amount of shielding. If
the shielding is sufficient enough to prevent neutrons and photons
from sources already typically available, like those in Table 2, from
reaching the SNM then that shielding will also be able to prevent
fission neutrons and photons from reaching a detector. Simply
increasing the AI source strength and/or energy in order to increase
the fission rate also leads to larger power demands and shielding
requirements to operate the AI source, which can lead to that
source being impractical, especially in the maritime environment.
Time and funding should be focused on efforts to increase our abil-
ity to detect fission sources at greater distances and when those
sources are heavily shielded, to reduce the active background gen-
erated by an AI source, or to investigate signatures other than fis-
sion as a means to detect the presence of SNM.
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