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ABSTRACT 

 

 The smuggling of special nuclear material (SNM) has long been a concern.  In April 

2009, President Obama declared that a terrorist acquiring a nuclear weapon was the most 

immediate threat to global security.  The Second Line of Defense (SLD) initiative was stood up 

by the National Nuclear Security Administration to deter, detect, and interdict illicit trafficking 

of nuclear and radioactive materials across international borders and maritime shipping.  The 

SLD initiative does not provide for the detection of SNM being carried on small, personal 

watercraft. 

 Previous work examined the possibility of using active neutron detectors to induce 

fission in SNM and detect the response.  This thesis examines the possibility of detecting SNM 

using passive 
3
He neutron detectors.  Monte Carlo N-Particle (MCNP) simulations were run to 

determine the best detector configuration.  Detecting sources at increasing depths, detecting 

moving sources and the effects of waves were also simulated in MCNP.  Comparisons with 

experimental measurements showed that detectors parallel to the surface of water were best at 

detecting neutron sources below the surface.  Additionally, stacking detectors and placing a 

cadmium sheet between the polyethylene blocks resulted in a greater ability to determine the 

height of a source by taking the ratio of count rates in the lower and upper detectors.  Using this 

configuration, a source of strength 3.39 x 10
5
 n/s could be detected to a depth of 12.00 in below 

the water surface.  Count rates in the presence of waves did not average out to count rates taken 

above a flat plane of water.  Detectors closer to the water performed worse than above a flat 

plane while detectors placed higher recorded more counts than above a flat plane.  Moving 

sources were also simulated; sources under water, 3.00 ft from the detectors, and moving at     

5.8 kts could be detected above background. 
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NOMENCLATURE 

 

B   Boron 

BF3   Boron trifluoride 

Cd   Cadmium 

Cf   Californium 

cps    counts per second 

CsI   Cesium iodide 

eV   electron volt 

H   Hydrogen 

He   Helium 

HEU   Highly Enriched Uranium 

IAEA   International Atomic Energy Agency 

ITDB   IAEA Illicit Trafficking Database 

Li   Lithium 

MCNP   Monte Carlo N-Particle 

NNSA   National Nuclear Security Agency/Administration 

NSC   Nuclear Science Center 

PNNL   Pacific Northwest National Laboratory 

Pu   Plutonium 

RPM   Radiation Portal Monitor 

SLD   Second Line of Defense 

SNM   Special Nuclear Material 

SQ   Significant Quantity 
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TAMU   Texas A&M University 

TRIGA   Training, Research, Isotopes, General Atomics 

U   Uranium 

WGPu   Weapons Grade Plutonium 

Z   Atomic Number 
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1. INTRODUCTION 

 

 The smuggling of special nuclear material (SNM) has long been a concern for homeland 

security.  Between January 1993 and December 2011, 2164 incidents were reported to the 

International Atomic Energy Agency (IAEA) Illicit Trafficking Database (ITDB).  Sixteen of 

those cases involved the unauthorized possession of either highly enriched uranium (HEU) or 

plutonium with several of the cases involving kilogram quantities of those materials [1].   

 Passive neutron detection using 
3
He detectors is a nondestructive assay (NDA) technique 

used to detect neutrons produced from fission and (α,n) reactions.  Neutrons produced from these 

sources are moderated to thermal energies with low-Z material where they can then be absorbed 

by 
3
He, producing charged particles which can be detected. 

 The research presented here describes the use of passive neutron detectors to detect 

SNM while being smuggled into the country via small, personal watercraft.  This section 

presents the previous work and provides a background on neutron detection, the Monte Carlo 

code used to simulate scenarios, and a description of the types of boats that are a concern.  

Section 2 describes the MCNP simulations run for this thesis.  Section 3 presents the procedure 

and setup of the experiments occurring in November 2012.  Section 4 provides a comparison of 

the experimental and simulation results, while section 5 details a discussion of the results of 

further simulations.  Section 6 covers conclusions and future work in the use of passive neutron 

detectors for SNM detection in personal watercraft. 

 

1.1 Motivation 

The smuggling of SNM has long been a concern.  With the breakup of the Soviet Union, 

lapses in safeguards and security resulted in a loss of accountability for an unknown amount of 
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SNM.  Sixteen cases reported to the IAEA ITDB involved the unauthorized possession of either 

HEU or plutonium with several of the cases involving kilogram quantities of the material. [1]  

As an example, in the summer of 1994, Germany saw four instances of plutonium being 

smuggled through the country.  Adolph Jaekle was found with 6 g of plutonium at his home in 

Tengen, Germany [2].  In a separate incident, a Columbian and two Spaniards were arrested at 

an airport in Munich, Germany with several hundred grams of plutonium and uranium oxides 

after having flown with the material from Moscow, Russia to Munich [3].  In 1992, an entire fuel 

assembly was stolen from the nuclear power plant in Ignalina in Lithuania.  Of the 124 kg of 2% 

enriched UO2, only 100 kg were later recovered [3]. 

In April 2009, President Obama declared that a terrorist acquiring a nuclear weapon was 

the most immediate threat to global security [4].  The Second Line of Defense (SLD) initiative 

was stood up by the National Nuclear Security Administration (NNSA) to deter, detect, and 

interdict illicit trafficking of nuclear and radioactive materials across international borders and 

by maritime shipping.  SLD aims to equip 30 countries with portal detection equipment by 2018.  

Through the Megaports Initiative, the SLD also plans to equip more than 100 seaports with 

radiation detection equipment by 2018 with the goal of scanning 50% of global shipping traffic 

[5]. 

While the Megaports Initiative seeks to detect SNM being smuggled by maritime traffic, 

the intended target of this is cargo from large cargo ships.  There is a gap in detection capability 

against small, personal watercraft, which could easily be used to carry a significant quantity (SQ) 

of SNM: 8 kg of plutonium or 25 kg of 
235

U at enrichments greater than 20% [6].  Until 

September 11, 2001, much of the maritime strategy of the United States focused on large 

commercial vessels.  Concern with small vessels was traditionally reserved for safety and basic 

law enforcement issues.  The Department of Homeland Security defines small vessels as any 
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watercraft less than 300 gross tons, regardless of the method of propulsion [7].  Gross tonnage is 

a function of the volume of the ship’s enclosed spaces; these vessels are often less than 30.5 m 

(100 ft) in length.  Examples of small vessels include sailboats, fishing boats, recreational boats, 

and yachts.  In 2008, there were nearly 13 million registered US recreational vessels, 82,000 

fishing vessels, and 100,000 other small commercial vessels [7].  These are the same types of 

craft used to smuggle tons of drugs into the United States per year.  Additionally, the challenges 

faced by detecting SNM on small personal watercraft are different from the challenges faced 

detecting material being driven into the country.  While all vehicles must drive slowly through 

radiation portal monitors (RPMs) placed on roads, boats are less restricted in their direction of 

motion and speed, making it more difficult to detect illicit material onboard.  There is also no 

guarantee a boat will drive past detectors at speeds slow enough for SNM to be detected. 

The SLD initiative utilizes both gamma and neutron detection systems to detect illicit 

trafficking.  Much of the focus has been on gamma detection systems because gamma rays are 

produced by most sources of concern for illicit trafficking [8].  However, plutonium, which can 

be used in improvised nuclear devices, also emits significant amounts of neutron radiation, 

mostly coming from 
240

Pu, which has a fission yield of 1.02x10
3
 n/s·g [9].  For a significant 

quantity (SQ) of metallic plutonium, assuming 5% 
240

Pu and taking into account neutron 

multiplication, 8.73x10
5
 n/s would be emitted from the 

240
Pu.  Advantages of neutron detection 

over gamma detection include a low natural background (0.012 n/cm
2
·s at sea level) and few 

neutron sources being carried commercially [10].  Conversely, highly enriched uranium (HEU) 

is difficult to detect because it emits few neutrons (
238

U has a fission yield of 1.36x10
-2

 n/s·g) 

and emits low energy gamma rays which can be easily shielded [9]. 
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1.2 Objectives 

The objective of this research was to investigate detectors capable of detecting SNM in 

small watercraft before it can be smuggled into the country.  To utilize this, a further 

understanding of the neutron spectrum from a water-air interface was necessary.  For this 

project, 
3
He detectors were used to determine the best configuration for detecting neutrons near a 

water/air interface.  Simulations were benchmarked against experimental measurements taken at 

the Nuclear Science Center (NSC) at Texas A&M University.  Additional simulations were run 

to characterize detector response to moving sources and in the presence of waves of various 

sizes. 

 

1.3 Previous Work 

Klaus-Peter Ziock et al. investigated methods to detect SNM in personal watercraft 

using gamma detection systems [11].  This method involves using cesium iodide (CsI) detectors 

with a coded aperture, which uses a lead screen to shield the detector from gamma rays.  This 

pattern of blocking and unblocking the detectors from incident gamma rays reduces the 

background counts and strengthens a weak signal.  This method was previously tested on roads, 

and a feasibility study was conducted to see if the system could be adapted to marine 

environments.  A 5 mCi 
137

Cs source could be detected at a range of 20 m for vessels traveling 

between 2 and 6 kts (1 to 3 m/s).  This system also relies on cameras to identify and track targets, 

and more work is needed to track a greater number of targets as well as targets going past the 

detector. 

Former Texas A&M University graduate student Norman Johansen’s master’s thesis 

studied the use of active detection techniques to detect SNM in small watercraft [12].  Pulsed 

neutron generators emit neutrons which can be used to induce fission in uranium and plutonium; 
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the neutrons emitted from fission can then be detected.  Using MCNP, he found that active 

interrogation could be used to detect the presence of both plutonium and uranium sources while 

not exposing passengers to high doses.  However, he also found that the passive neutron 

signature from plutonium was much stronger than the active signature, though the active 

signature from uranium was much stronger than the passive signature. 

Increased neutron counts are unusually registered around large sources of water, such as 

oceans.  Water is an effective moderator of neutrons.  Near air/water interfaces, cosmic-ray 

neutrons have a higher thermal flux and lower fast flux than seen in free air [13].  Additionally, 

the neutron flux near an air/steel interface has been observed up to 25 times the flux at an 

air/water interface [14].  Around large ships, elevated neutron count rates are observed due to the 

production of spallation neutrons from cosmic rays striking the metal in the ship [15].  This is 

called the “ship effect;” unfortunately, there are few open-source publications about the ship 

effect.  Ship effect neutron rates are dependent on latitude, altitude, weather, and solar activity.  

However, personal watercraft are too small to elicit this reaction, as this is observed around tens 

of tons of high-Z material [16].
 

Due to their large absorption cross section, 
3
He detectors are one of the best passive 

neutron detectors.  However, following the terrorist attacks of September 2001, the increase in 

demand for 
3
He detection systems has outpaced the supply.  Richard Kouzes et. al at Pacific 

Northwest National Laboratory reviewed alternative neutron detectors to replace the use of 
3
He 

and ultimately found that while several detection systems can come close to the detection 

abilities of 
3
He systems, none can match it [17].  For instance, using boron trifluoride (BF3) tubes 

with boron enriched to 90% 
10

B requires three detectors to match the detection capabilities of 

one 
3
He tube.  Along with requiring three times as many detectors, BF3 is a toxic gas, posing an 

additional hazard if it were to leak. 
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1.4 Theory 

1.4.1 Passive Neutron Detection 

Neutrons are neutral particles and do not interact in matter through the coulomb force.  

Due to their lack of charge, neutrons can pass through materials without interacting, making it 

impossible to directly detect them.  Unlike gamma rays, neutrons do not interact with the 

electrons of an atom but rather with the nucleus.  Neutrons can be detected by their interactions 

with nuclei, which produce secondary radiations, often in the form of heavy charged particles.  

Neutrons are produced from fission and from nuclear reactions, such as (α,n) or (γ,n) reactions.  

Neutrons produced from fission are born with a distribution of energies.  This distribution is 

described by a Watt spectrum.  Figure 1 shows the prompt neutron spectrum from the 

spontaneous fission of 
252

Cf, which has a mean neutron energy of 2.14 MeV [9].  The prompt 

neutron spectrum of 
252

Cf is similar to that of 
240

Pu and is frequently used as a test source for 

neutron detection experiments.  As can be seen, most neutrons are born in the fast spectrum with 

energies greater than 1 MeV. 

 

 

Figure 1.  Spontaneous fission neutron spectrum of 
252

Cf [9]. 
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Table I shows the spontaneous fission yield from neutron sources of interest.  As can be 

seen, uranium isotopes emit relatively few neutrons per gram.  
238

U, the primary uranium isotope 

of interest, emits only 1.36x10
-2

 n/s·g.  Even in HEU, 
238

U will be the primary neutron emitter.  

Plutonium isotopes emit more neutrons, particularly 
240

Pu, present in small quantities in weapons 

grade plutonium.  Also of note is the spontaneous fission yield of 
252

Cf, which emits 2.34x10
12

 

n/s·g [9].   

 

Table I.  Spontaneous fission yield from common neutron sources [9]. 

 

 

Most neutron detectors, including those used in this project, detect thermal neutrons, 

which have an energy around 0.025 eV.  In order to moderate neutrons to this energy, the 

detector is often surrounded with a low-Z material, such as the hydrocarbon polyethylene, 

(C2H4)nH2.  A neutron can lose almost all its energy in a single interaction with a hydrogen 
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nucleus because they are of similar mass.  Neutrons elastically scatter off the moderator material, 

losing energy with each interaction.  Neutron detectors typically do not preserve the energy 

information of the incident neutron.  Because of this, and the distribution of energies neutrons 

are born with, isotope identification using these neutron detectors is not possible as it is with 

gamma detectors.  However, this is mitigated by the relatively few neutron sources in 

commercial shipping, such as those used for soil and concrete moisture measurements and well 

logging sources. 

Neutrons are detected through interactions with materials that have high absorption cross 

sections.  After a nucleus absorbs a neutron, it emits secondary radiation which can then be 

detected.  These absorption cross sections decrease with increasing neutron energy.  A common 

neutron detector is 
3
He, which is rare, constituting only about 0.00014% of helium in nature.  It 

is a stable isotope produced from the decay of tritium, 
3
H, which has a half life of 12.32 years.  

Tritium can be produced from the neutron activation of 
6
Li targets.  Current supplies of 

3
He 

come from the decaying 
3
H in the weapons stockpile.  The absorption cross section for 

3
He, 

which is the dominant interaction in 
3
He for neutrons below energies of 10 keV, can be seen in 

Figure 2 [18].  Around 0.025 eV, the energy of thermal neutrons, the absorption cross section is 

around 5000 b.  For 
3
He detectors, 

3
He absorbs a neutron and emits a proton and a triton, which 

can be detected: 

He�
� + n�

� → H�
� + p�

�      Eq. 1 
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Figure 2.  The absorption cross section of 
3
He [18].  

 Neutrons produced from fission are emitted isotropically from the source.  Unless a 

detector has 4π coverage around a source, only a fraction of neutrons emitted from SNM will 

interact inside a detector.  This probability decreases by 1/r
2
 as the source-to-detector distance in 

a vacuum increases.  It is not feasible to have 4π coverage in the scenario of detecting neutrons 

on watercraft as this geometry requires a stationary and relatively small source.  

Correspondingly, the geometric efficiency, the solid angle the detector encompasses around a 

source, will be low. 

 

1.4.2 MCNP 

MCNP is a general-purpose Monte Carlo code that can be used for neutron, photon, 

electron, or coupled neutron-photon-electron transport [19].  The Monte Carlo method is a 

calculation technique that relies on repeated random sampling to predict the behavior of a 

system.  Instead of trying to predict how an individual neutron interacts, Monte Carlo methods 
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calculate how a fraction of a large population of neutrons interacts.  Neutrons are created at a 

certain location and energy, and travel distances consistent with their mean-free-path lengths in 

the material.  At the end of each step, an interaction is selected based on the cross section of the 

interaction of interest in the material.  These interactions are followed until there are no further 

interactions of interest, such as the neutron leaks out of the system, or is absorbed.  If the neutron 

is involved in a multiplication event, the resulting neutrons are each followed.  By repeating this 

process for large numbers of neutrons, average behaviors and their associated uncertainties can 

be determined.   

Several types of tallies can be used in MCNP.  Both f4 and f8 tallies were used in this 

project.  An f4 tally is the average cell flux tally and counts the particle track lengths, or 

distances traveled by each particle, through a cell volume.  The units of an f4 tally are 

particles/cm
2
.  Energy bins were created on a lethargy scale, ranging from 1x10

-8
 MeV to 1x10

2
 

MeV.  The f4 tally was used to determine the neutron spectrum in the detectors.  Because 
3
He 

detectors have a higher absorption cross section and thus a higher efficiency in the thermal 

spectrum, it was important to determine if enough neutrons were thermalized prior to entering 

the detectors. 

An f8 tally is a pulse height distribution. The f8 tally was separated into specific energy 

bins ranging of 0 MeV, 1 eV, 100 keV, and 10 MeV.  The units of an f8 tally are pulses.  In 

order to convert an f8 tally into count rate (s
-1

), it must be multiplied by the activity of a source.  

For this research, a source activity of 3.39x10
5
 n/s was used, as this was the activity of the 

252
Cf 

source on hand at the time of the measurements.  The f8 tally was used to determine the count 

rate in the 
3
He detectors.  
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2. SIMULATIONS 

 

 The following section details the MCNP simulations performed in this work.  These 

simulations were used to determine the best detector configuration for a neutron source below 

the water, as well as characterize the detector response to neutrons at increasing depths below the 

surface of water, moving neutron sources, and the effect of waves on neutron detection. 

 

2.1 Materials Used 

The detectors used in this simulation were the LND Inc. Model 252 
3
He cylindrical 

detectors [20].  The detectors were 28.45 cm long, 1.00 in (2.54 cm) in diameter, have an 

aluminum casing, and are at a pressure of 4 atm.  An increase in pressure is attained by having 

more 
3
He gas in the tube; the increased number of 

3
He atoms increases the chances of interaction 

with a neutron and thus have a higher efficiency.  These detectors were placed in polyethylene 

blocks 12.00 in (30.48 cm) long, 6.00 in (15.24 cm) wide, and 2.00 cm (5.08 cm) tall.  Each 

polyethylene block could hold two detectors placed 4.00 in (10.16 cm) apart.  The detectors were 

placed 1.00 in (2.54 cm) above a plane of fresh water.   

For some simulations, a 2 mm block of cadmium was placed between the polyethylene 

blocks.  The large absorption cross section of 
113

Cd at thermal energies means it absorbs neutrons 

at energies below 1 eV.  Figure 3 shows the absorption cross section of 
113

Cd and natural 

cadmium at energies between 0.001 eV and 10 MeV [18].  By selectively shielding some 

detectors in an array from thermal neutrons coming from a specific direction, a difference in 

count rate is expected between the shielded and unshielded detectors.  The background is 

expected to be similar in all detectors, so higher count rates in some detectors could indicate the 

location of a neutron source relative to the detectors.  For these experiments, a cadmium sheet 
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was placed either between detectors of different heights to determine source height or between 

detectors at different lateral positions to determine the lateral position of a source. 

Figure 3.  Absorption cross section for 
113

Cd (green) and natural cadmium (red) [18]. 

 

Fresh water was used because it could be compared to the experimental results.  The 

average salinity of open ocean water is 0.00035 g/cm
3
, with water in ports ranging from 0.00031 

to 0.00036 g/cm
3
.  Sea water will have other ions compared to fresh water, most prominently 

chloride, sodium, and magnesium.  These ions all have low absorption cross sections; the 

absorption cross section for chlorine is three orders of magnitude lower than that of cadmium, 

and the absorption cross sections for sodium and magnesium are even lower.  Thus it is expected 

that results using fresh water will be nearly identical to those using sea water. 
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2.2 Background Count 

First, a background simulation was run.  Background neutrons are present in the 

atmosphere from the interaction of cosmic rays from matter, as well as the decay of naturally 

occurring radioactive material.  At sea, the contribution to the neutron background from 

naturally occurring sources is not significant.  Two polyethylene blocks, each with two detectors, 

were stacked and placed parallel to a plane of water as can be seen in Figure 5a on page 15.  A 

distributed neutron source was placed at the surface of a sphere with a radius of 100 cm.  The 

sphere was surrounding the detectors. The neutron source was isotropically emitted from the 

sphere.  Inside the sphere was a body of water in the lower-half space and a volume of dry air in 

the upper-half space  The sphere was sized such that the source neutrons could interact with the 

air and water in ways they ordinarily would in the real world.  The neutrons were given a 
252

Cf 

energy spectrum.  An f4 tally was used to determine the neutron flux inside the neutron 

detectors.  This was converted into a count rate using: 

 

CR = φ�σ��NV       Eq. 2 

 

where φ� is the neutron flux averaged over all thermal energies (n/cm
2
·s), σ�� is the absorption 

cross section for 
3
He averaged over all thermal energies (cm

2
), N is the number density of 

3
He 

(atoms/cm
3
), and V is the volume of the detectors (cm

3
).  N is calculated using: 

 

� =
���

�
      Eq. 3 

 

Here, ρ is the density of 
3
He at 4 atm (in atoms/cm

3
), Na is Avogadro’s number (6.022x10

23
 

atoms/mol), and A is the atomic mass of 
3
He, which is 3.01603 g/mol. 



 

 

2.3 Configurations 

Once the background neutron count rate was determined, a point source was 

and several detector configurations were simulated.  Each detector configuration was run both 

with and without a cadmium sheet placed between the 

configurations were all placed 

configuration, the point source was placed 

with the front face and centered on the detectors.  The source wa

locations: 1.0 0in (2.54) cm below the surface of the water and directly to the right side of the 

detectors, and 16.00 in (40.64 cm

locations were kept the same for all

 

Figure 4. 4a.  The location of a s

location of a source placed below and to the side of the detectors.  4c. The location of a 

source placed abo
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Once the background neutron count rate was determined, a point source was 

and several detector configurations were simulated.  Each detector configuration was run both 

with and without a cadmium sheet placed between the polyethylene blocks.  The d

configurations were all placed 21.00 in (53.34 cm) above a plane of water.  For each 

configuration, the point source was placed 1.00 in (2.54 cm) below the surface of the water, even 

with the front face and centered on the detectors.  The source was also placed in two other 

cm below the surface of the water and directly to the right side of the 

40.64 cm) above and to the right side of the detectors.  These source 

locations were kept the same for all simulations.  These three locations are shown in Figure 4.

 
The location of a source placed directly below the detectors. 4b. The 

location of a source placed below and to the side of the detectors.  4c. The location of a 

source placed above and to the side of the detectors.  

 

Once the background neutron count rate was determined, a point source was modeled 

and several detector configurations were simulated.  Each detector configuration was run both 

s.  The detector 

above a plane of water.  For each 

below the surface of the water, even 

s also placed in two other 

cm below the surface of the water and directly to the right side of the 

above and to the right side of the detectors.  These source 

mulations.  These three locations are shown in Figure 4. 

placed directly below the detectors. 4b. The 

location of a source placed below and to the side of the detectors.  4c. The location of a 



 

 

2.3.1 Parallel Configurations

Three different simulations were run with the detectors parallel to the surface of the 

water.  In the first, four detectors were used.  Two detectors each were placed in stacked 

polyethylene blocks, as can be seen 

and without a cadmium sheet between the 

detectors were used.  These detectors were placed in a 

polyethylene block without detectors was placed above the detectors 

simulation, two detectors were placed in a 

another empty polyethylene block 

 

Figure 5. 5a. A view of 4 detectors (shown in red), with a cadmium sheet (black) be

the polyethylene blocks. 5

detectors in only the upper 

15 

2.3.1 Parallel Configurations 

Three different simulations were run with the detectors parallel to the surface of the 

water.  In the first, four detectors were used.  Two detectors each were placed in stacked 

, as can be seen in Figure 5a.  This configuration was simulated both with 

and without a cadmium sheet between the polyethylene blocks.   In the next simulation, only two 

detectors were used.  These detectors were placed in a polyethylene block, while another 

block without detectors was placed above the detectors (Fig. 5b).  In the final 

simulation, two detectors were placed in a polyethylene block, which was stacked on top of 

block (Fig. 5c). 

 

a. A view of 4 detectors (shown in red), with a cadmium sheet (black) be

blocks. 5b. Two detectors in only the lower polyethylene block. 5

detectors in only the upper polyethylene block. 

 

 

 

 

Three different simulations were run with the detectors parallel to the surface of the 

water.  In the first, four detectors were used.  Two detectors each were placed in stacked 

.  This configuration was simulated both with 

s.   In the next simulation, only two 

hile another 

.  In the final 

which was stacked on top of 

 

a. A view of 4 detectors (shown in red), with a cadmium sheet (black) between 

block. 5c. Two 



 

 

2.3.2 Perpendicular Configurations

Two simulations were run with the detectors perpendicular to the surface of the water.  

In the first, four detectors were used.  Two detectors each were placed in 

that were stacked next to each other

without a cadmium sheet between the 

detectors were used.  These detectors were placed in a 

water surface and were above a 

(Fig. 6a).  Again, the simulations were run both wit

 

Figure 6. 6a. Two detectors perpendicular to the surface of water, stacked above a 

polyethylene block.  6b. Four detectors pe
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2.3.2 Perpendicular Configurations 

o simulations were run with the detectors perpendicular to the surface of the water.  

In the first, four detectors were used.  Two detectors each were placed in polyethylene

that were stacked next to each other (Fig. 6b).  This configuration was simulated both with and 

without a cadmium sheet between the polyethylene blocks.  In the next simulation, only two 

detectors were used.  These detectors were placed in a polyethylene block perpendicular to the 

water surface and were above a polyethylene block placed parallel to the surface of the water

.  Again, the simulations were run both with and without a cadmium sheet

a. Two detectors perpendicular to the surface of water, stacked above a 

b. Four detectors perpendicular to the surface, shown here without a 

cadmium sheet. 

 

o simulations were run with the detectors perpendicular to the surface of the water.  

polyethylene blocks 

ulated both with and 

s.  In the next simulation, only two 

perpendicular to the 

placed parallel to the surface of the water 

h and without a cadmium sheet. 

 

a. Two detectors perpendicular to the surface of water, stacked above a 

rpendicular to the surface, shown here without a 



 

 

2.4 Depth Measurements 

The two four-detector configurations, one parallel to the surface of the water and one 

perpendicular to the surface, were used for 

the cadmium sheet was placed between the 

various depths directly below the detectors

(7.62 cm) below the surface of the water and at 

of 21.00 (53.34 cm).  The purpose of the depth simulations was to determine the depth at which 

neutron sources could be detected

 

Figure 7.  Source placed at increasing depths below the detectors.
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detector configurations, one parallel to the surface of the water and one 

perpendicular to the surface, were used for depth measurements.  For both of these simulations, 

the cadmium sheet was placed between the polyethylene blocks.  A 
252

Cf source was simulated at 

various depths directly below the detectors, shown in Figure 7.  The source was placed 

below the surface of the water and at 3.00-in intervals below that down to a final depth 

.  The purpose of the depth simulations was to determine the depth at which 

ron sources could be detected. 

 

.  Source placed at increasing depths below the detectors.

 

detector configurations, one parallel to the surface of the water and one 

hese simulations, 

Cf source was simulated at 

.  The source was placed 3.00 in 

intervals below that down to a final depth 

.  The purpose of the depth simulations was to determine the depth at which 

 

.  Source placed at increasing depths below the detectors. 
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2.5 Moving Sources 

Several simulations were run with a moving source a distance from the two four-detector 

configurations (5a and 6b).  MCNP is not capable of simulating a moving source directly, so a 

series of stationary simulations were run.  Each of the stationary simulations can be converted 

into a count rate, which, when multiplied by a change in time, ∆t, could be used to determine the 

total counts per source location: 

 

�� = ��� × ∆��      Eq. 4 

 

The change in time (∆ti) is acquired by dividing the distance of the interval (∆di) by the 

magnitude of the source velocity (v).  The total counts for a source are then simply the 

summation of a series of counts for each location:  

∑ �� = ∑ ��� × ∆��     Eq. 5 

 

By knowing the activity of the source, the maximum detection velocity V could be 

calculated.  As the velocity of the boat increases, ∆t decreases, resulting in fewer counts 

registered.  A threshold count rate can then be set at 1.5 cps, which is 3σ above the background 

count rate.  This is the typical alarm threshold; counts below this are regarded as normal 

fluctuations while count rates above this threshold would result in an alarm. 

The 
252

Cf source was simulated both 6.00 in above and 1.00 in below the surface of the 

water and was placed at various locations on a line 1.00 ft (30.48 cm) away from the detectors.  

These simulations were run for lines running in both directions on the plane of the water, 

referred to as the x-direction and the y-direction.  This was repeated for sources 2.00 ft (60.96 

cm), and 3.00 ft (1.44 cm) away (Figure 8). 



 

 

 

Figure 8.  Depiction of moving sou

direction at constant x, while 2 shows sources moving in the x direction at constant y.

 

2.6 Wave Simulations 

The purpose of the wave simulations was to model the behavior of a neutron source in 

the hull of a boat, where the source could be alternating between being below and above the 

surface of the water.  The waves simulations 

affected by the air/water interface.  Neutron count rates are much different in 

the thermal flux rate much higher and the fast flux much lower near the interface than observed 

in free air [13] [21]. 

Several simulations were run to model the behavior of waves

These simulations were run with four detectors parallel to the surface of the water

cadmium sheet placed between the 

3.00 in (7.62 cm) below the plane of water, bu

shaped waves, as shown in Figure 9
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.  Depiction of moving sources.  Line 1 demonstrates sources moving in the y 

constant x, while 2 shows sources moving in the x direction at constant y.

The purpose of the wave simulations was to model the behavior of a neutron source in 

f a boat, where the source could be alternating between being below and above the 

surface of the water.  The waves simulations will be used to compare how neutron detection is 

affected by the air/water interface.  Neutron count rates are much different in air and water, 

the thermal flux rate much higher and the fast flux much lower near the interface than observed 

Several simulations were run to model the behavior of waves on neutron detection.  

These simulations were run with four detectors parallel to the surface of the water

cadmium sheet placed between the polyethylene blocks.  A 
252

Cf source was placed at a location 

in (7.62 cm) below the plane of water, but the water was given a series of cylindrical

, as shown in Figure 9.  The waves were given a radius of 3.00 in (7.62 cm

 

 

s moving in the y 

constant x, while 2 shows sources moving in the x direction at constant y. 

The purpose of the wave simulations was to model the behavior of a neutron source in 

f a boat, where the source could be alternating between being below and above the 

how neutron detection is 

air and water, with 

the thermal flux rate much higher and the fast flux much lower near the interface than observed 

on neutron detection.  

These simulations were run with four detectors parallel to the surface of the water with a 

Cf source was placed at a location 

t the water was given a series of cylindrical-

7.62 cm), 6.00 



 

 

in (15.24 cm), 9.00 in (22.86 cm

equally spaced locations in a wave period, covering both the peak and trough of a wave.  These 

locations can be seen in Figure 9

 

Figure 9.  Here, the white circles represent air and the blue circles represent water.  The 

source was placed at each of the eight numbered locatio

 

For each wave size, four different simulations were run.  The detectors were 

placed 1.00 in above the top of the 

above the wave.”  Placing the detectors

detectors would be placed on buoys or some other floating device.  The detector height would 

fluctuate depending on the strength of the waves, but would remain a relatively con

above the water.  For the second configuration,

above the centerline of the waves

referred to as “high above the water.”

water models a situation in which the detectors would be mounted on a bridge, dock, or other 

stationary object.  In this situation, the detector position is independent of the wave height

does not change regardless of wave st

11, respectively.  The source and detectors were then moved in tandem

mentioned positions, and the detectors remained directly above the source for each new source 
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22.86 cm), and 12.00 in (30.48 cm).  The source was placed at eight 

in a wave period, covering both the peak and trough of a wave.  These 

ocations can be seen in Figure 9. 

.  Here, the white circles represent air and the blue circles represent water.  The 

source was placed at each of the eight numbered locations to cover a wave period.

 

For each wave size, four different simulations were run.  The detectors were 

top of the wave.  This configuration will later be referred to as “directly 

the detectors directly above the wave replicates the situation in which 

detectors would be placed on buoys or some other floating device.  The detector height would 

fluctuate depending on the strength of the waves, but would remain a relatively con

he second configuration, the detectors were placed 24.00 in (

centerline of the waves, regardless of wave height.  Detectors in this position will be 

referred to as “high above the water.”  Keeping the detectors a constant height above the p

models a situation in which the detectors would be mounted on a bridge, dock, or other 

stationary object.  In this situation, the detector position is independent of the wave height

does not change regardless of wave strength.  These configurations can be seen in Figures 10 and 

The source and detectors were then moved in tandem to the eight previously 

the detectors remained directly above the source for each new source 

 

The source was placed at eight 

in a wave period, covering both the peak and trough of a wave.  These 

 

.  Here, the white circles represent air and the blue circles represent water.  The 

ns to cover a wave period. 

For each wave size, four different simulations were run.  The detectors were initially 

This configuration will later be referred to as “directly 

the situation in which 

detectors would be placed on buoys or some other floating device.  The detector height would 

fluctuate depending on the strength of the waves, but would remain a relatively constant height 

24.00 in (60.96 cm) 

, regardless of wave height.  Detectors in this position will be 

height above the plane of 

models a situation in which the detectors would be mounted on a bridge, dock, or other 

stationary object.  In this situation, the detector position is independent of the wave height and 

rations can be seen in Figures 10 and 

to the eight previously 

the detectors remained directly above the source for each new source 



 

 

location.  For the other set of simulations, the source was kept in a constant location while the 

detectors were moved to the eight original locations

stationary, detectors were placed both directly above the waves and h

before.  This was to model the situation in which a source was moving relative to the detector 

location. 

 

Figure 10.  The detectors placed 
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For the other set of simulations, the source was kept in a constant location while the 

to the eight original locations, as shown in Figure 12.  Keeping the source 

stationary, detectors were placed both directly above the waves and high above the water as 

This was to model the situation in which a source was moving relative to the detector 

 

.  The detectors placed directly above the peak of the waves.

 

 

For the other set of simulations, the source was kept in a constant location while the 

Keeping the source 

igh above the water as 

This was to model the situation in which a source was moving relative to the detector 

waves. 



 

 

Figure 11.  The detectors placed

Figure 12.  The detectors were moving relative to the source, which was held in the same 
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.  The detectors placed a constant height, 60.96 cm above the plane of the water

 

 

.  The detectors were moving relative to the source, which was held in the same 

location. 

 

the plane of the water. 

.  The detectors were moving relative to the source, which was held in the same 
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3. EXPERIMENTAL DETAILS 

 

The following section details the experiments performed at the Nuclear Science Center 

(NSC) reactor pool at Texas A&M University on 29 and 30 November 2012.  These experiments 

were run to test the different detector configurations that were simulated. 

 

3.1 Materials 

To conduct the experiments examining neutron detection in the presence of a large body 

of water, four 
3
He detectors (LND Inc Model 252) and two Canberra JSR-14s were utilized.  

Using two JSRs enabled the signal in each polyethylene block to be kept separate, allowing for a 

comparison of counts in each of the blocks.  The 
3
He detectors were placed in polyethylene 

blocks 12.00 in (30.48 cm) long, 6.00 in (15.24 cm) wide, and 2.00 in (5.08 cm) tall.  Each 

polyethylene block could hold two detectors placed 4.00 in (10.16 cm) apart.  The signals from 

both detectors in a polyethylene block were always summed together.  The data were collected 

onto the JSR-14s and then recorded to a Panasonic Toughbook and a Dell desktop computer.  A 

metal rod with a nut and bolt attached (Figure 13) was used to hold the 
252

Cf source.  The rod 

was marked at 1.00 in (2.54 cm) and at 3.00 in (7.62 cm) intervals up to 24.00 in (60.96 cm).  

The rod was suspended from a crane and held in place throughout the experiments. 
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Figure 13.  The 
252

Cf source holder.  The source went inside the nut at the top of the figure. 

 

3.2  Location and Setup 

The experiments were run at the NSC, which houses a 1 MW Training, Research, 

Isotopes, General Atomics (TRIGA) reactor.  The detectors were placed on a stainless steel 

bridge spanning a corner of the reactor pool.  The bridge was placed 21.00 in (53.34 cm) above 

the surface of the water.  Tests were conducted in the morning before reactor startup and after 

the reactor had been shut off throughout the night in order to minimize the neutron background.  

Background counts were initially taken with four detectors parallel to the surface of the water 

(Figure 14).  The cadmium sheet was placed between the polyethylene blocks for the 

background measurements.  Five 10-second measurements were recorded for each pair of 

detectors.  The number of measurements and the count rate time were selected such that random 
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fluctuations in neutron emission were averaged out.  The background count rate was found to be 

0.8 ± 0.3 cps.  For each subsequent measurement, five 10-second counts were taken. 

 

 

 

Figure 14.  The 4-detector parallel configuration on the bridge over the NSC pool. 

 

3.3 Configurations 

 Each of the five different configurations from the simulations were used for the 

experiment.  The source was initially placed 1.00 in (2.54 cm) below the surface of the water and 

all configurations were tested both with and without the cadmium sheet.  Initially, the four-

detector configuration parallel to the surface of the water with a cadmium sheet between the 

polyethylene blocks was used (Figure 14).  Following that, the two 2-detector parallel 

configurations were tested.  Once the parallel detector configurations were tested, the two 
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perpendicular configurations were tested, starting with the 4-detector configuration.  Figure 15 

shows the 4-detector perpendicular configuration being tested with the source above the 

detectors. 

 

Figure 15.  The 4-detector perpendicular configuration.  The rod with the source can be 

seen suspended above the detectors. 

 

3.4 Depths 

 As with the simulations, both four-detector configurations, one with detectors parallel 

and the other with detectors perpendicular to the surface of the water, were used to measure a 

neutron source at set depths below the surface.  The cadmium sheet was placed between 

polyethylene blocks for all tests.  The source was positioned at 3.00 in (7.62 cm) intervals below 
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the surface of the pool and counts were recorded.  The final depth tested was 21.00 in (53.34 cm) 

below the surface.  Figure 16 shows the 4-detector parallel configuration with the source in 

place. 

 

Figure 16.  The 4-detector parallel configuration with the source 2.54 cm below the surface. 
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4. EXPERIMENTAL RESULTS AND DISCUSSION 

 

The following section discusses the results of the experimental measurements taken at 

the NSC in November 2012 and compares them to the simulations of the same geometry using 

MCNP.  This section will discuss the different detector configurations tested as well as the 

maximum depth a source below the surface of the water can be detected. 

 

4.1 Background Neutron Count 

 Experimental measurements of the background count rate at the NSC resulted in a count 

rate of 0.8±0.3 cps.  The background simulation from MCNP resulted in a background count of 

0.7±0.2 cps around the detectors, which is in close agreement with the measured values.  The 

MCNP-produced background count rates was expected to be on the order of magnitude of 1 cps, 

which has been observed by numerous experiments [10] [22] [23]. 

 

4.2 Configurations Results 

 Figure 17 depicts all configurations that were tested in the experiments and simulations.  

Each configuration is labeled as the way it will be referred to throughout the results.  Table II 

compares the results of MCNP simulations to experimental measurements of a 
252

Cf source 

placed 1.00 in (2.54 cm) below the surface of water, with detectors 21.00 in (53.34 cm) above 

the surface.  The uncertainties listed in Table II are all 1-σ standard deviations.   

 



 

 

Figure 17.  All configurations used in t

parallel configuration. 17b.

17d. 4-detector perpendicular 
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All configurations used in the experiment and simulation. 17a. 4

b. 2 parallel detectors on top. 17c. 2 parallel detectors on bottom. 

perpendicular configuration. 17e. 2-detector perpendicular 
 

 

 

a. 4-detector 

parallel detectors on bottom. 

perpendicular configuration. 



 

 

Table II.  Detector response to a source located

 

 As can be seen, for all parallel configurations, MCNP predicted higher count rates than 

was measured.  For perpendicular detectors, the experimental count rates were h

MCNP predictions.  This suggests a systematic bias in the MCNP simulations which may be due 

to neglecting the inactive area in the detector tubes.  A ratio of the calculated to experimental 

values (C/E) was taken and plotted for each detecto

shows this bias.  For all configurations, both in simulation and experiment, configurations 

without a cadmium sheet recorded higher neutron counts.  It was expected that count rates would 

be higher in the simulations because they do not take into account everything in a physical 

system which could interfere with the count rate and reduce efficiency.
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.  Detector response to a source located directly below the detectors.

As can be seen, for all parallel configurations, MCNP predicted higher count rates than 

was measured.  For perpendicular detectors, the experimental count rates were higher than the 

MCNP predictions.  This suggests a systematic bias in the MCNP simulations which may be due 

to neglecting the inactive area in the detector tubes.  A ratio of the calculated to experimental 

values (C/E) was taken and plotted for each detector configuration, shown in Figure 18

.  For all configurations, both in simulation and experiment, configurations 

without a cadmium sheet recorded higher neutron counts.  It was expected that count rates would 

because they do not take into account everything in a physical 

system which could interfere with the count rate and reduce efficiency. 

 

below the detectors. 

 

As can be seen, for all parallel configurations, MCNP predicted higher count rates than 

igher than the 

MCNP predictions.  This suggests a systematic bias in the MCNP simulations which may be due 

to neglecting the inactive area in the detector tubes.  A ratio of the calculated to experimental 

onfiguration, shown in Figure 18 and 

.  For all configurations, both in simulation and experiment, configurations 

without a cadmium sheet recorded higher neutron counts.  It was expected that count rates would 

because they do not take into account everything in a physical 
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Figure 18. C/E plot comparing experimental and simulated results for a source directly 

below the detectors.  The eight data points to the left are from the parallel configurations 

while the six data points to the right are from the perpendicular configurations. 
 

 The 4-detector configurations were tested to provide some sense of the location of a 

neutron source.  The parallel configuration was intended to provide information on the height of 

the source, while the perpendicular configuration was designed to provide information on the x/y 

position of a source.  To measure this, the ratio of counts in the lower detectors to the counts in 

the upper detectors was calculated.  For the experimental configuration with cadmium, this ratio 

was 5.77, while without cadmium it was 3.76.  For the MCNP simulations, the ratio was 7.53 for 

the configuration with cadmium and 4.18 for the configuration without.  It was expected the ratio 

of counts would decrease without the cadmium sheet in place to absorb thermal neutrons. 

In comparing the 4-detector parallel configuration with the two 2-detector 

configurations, similar count rates were observed.  Experimentally, the counts for the top 

detectors, with cadmium, were statistically the same and within one standard deviation, while the 

counts for the top detectors, without cadmium, were within 2σ.  Count rates were expected to be 

similar between these configurations because the detectors were in the same locations as in the 
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4-detector assembly.  The presence or absence of other detectors should not significantly impact 

the count rates in the present detectors.  MCNP results were statistically significantly different 

between the top detectors of the 4-detector configuration and the 2-detector configuration.  In 

both cases, the detectors in the 4-detector configuration recorded slightly higher counts. 

Comparing the bottom detectors of all parallel configurations yielded similar results.  

Experimentally, with cadmium, the bottom detectors yielded statistically different results.  The 

4-detector configuration produced a higher count rate of 269 ± 7 cps while the 2-detector 

configuration resulted in a count rate of 237 ± 4 cps.  Without cadmium, both count rates 

increased, to 316 ± 4 cps for the 4-detector configuration and 272 ± 3 cps for the 2-detector 

configuration.  MCNP results for the lower configurations with cadmium were within 1σ.  

Without cadmium, the 2-detector configuration recorded 526 ± 2 cps compared with 511 ± 1 cps 

for the 4-detector configuration. 

Count rates for the parallel configurations were higher than count rates for the 

perpendicular configurations.  This is likely because for the parallel configurations, a greater 

detector volume was closer to the source, while for the perpendicular configurations, the distance 

from the source to the detector was a gradient, with only a relatively small detector volume close 

to the source.  Additionally, there is a dead zone at the head of the detector; neutrons entering 

this region of the detector are not registered as counts.  This dead zone was directly above the 

source for the perpendicular detectors.  For the perpendicular 4-detector experimental 

configuration, count rates of 61 ± 3 cps and 61 ± 6 cps were recorded in the left and right 

detectors, respectively, compared with a count rate of 269 ± 7 cps for the bottom detectors of the 

parallel 4-detector configuration.  The left and right detectors recorded count rates that were 

within 1σ of each other for both the experimental and simulated results.  This was expected, as 

the source was equidistant from both the left and right detectors.  The MCNP results for the 
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perpendicular configuration were 55.7 ± 0.4 cps and 54.9 ± 0.4 cps.  Without cadmium, count 

rates once again increased for both the experimental and simulation results.  For the 

experimental configuration, count rates of 86 ± 5 and 76 ± 5 cps were observed, which were 

within 2σ.  Count rates of 76.6 ± 0.5 and 76.1 ± 0.5 cps were recorded in MCNP; within 1σ.  The 

2-detector perpendicular configuration detected the fewest neutrons in both the simulation and 

the experiment.  Experimentally, count rates of 30 ± 2 and 38 ± 2 cps were recorded with and 

without cadmium, respectively, almost half the counts recorded by the 4-detector perpendicular 

configuration.  This configuration could have fared poorly based on the location of the 

moderating polyethylene.  This is because all other configurations have both polyethylene blocks 

parallel to the detectors, so neutrons that scattered out of one polyethylene block had a chance of 

scattering into the adjacent block and being detected.  Only in this configuration was a 

polyethylene block perpendicular to the detectors.  Therefore, neutrons moderated in this block 

were unlikely to scatter into the polyethylene block with the detectors. 

The source was placed at a second location: 1.00 in (2.54 cm) below the surface of the 

water and directly to the right side of the detectors.  Table III compares the simulation and 

measured results. The C/E plot for the calculated to experimental ratio is shown in Figure 19 and 

exhibits the same bias as was observed with the source placed directly below the detectors.  

Higher counts were recorded in the simulations with the detectors in the parallel configurations, 

while higher counts were recorded experimentally with the detectors in the perpendicular 

configurations. 
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Similar trends were noticed compared to a source placed directly below the detectors.  

Once again, comparing the ratio of counts in the lower and upper detectors of the 4-detector 

parallel configuration, the ratio was 6.10 for the experimental setup with a cadmium sheet and 

3.95 without a cadmium sheet.  This was similar to the ratio of 7.23 from the MCNP results with 

cadmium and 4.09 without a cadmium sheet. 

 While the count rates for the parallel detectors were similar to those for a source directly 

below the detectors, the count rates in the perpendicular detectors changed.  The source was 

placed at the same depth below the surface of the water.  In the parallel configurations, detector 

signals were summed for the upper and lower detectors, so a source placed at the same depth but 

to one side would have similar net count rates as a source directly below the detectors.  The 

increase in the count rate in the detector closer to the source would offset the decrease in count 

rate in the other detector.  However, the perpendicular configuration was expected to be sensitive 

to the lateral location of a source.  The detectors on the right predictably detected more counts 

than the detectors on the left.  Experimentally, there was little difference in the ratio of the 

counts of the left and right detectors with and without cadmium.  With cadmium, the ratio was 

1.47, while it was 1.51 without the cadmium sheet.  These ratios in MCNP were 1.24 for the 

configuration with cadmium and 1.14 without cadmium.  A large difference in ratios was not 

expected since the cadmium sheet was largely not between the source and the detectors.  Count 

rates were expected to be higher in the right detectors because the source was closer to these 

detectors; this was observed.  With only two perpendicular detectors, the counts recorded were 

once again the lowest of any configuration.  A marginal increase in count rate in the 2-detector 

perpendicular configuration was observed in both the experiment and in the simulations when 

the source was below and to the side of the detectors rather than directly below the detectors.  



 

 

This is likely because the source was no longer located directly in line with the dead zone in the 

detectors, allowing for more neutrons that entered

 Table IV shows the results from placing a source above and to the right of the detectors.

The source was 11.00 in (27.94 cm

configuration.  Figure 20 shows 

position. 

 

Table IV.  Experimental and simulation results for a source placed above and to the right 
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This is likely because the source was no longer located directly in line with the dead zone in the 

detectors, allowing for more neutrons that entered the detector volume to be detected.

shows the results from placing a source above and to the right of the detectors.

27.94 cm) above the top polyethylene block of the 4-detector parallel 

Figure 20 shows a plot of the calculated to experimental ratio for this source 

.  Experimental and simulation results for a source placed above and to the right 

of the detector configurations. 

 

 

This is likely because the source was no longer located directly in line with the dead zone in the 

the detector volume to be detected. 

shows the results from placing a source above and to the right of the detectors.  

detector parallel 

a plot of the calculated to experimental ratio for this source 

.  Experimental and simulation results for a source placed above and to the right 
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Figure 20.  Calculated to experimental ratio for a source placed above and to the side of the 

detectors. The eight data points to the left are from the parallel configurations while the six 

data points to the right are from the perpendicular configurations. 

 

 For most experimental and simulation results, count rates increased over the two 

previous source locations.  This is due in part to the decreased distance between the source and 

the detectors.  Additionally, the source was not placed in water.  Fewer neutrons were moderated 

and absorbed by the surrounding medium prior to reaching the polyethylene blocks.  Count rates 

did not increase for the lower detectors in the parallel configurations, which were closer to the 

sources below the water and further from sources placed above the detectors in the air.  

Additionally, when the source was placed below the detectors, there was also no cadmium 

shielding between the lower detectors and the source, while there was shielding present when the 

source was moved above the detectors. 
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This is likely because the polyethylene blocks used in the experiment under-moderate neutrons 

coming to the detectors.  Neutrons entering the top polyethylene block were likely still too fast to 

be detected, and the additional lower polyethylene block moderated them to speeds where they 

could be detected by the lower detectors.  This trend was not noticed when the source was placed 

below the waterline because the water moderated the neutrons prior to them reaching the 

detectors.  This trend was not observed in the simulations; while count rates did rise around 100 

cps without cadmium in MCNP, the upper detectors always recorded a higher count rate than the 

lower detectors.  Count rates in the 2-detector configurations compared to the 4-detector 

configurations were similar to each other.  Count rates in the upper detectors were within 1σ with 

cadmium and within 2σ without cadmium.  Count rates in the lower detectors for the 2-detector 

configuration were marginally higher than the lower detectors of the 4-detector configuration.  

Again, the similarities in count rates were expected since the geometry was unchanged. 

 The perpendicular detectors still recorded lower count rates than the parallel 

configurations, but there was a difference between the counts recorded in the left and right 

detectors.  With cadmium, the experimental ratio of counts in the left and right detectors was 

1.42, while it was 1.40 without.  In MCNP, this ratio was 1.29 with cadmium between the 

detectors and 1.16 without cadmium.  While not as great as the ratio between upper and lower 

detector count rates for sources below the detectors, this difference in count rates could still 

provide directional detection capabilities.  The 2-detector perpendicular configuration once again 

recorded the fewest counts.  The count rates with and without cadmium for this configuration 

were within 2σ of each other.  Compared to the right detectors in the 4-detector perpendicular 

configuration, similar count rates were observed with cadmium, but without cadmium, the 100 

cps increase in the 4-detector configuration was not observed in the 2-detector configuration. 
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4.3 Depth Measurements and Results 

 MCNP simulations were run with both of the four-detector configurations using a point 

source at increasing depths below the surface of the water.  An alarm threshold of 3σ above the 

background was used.  Once count rates dropped below this threshold of 1.4 cps, the source 

could no longer be distinguished from the background.  Both configurations included a cadmium 

sheet between the polyethylene blocks.  Figure 21 shows the counts recorded for the detectors in 

the parallel configuration.  The counts for the two bottom detectors were summed together, as 

were the counts in the two upper detectors.  As expected, the lower detectors detected more 

neutrons than the upper detectors due to the cadmium shielding.  For comparison, Figure 22 

shows the counts recorded for the MCNP simulations. 

 

 

Figure 21.  Results for the depth experiments using parallel detectors at the NSC pool. 
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Figure 22.  Results for the depth simulations using parallel detectors. 
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higher ratio.  As the depth of the source increased and count rates dropped in both detectors, the 

ratio generally decreased and approached one when counts could no longer be detected above 

background. 

 

Table V.  Comparison of the ratio of counts in the lower and upper detectors as a function 

of source depth. 

Depth (in) 
Ratio of counts 

(simulation) 

Ratio of counts 

(experimental) 

3 8.7 ± 0.1  6.1 ± 0.6  

6 9.6 ± 0.4  5 ± 1  

9 6.8 ± 0.7  6 ± 3  

12 3.9 ± 0.8  3 ± 1  

15 2.2 ± 0.7  3 ± 2  

18 1.4 ± 0.6  3 ± 3  

21 1.1 ± 0.5  1 ± 1  

 

 

The ratio of counts in the lower and upper detectors in the parallel configuration was 

significant for sources below the waterline, but it was not apparent for sources above the 

waterline.  Using ratios, the detectors would be unable to determine whether a source was 21.00 

in (53.34 cm) below the water, where counts are very low, or if a source were in the air above 

the detectors.  However, count rates were much higher for sources in the air than for sources 

deep in water.  By using a combination of both count rates and detector response ratios, the 

detectors would be better able to determine the location of a source of known strength.  

Nevertheless, the detectors would still be unable to determine the difference between a weak 

source above the waterline and a strong source deep below the waterline.  This can be mitigated 

by adding perpendicular detectors, which could provide the lateral location of the source. 

 At low depths, the perpendicular detectors recorded fewer counts than the parallel 

detectors, but the maximum depth the detectors could detect sources was not much different 
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from the parallel detectors.  Additionally, the count rates in the perpendicular detectors were the 

same, within 2σ.  This was expected, as the source was equidistant from both the left and right 

detectors.  Figure 23 shows the experimental results, while Figure 24 shows the simulation 

results.  Experimentally, the source could be detected above background only to a depth of 9.00 

in (22.86 cm).  The simulations predicted the source could be detected down to 12.00 in (30.48 

cm).  Also of note in the simulations was the similarity in count rates between the perpendicular 

detectors and the upper detectors of the parallel configuration.  The difference in count rates was 

less than 1 cps for a source at a depth greater than 3.00 in (7.62 cm).  Experimentally, count rates 

between the perpendicular detectors and the upper parallel detectors were also similar, but not as 

close as the simulation results.  The upper parallel detectors recorded fewer counts than the 

perpendicular detectors.  The more advantageous detector geometry in the parallel configuration 

was counteracted by the lack of cadmium shielding between the source and detectors for the 

perpendicular configuration. 

 

 
Figure 23.  Results for the depth experiments using perpendicular detectors at the NSC 

pool. 
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Figure 24.  Results simulating perpendicular detector response to sources at increasing 

depths. 
 

 

  

0.1

1

10

100

0 5 10 15 20

C
o

u
n

t 
ra

te
 (

lo
g

 s
ca

le
)

Depth (in)

Left

Right



 

 

44 

 

5. ADDITIONAL SIMULATIONS RESULTS AND DISCUSSION 

 

 This section details the additional simulations that were run using MCNP.  The results 

for moving sources both below and above the waterline will be discussed.  This section will also 

describe detector response to a source placed in a wave environment. 

  

5.1 Wave Simulations 

5.1.1 Detectors Placed Directly Above the Waves 

 MCNP simulations were run modeling the effect of waves on the detection capabilities 

with the 4-detector parallel configuration, with a cadmium sheet between the polyethylene 

blocks.  The 4-detector perpendicular configuration was not used for this simulation because it 

did not perform as well as the parallel detectors in detecting sources under water.  Also, 

comparisons were made between upper and lower detectors; because the source was placed 

directly beneath the detectors, the perpendicular detectors were expected to record the same 

counts.  A 
252

Cf source was placed at a constant depth of 3.00 in (7.62 cm) below the surface of a 

flat plane of water, and cylindrical waves of radius 3.00 in (7.62 cm), 6.00 in (15.24 cm), 9.00 in 

(22.86 cm), and 12.00 in (30.48 cm) were created.  Figure 25 shows the eight locations, 

numbered 0 through 7, corresponding to eight equally spaced locations in the wave period.  The 

source was placed at each location, and the detector was placed directly above the source.  

Positions 0 and 4 were where the neutron source was directly between an air and a water 

cylinder.  The source was placed in the air, out of the water, in positions 1 through 3, and the 

source was under water for positions 5 through 7.  

 



 

 

Figure 25. Source and detector locations for the

Figure 26 shows the count rates in the lower detectors with the detectors placed 

(2.54 cm) above the peak of the waves.

model the situation in which the detectors would be place

device, the motion of which is dependent on the changing sea state.
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. Source and detector locations for the wave simulations.

 

count rates in the lower detectors with the detectors placed 

above the peak of the waves.  The detectors were placed just above each wave to 

model the situation in which the detectors would be placed on a buoy or some other floating 

device, the motion of which is dependent on the changing sea state.  Count rates were compared 

detectors placed at the same height above a flat plane of water.  This maintained the same 

distance between the neutron source and the detectors and provided a basis of comparison for the 

.  The count rates above the flat plane of water are represented by the flat 

27 shows the count rates in the upper detectors in the same 
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Figure 26.  Lower detector count rates for detectors positioned 1.00 in above the peak of 

the wave. 

 

 

Figure 27.  Upper detector count rates for detectors positioned 1.00 in above the peak of 

the wave. 
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For the 3.00-in waves, the average count rate for the wave system was greater than the 

count rate over a flat plane of water for both the lower and upper detectors.  For the lower 

detectors, the average count rate above waves was 3031 ± 4 cps, fluctuating from a high of 4738 

± 12 cps to a low of 1207 ± 6 cps, a factor of 3.93 fewer counts.  This fluctuation is due to the 

waves and not geometry, as the source-to-detector geometry was constant for all simulations.  

This was greater than the 3009  ± 10 cps in the lower detectors above a flat plane of water.  In 

the lower detectors, only three source positions, the three with the source out of the water and in 

the air, resulted in higher count rates than for a source above a flat plane of water.  In the upper 

detectors, the count rates fluctuated between 838 ± 5 cps and 172 ± 2 cps, a factor of 4.87.  The 

average count rate above waves, 480 ± 1 cps, was greater than the 295 cps ± 3 above a flat plane.  

For the upper detectors, there were five source locations with individual count rates higher than 

the count rate above a flat plane.  Only when the source was below the peak of the wave, in 

positions 5 through 7, were the count rates lower than the count rates above a flat plane. 

 With 6.00-in waves, the average count rate for the lower detectors of 1027 ± 2 cps was 

lower than that of the detectors above a flat plane of water, with a count rate of 1802 ± 8 cps.  

Unlike the 3-in wave system, a source located at any position in the wave period for 6-in waves 

resulted in lower count rates than if the source had been located under a flat plane of water.  The 

fluctuation in count rate increased from the 3-in wave system.  For the lower detectors, the count 

rates fluctuated by a factor of 7.27; from a low of 230 ± 3 cps to a high of 1672 ± 8 cps.  In the 

upper detectors, similar trends were observed to the 3-in waves.  The average count rate in the 

upper detectors was 239 ± 1 cps, greater than the count rate of 180 ± 2 cps above the flat plane.  

Again, with the source located at five of the eight points in the wave period, higher count rates 

were observed in the wave system than for the detectors placed above the flat plane.  The 
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fluctuation in the count rate increased as well, ranging from a low of 33 ± 1 cps to a high of    

441 ± 4 cps, a factor of 13.36 different. 

 Similar trends were observed with 9.00-in waves.  The average count rate registered in 

the lower detectors was 490 ± 1 cps, lower than the 1175 ± 6 cps registered in the lower 

detectors above a flat plane of water.  As count rates decrease with a greater source-to-detector 

distance, the fluctuation in the count rate increased.  The count rate fluctuated by over a factor of 

20, from a low of 44 ± 1 cps to a high of 884 ± 5 cps.  This variance was even more pronounced 

in the upper detectors, where the count rates varied by nearly a factor of 40.  The upper detectors 

averaged higher count rates above waves than above a flat plane of water, with count rates of 

140 ± 1 cps and 121 ± 2 cps, respectively. 

 These trends were further exhibited when simulations were run with 12.00-in waves.  

The lower detectors had higher count rates above a flat plane of water than above waves, with 

count rates of 812 ± 5 cps and 294 ± 1 cps, respectively.  The fluctuation in counts during the 

wave period increased to a factor of 62 as count rates when the source was under the crest of a 

wave dropped to 9 cps.  In the upper detectors, the count rate above waves was still higher than 

the count rate above a flat plane, but the difference in count rates, 95 ± 1 cps compared to  

84 ± 2 cps, was smaller.  With a source below the crest of a 12.00-in wave, the upper detectors 

would be unable to distinguish the source from the neutron background. 

 Count rates were expected to increase when the source was in the air and not in the 

water, but the reflection and moderation from the surrounding water decreased the count rates.  

As the wave size increased, there was an increasing amount of water surrounding the source, 

even when it was out of the water, likely contributing to the decreasing count rates as the wave 

size increased.  Additionally, as the wave size increased, the distance between the source and 

detector increased, further decreasing the counts. 
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As the wave size increases, the difference in the average count rates for the lower 

detectors compared to detection rates above a flat plane of water increases, indicating the lower 

detectors are more susceptible to a changing sea state.  A ratio of the average count rate above 

waves to the count rate above flat water was created; this ratio starts close to one with 3.00-in 

waves and decreases as wave size increases.  Increasing moderation by the water, particularly 

when the source is below the crest of a wave as it is in positions 5-7, results in decreasing count 

rates in the detectors. The average count rate is decreasing faster than the count rate decreases 

for a source above a flat plane of water, resulting in a lower ratio.   

 The opposite trend is apparent in the upper detectors.  Here, the drop in count rates is 

comparable between the count rates above a wave compared to above a flat plane of water.  The 

difference in count rates decreases with increasing wave size, and as a result, the ratio between 

the count rates approaches one.  The count rates in the upper detectors are significantly lower 

than the count rate in the lower detectors due to the greater distance between source and detector, 

the presence of more moderation, and the presence of the cadmium sheet to absorb thermal 

neutrons.  The shape of the water, whether a flat plane or a wave, had less of an impact on 

average count rates in the upper detectors as a result.  Table VI shows the ratio of the average 

count rates above a wave versus the count rates above a flat plane of water for both the lower 

and upper detectors.  A ratio less than one is indicative of higher count rates above a flat plane of 

water, while ratios greater than one are representative of higher average count rates above waves. 
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Table VI. Ratio comparing the average count rate above waves versus a flat plane of water 

for both lower and upper detectors directly above the waves. 

Wave Height 

(in) 

Lower 

Detectors 

Upper 

Detectors 

3.00 1.01 1.63 

6.00 0.57 1.33 

9.00 0.42 1.16 

12.00 0.36 1.13 

 

 

 Similar to the configuration experiments, the ratio of counts in the lower and upper 

detectors was calculated for each position in the wave.  Figure 28 compares these ratios for each 

wave size.  As can be seen, not only do the count rates fluctuate depending on the source 

position in the wave, but the ratio fluctuates as well.  Count rates in the upper detectors 

fluctuated more than count rates in the lower detectors.  This ratio is lowest when the source is 

positioned in air, in positions 1 through 3, when count rates are the highest.  This matches with 

the configurations experiments, where the ratio between count rates was greater when the source 

was located under water and lower when the source was out of the water.  The count rate in the 

upper detectors increases more than the count rate in the lower detectors, resulting in a lower 

ratio.  When the source is positioned in the water, count rates in the upper detectors drop quicker 

than count rates in the lower detectors; this effect becomes more pronounced as wave size 

increases.  The moderation, both from the polyethylene and the increasing amount of water 

between the source and the detector, has a greater impact on the detectors with lower count rates. 
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Figure 28.  Ratio of counts in lower and upper detectors for each position in the wave 

period. 

 

 

5.1.2 Detector Placed High Above the Waves 

 A second set of simulations were run with the detectors consistently placed 2.00 ft 

(60.96 cm) above the plane of the water, regardless of wave height.  The purpose of these 

simulations was to model a detector system that would be placed on an object that was stationary 

compared to the water, such as a bridge or a dock.  Again, cylindrical waves of radius 3.00 in, 

6.00 in, 9.00 in, and 12.00 in were created and a 
252

Cf source placed at the same depth as 

previous simulations at the same eight locations in a wave period.  Figure 29 shows the count 

rates in the lower detectors as compared to a detector above a flat plane of water, while Figure 

30 shows the count rates for the upper detectors. 

 

0

1

2

3

4

5

6

7

8

9

0 1 2 3 4 5 6 7

R
a

ti
o

Wave Position

3

6

9

12



 

 

52 

 

 

Figure 29.  Lower detector count rates for detectors positioned 2.00 ft above the plane of 

water with varying wave heights. 
 

 

 

Figure 30.  Upper detector count rates for detectors positioned 2.00 ft above a plane of 

water with varying wave heights. 
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 Similar trends as those observed in the previous wave simulation were exhibited.  With 

3.00-in waves, both lower and upper detectors recorded higher count rates than the detectors 

placed above a flat plane of water.  Above a plane of water, 302 ± 3 cps were recorded in the 

lower detectors and 35 ± 1 cps were recorded in the upper detectors.  The count rate in the lower 

detectors was 337 ± 1 cps and 51.1 ± 0.5 cps in the upper detectors.  The count rate in the upper 

detectors was higher above waves of all heights than above a flat plane.  This is due to the higher 

count rates when the source was in positions 1-3, in the air.  The count rates above 6.00-in,  

9.00-in, and 12.00-in waves were 44.0 ± 0.4 cps, 40.5 ± 0.4 cps, and 39.9 ± 0.4 cps, respectively.  

The greater distance between source and detectors reduced the total counts in the upper detectors 

to a rate where the waves made little impact on the average count rate. 

Like the previous scenario, the count rate in the lower detector was greater over a flat 

plane of water than over 6.00-in, 9.00-in, and 12.00-in waves.  The average count rate for these 

wave heights was 223 ± 1 cps, 168 ± 1 cps, and 142 ± 1 cps, respectively. The difference 

between the average count rates above waves and the count rate above a flat plane of water was 

lower for the higher detector position.  Overall, lower count rates, brought on by the increased 

distance from the waves, resulted in less difference between the results.  The attenuation of 

neutrons in the air lessened the impact on count rates by the waves.  This resulted in ratios closer 

to one when comparing the count rates between the waves and the flat plane.  Table VII displays 

the ratio of count rates above waves versus above a plane of water. 
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Table VII. Ratio comparing the average count rate above waves versus a flat plane of 

water for both lower and upper detectors high above the waves. 

Wave Height 

(in) 

Lower 

Detectors 

Upper 

Detectors 

3.00 1.12 1.46 

6.00 0.74 1.26 

9.00 0.56 1.17 

12.00 0.47 1.14 

 

 

 Count rates were close to an order of magnitude lower than when the detectors were 

directly above the waves.  This is due in part to the increased distance between the source and 

the detector.  Count rates drop off as 1/r
2
 as the distance between source and detector increases; 

doubling the distance should result in a decrease in the count rate by a factor of four.  For the 

9.00-in waves, the second simulation, with the detectors high above the waves, placed the 

detectors twice as far from the source as in the initial simulation with the detectors directly above 

the wave.  The average count rates dropped less than expected; The average count rate in the 

lower detectors dropped by nearly a factor of three, while the count rate in the upper detectors 

dropped by a factor of 3.4.  

 

5.1.3 Wave Simulations with Source Moving Relative to the Detectors; Detectors Placed 

Directly Above the Waves 

 The wave simulations were repeated, but this time, the source was held stationary at 

position 0 while the detectors were moved to the eight locations.  This was done to determine if 

similar effects were seen when the source was moving relative to the detectors.  These 

simulations were initially run with the detectors placed directly above the peak of the waves.  
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The source was kept at a depth of 3.00 in below the plane of the water.  Figure 31 shows the 

lower detector response to a moving source while Figure 32 shows the upper detector response. 

 

 

 
Figure 31.  Average count rates in the lower detectors for waves of varying heights. 

 

 

 

 
Figure 32.  Average count rates in the upper detectors for waves of varying heights. 
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 In these simulations, the source was consistently placed under water, close to the 

air/water interface (position 0 in Figure 25 on page 41).  In the lower detectors, count rates were 

higher when the detectors were above the trough of a wave, then decreased as the detectors 

moved over a wave peak.  This behavior was consistent for all wave heights, indicating that the 

source environment, whether water or air, has a greater impact on neutron count rates than 

source-to-detector distance.  As the amount of water decreased between the source and the 

detectors, count rates increased despite increasing source-to-detector distances.  In the upper 

detectors, count rates above 3.00-in waves increased with increasing source-to-detector distance.  

For increasing wave heights, count rates followed the same pattern as count rates in the lower 

detectors; increased count rates were observed when the detectors were above the trough of a 

wave, and decreased as the detectors moved over the peak of a wave.   

 

5.1.4 Wave Simulations with Source Moving Relative to the Detectors; Detectors Placed 

High Above the Waves 

 A moving source was additionally simulated with the detectors in the high position.  The 

source was placed in the same location, position 0, as the previous simulation and the detectors 

were again 2.00 ft above the water, as in section 5.1.2, and moved to the same eight locations in 

the wave period.  Figure 33 shows the lower detector responses with varying wave heights while 

Figure 34 shows the upper detector response. 
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Figure 33.  Average count rates in the lower detectors for waves of varying heights with the 

detectors a constant height above the plane of water. 

 

 

 
Figure 34.  Average count rates in the upper detectors for waves of varying heights with 

the detectors a constant height above the plane of water. 
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Similar to the response when the detectors were placed

rates increased as the detectors were moved over the trough of a wave.

an order of magnitude lower than when the detectors were placed directly over the waves.

lower detectors, count rates did not drop as precipitously as the distance between the source and 

detectors increased for 3.00-in and 6

directly above the waves.  This is likely due to the change in distance between the detectors and 

the source.  The distance between source and detector can be imagined as the hypotenuse of a 

right triangle, shown in Figure 3

depth of the source below the water, 

hypotenuse, is the actual source

the source-to-detector distance, 

 

Figure 35. The relationship between the detector position and the distance between source 

 

 

With the detectors directly

detectors significantly increased the distance between the source and the detector.  The same 

lateral movement in detectors placed much higher

change in the actual distance between the source and detector, 

count rate.  This difference can be seen in Figure 36
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Similar to the response when the detectors were placed directly above the waves, count 

rates increased as the detectors were moved over the trough of a wave.  Overall count rates were 

an order of magnitude lower than when the detectors were placed directly over the waves.

lower detectors, count rates did not drop as precipitously as the distance between the source and 

in and 6.00-in waves compared to when the detectors were placed 

This is likely due to the change in distance between the detectors and 

The distance between source and detector can be imagined as the hypotenuse of a 

gure 35, where a is the height of the detector above the water plus the 

depth of the source below the water, b is the lateral movement of the detector, and 

hypotenuse, is the actual source-to-detector distance.  The Pythagorean Theorem in Eq. 6

detector distance, c. 

 

. The relationship between the detector position and the distance between source 

and detector. 

! = √#� + $�     

With the detectors directly (h1) above the waves, though, lateral movements

detectors significantly increased the distance between the source and the detector.  The same 

lateral movement in detectors placed much higher (h2) above the waves resulted in less of a 

change in the actual distance between the source and detector, resulting in less of a decrease in 

ference can be seen in Figure 36.   

 

directly above the waves, count 

Overall count rates were 

an order of magnitude lower than when the detectors were placed directly over the waves.  In the 

lower detectors, count rates did not drop as precipitously as the distance between the source and 

when the detectors were placed 

This is likely due to the change in distance between the detectors and 

The distance between source and detector can be imagined as the hypotenuse of a 

is the height of the detector above the water plus the 

is the lateral movement of the detector, and c, the 

The Pythagorean Theorem in Eq. 6 defines 

. The relationship between the detector position and the distance between source 

 Eq. 6 

bove the waves, though, lateral movements of ∆x of the 

detectors significantly increased the distance between the source and the detector.  The same 

above the waves resulted in less of a 

resulting in less of a decrease in 



 

 

 

Figure 36.  With the detectors close to the waves (36

have a greater impact on the source

detecto

For 3.00-in waves, the total change in distance between the source and detectors was 

three times higher when the detectors 

total change in distance was almost two times higher when the detectors were placed closer to 

the waves.  In the upper detectors,

waves, count rates continuously increased as the detectors were moved further from the neutron 

source.  Count rates above 9.00

the trough of a wave and then decreased again as the detectors moved over a wav

 

5.2 Moving Source Simulation

 Additional MCNP simulations were run modeling moving sources.  Both 4

configurations were used for this experiment

polyethylene blocks and placed 
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detectors close to the waves (36a), changes of detector location by 

have a greater impact on the source-to-detector distance, shown in red, than when the 

detectors were high above the waves (36b). 
 

in waves, the total change in distance between the source and detectors was 

three times higher when the detectors were directly above the waves, and for 6-in waves, the 

total change in distance was almost two times higher when the detectors were placed closer to 

In the upper detectors, count rates increased with increasing wave size.  For 3

rates continuously increased as the detectors were moved further from the neutron 

.00-in and 12.00-in waves increased when the detectors were above 

the trough of a wave and then decreased again as the detectors moved over a wav

Simulations 

Additional MCNP simulations were run modeling moving sources.  Both 4

configurations were used for this experiment, with the cadmium sheet placed between the 

and placed 1.00 in (2.54 cm) above the water surface, which was flat.  

 

  

, changes of detector location by ∆x 

detector distance, shown in red, than when the 

in waves, the total change in distance between the source and detectors was 

in waves, the 

total change in distance was almost two times higher when the detectors were placed closer to 

count rates increased with increasing wave size.  For 3-in 

rates continuously increased as the detectors were moved further from the neutron 

in waves increased when the detectors were above 

the trough of a wave and then decreased again as the detectors moved over a wave peak. 

Additional MCNP simulations were run modeling moving sources.  Both 4-detector 

, with the cadmium sheet placed between the 

above the water surface, which was flat.  A 



 

 

source was either placed 1.00 in (2.54

the center of the detectors, or 

simulate moving sources, a series of stationary sources were evenly spaced along lines.  These 

stationary count rates were then converted into the maximum velocity at which a boat could be 

traveling and count rates would still be above background.

and y directions to compare t

and perpendicular detectors. 

 

Figure 37.  The moving so

(37b).  Line 1 represents sources

line 2 represents sources moving in the x direction at a constant distance y from the 

 

5.2.1 Moving Sources with Parallel Detectors

 Figure 38 compares the detector response for the paralle

the x-direction.  The source was held a constant distance

direction from the detectors, and the source was placed at 3

positive x direction.  The source was initially placed either along the x

in the y direction, or on the y-
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source was either placed 1.00 in (2.54 cm) above the surface of the water and of even height with 

the center of the detectors, or 1.00 in (2.54 cm) below the surface.  Because MCNP cannot 

a series of stationary sources were evenly spaced along lines.  These 

stationary count rates were then converted into the maximum velocity at which a boat could be 

traveling and count rates would still be above background.  The source was moved in both th

and y directions to compare the detector response.  Figure 37 shows the setup for both parallel 

 

.  The moving sources for parallel detectors (37a) and perpendicular detectors 

b).  Line 1 represents sources at a constant distance x moving in the y direction 

line 2 represents sources moving in the x direction at a constant distance y from the 

detectors. 
 

Parallel Detectors 

compares the detector response for the parallel detectors for sources moving in 

direction.  The source was held a constant distance of 1.00 ft, 2.00 ft, or 3.00

tors, and the source was placed at 3.00-in intervals along this line in the 

The source was initially placed either along the x-axis, for sources moving 

-axis for sources moving in the x direction.  This was called 

 

above the surface of the water and of even height with 

Because MCNP cannot 

a series of stationary sources were evenly spaced along lines.  These 

stationary count rates were then converted into the maximum velocity at which a boat could be 

The source was moved in both the x 

shows the setup for both parallel 

 

and perpendicular detectors 

moving in the y direction while 

line 2 represents sources moving in the x direction at a constant distance y from the 

ors for sources moving in 

.00 ft in the y-

in intervals along this line in the 

axis, for sources moving 

as called 
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position 0.  Figure 39 compares the parallel detector response for sources moving in the y 

direction. 

 

 

Figure 38.  Parallel detector response to a source either in the air or under water moving in 

the x direction. 
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Figure 39.  Parallel detector response to a source either in the air or under water moving in 

the y direction. 
 

 

 Count rates were noticeably higher in the air; count rates in the lower detectors were 

three times higher with the source in air than in the upper detectors.  Count rates dropped off 

more precipitously when the source was only placed 1 ft away from the detectors; this is for the 

same reason as explained in Section 5.1.4.  With the source on a line closer to the detectors, the 

3-in movement of the source resulted in a greater increase in distance from the detectors than 

that same movement on a line further from the detectors. 

 Count rates were initially higher for sources moving in the y-direction, but dropped off 

more quickly as the source moved farther from the initial position.  Sources moving in the x-

direction were moving parallel to the cylindrical detectors, so the detector area presented to the 

source was large and remained relatively constant as the source was moved.  Conversely, when 

the source was moving in the y-direction, the source was passing by the ends of the detectors, 

and a smaller surface area of the detector was presented to the source. 
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 Table VIII compares the maximum detectable velocities for one SQ of weapons grade 

plutonium moving along each line.  The velocity was obtained by multiplying each count rate by 

a time step ∆t to determine the total counts that would be recorded for a source at that location.  

Each of these counts was summed to determine the total number of counts recorded.  The 

velocity was obtained by dividing the distance the source traveled by the total time the source 

was in this distance.  The velocity was increased until the counts dropped below 1.5 cps, which 

is 3σ above background, as this is the typical alarm threshold. 

 

Table VIII.  Maximum detectable velocities for sources moving in a line 3.00 ft away from 

the parallel detectors. 

Line 
X direction Y direction 

Air Water Air Water 

3 ft 32.6 5.8 50 7.0  

 

 For sources passing directly by the detectors, the maximum velocity was very high.  

Even though the source was only passing by the detectors for a short time, the source was close 

enough that count rates were high enough to compensate.  The maximum velocity was lower for 

sources under water than in air; this is because of the moderation of the water.  Neutrons born in 

the water are moderated before they can leave the water, reducing count rates.  The maximum 

detection velocity was also higher when the sources were moving in the x-direction (at a 

constant distance y), again due to the greater detector surface area facing the source, resulting in 

higher count rates. 

 

5.2.2 Moving Sources with Perpendicular Detectors 

 The 4-detector perpendicular configuration was also simulated with moving sources in 

the x and y directions.  Sources were again placed on lines 1.00 ft, 2.00 ft, and 3.00 ft away from 
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the detectors, with a 3.00-in spacing between source locations.  Figure 40 shows the detector 

responses for sources moving in the x-direction while Figure 41 shows detector responses for 

sources moving in the y-direction. 

 

 
Figure 40.  Perpendicular detector responses to a source either in the air or under water 

moving in the x direction. 
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Figure 41. Perpendicular detector responses to a source either in the air or under water 

moving in the y direction. 
 

 Count rates in the perpendicular detectors were higher with a source moving in the y-

direction than in the x-direction.  With the source moving in the y-direction, it moved closest to 

the side of the right detectors, resulting in much higher count rates in the right detectors than the 

left detectors.  The count rates in the right detectors were twice as high as count rates in the left 

detectors for sources in air, and five times higher for sources in water.  For sources 2.00 ft or 

3.00 ft away, the count rates did not drop precipitously as they did for source moving only 1.00 

ft away.  For sources moving in the x-direction, the count rate initially started the same in both 

left and right detectors, as the source was equidistant between the detectors.  The source moved 

closer to the right detectors, resulting in a steep drop in the count rates in the left detectors and a 

more gradual drop in counts in the right detectors. 

 The perpendicular configuration outperformed the parallel configuration in some 

instances.  With sources in the air moving in the y-direction, count rates were higher for 
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perpendicular detectors.  This is likely because, with a source in this position, the source was 

closest to the ends of the detectors in the parallel configuration and closest to the long cylindrical 

side of the detector in the perpendicular configuration.  The greater detector area presented by 

the perpendicular detectors resulted in higher count rates.  Conversely, with sources moving in 

the x-direction, count rates in the parallel detectors were higher than count rates in the 

perpendicular detectors.  Here, a greater surface area was presented by the parallel detectors.  

The perpendicular detectors also recorded marginally higher count rates for sources moving 

under water.  Even though the parallel configuration as better able to detect sources placed 

directly under the detectors, sources placed a greater lateral distance from the detectors were 

better detected by the perpendicular detectors.  The increased distance allowed for a greater 

surface area of the perpendicular detectors to be exposed to the source. 

 Table IX compares the maximum velocities for sources moving past perpendicular 

detectors.  For sources passing directly by the detectors, the maximum velocity was again very 

high.  Similar to sources moving past the parallel detectors, the maximum velocity was lower for 

sources under water than in air; this is because of the moderation of the water.  The maximum 

detection velocity was also higher when the sources were moving in the y-direction due to the 

greater detector surface area facing the source, resulting in higher count rates.  The maximum 

detection velocity was higher for perpendicular detectors than parallel detectors for all positions 

except sources moving in the x-direction in the air. 

 

Table IX.  Maximum detectable velocities for sources moving in a line 3.00 ft away from 

the perpendicular detectors. 

Line 
X direction Y direction 

Air Water Air Water 

3 ft 48 7.8 50 18  
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6. CONCLUSIONS 

 

 The detector configuration experiments run at the NSC and simulated in MCNP showed 

that the 4-detector parallel configuration was the best configuration tested overall for detecting 

sources close to the detectors.  Both 4-detector configurations provided directional information 

on the location of the neutron source, which the 2-detector configurations could not.  The 

parallel configuration recorded higher count rates for the source locations tested.  Adding a 

cadmium sheet between the polyethylene blocks was found to increase the ratio of counts 

between the lower and upper detectors, providing greater directional information on the location 

of a source. 

 Additional simulations showed that count rates fluctuated when a source was placed in a 

wave.  With count rates taken at eight equally spaced locations in a wave period, the count rates 

did not average out to the count rate above flat water.  With the detectors placed in a parallel 

configuration directly above the waves, the count rates were lower above waves than above a flat 

plane of water, and count rates dropped as wave size increased.  The upper detectors were better 

able to detect sources over waves than over flat water, but count rates were much lower than in 

the lower detectors.  Raising the detectors to a greater height minimized the impact of the waves 

on count rates, but resulted in a large decrease in count rate.  Additionally, for sources moving 

relative to the detectors, the environment the source was surrounded by, be it water or air, had a 

greater effect on count rates than the distance between the source and detector. 

 Modeling a moving source revealed that a source under water could be detected in a boat 

moving at velocities up to 18 kts when moving in the y-direction in a line 3 ft away from the 

perpendicular detectors and only 7.8 kts when moving in the x-direction.  The maximum 

detectable velocity for these same sources with the parallel detector configuration was only 5.8 
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kts in the x-direction and 7 kts in the y-direction.  Even though the 4-detector parallel 

configuration was better at detecting sources close to the detectors, the perpendicular 

configuration could detect sources placed farther from the detectors. 

 Future work includes experimental validation of the simulations.  A wave pool could be 

used to experimentally produce waves of a specific height and period.  By using a pool to control 

the size of the waves created, this variable could be isolated and the effects of wave size on 

detection count rates can be independently verified.  Additional tests to confirm the maximum 

detection velocity should be performed.  With the appropriate permissions, this could be 

performed at a lake such as the one at Disaster City, which allows for radioactive sources. 
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