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ABSTRACT

Non-invasiveinspectionsystemsbasedonthe useof fast.neutronsarebeingstudiedfor theinspectionof largecargocontainers.
A keyadvantageof fastneutronsis theirsensitivityto low-Z elemc,Lssuchas carbon,nitrogen,and oxygen,whicharc the
primary constituents of explosivesand narcotics. The high energyallows penetrationof relativelylarge containers. The pulsed
fast-neutron analysis (PFNA) technique is currentlythe baseline system. A workshop on the PFNA technique involving indus-
trial, government, and university participants was held at Argonne National Laboratory in January 1994. The purpose of this
workshopwas to review the status of research on the key technical issues involved in PFNA, and to develop a list of those areas
where additional modeling and/or e:,'perimentationwere needed. The workshop also focused on development of a near-term
experimental assessment program using existing prototypes and on development of a long-term test program at the Tacoma
Testbed, where a PFNA prototypewill be installed in 1995. A summary of conclusions reached at this workshop is presented.
Results fromanalytic and Monte Carlo modeling of simplified PFNA systemsare also presented.

I. INTRODUCTION

Fast-neutron interrogationtechniques_'4are being studied for the detection of illicit substances in large cargo containers. In
principle, fast-neutronbased techniquescan determine the densities of light elements such as carbon, nitrogen, and oxygen in a
volume element. These elements are the primary constituentsof many of the illicit substances one wishes to detect. In this
paper, two techniques are discussedwhich are based on detectinggamma rays from fast-neutroninteractions with the material
being interrogated.The characteristic gamma rays allow one to determinethe elemental densities. The two systemswhich are
discussedbelow are being fundedby the Advanced ResearchProjectsAgency (ARPA). Other systemshave been proposed,but
will not be discussed here. Section 2 contains brief descriptions of the two systems. Section 3 contains a summary from a
workshophostedby Argonne National Laboratoryin January 1994 to assess the status of and future directionsfor the two sys-
tems. Section 4 contains a discussion of modeling studiesperformedby Argonne forone of the systems.

2.DESCRIPTION OF THE TWO SYSTEMS

Bothofthesystemsconsideredattheworkshopwereexplicitlydesignedtoinspectlargecargocontainersup to2.4m by2.4m
by 12.2m involumeforthepresenceofdrugs.Eachsystemusesa differenttechniquetoisolatea smallvolumeofinterest
(voxel)withinthelargercontainervolume.Typicalvoxclsizesare(10cm)3. Bothsystemsdetectessentiallythesame
signaturesfromtheelementslocatedwithinthevoxcl.Thesesignaturesarecombinedinvariouswaystoobtaina qualifierthat
isindicativeofthepresenceorabsenceofanillicitsubstance.The requirementthattheContainerbeinspectedina relatively
shortperiodoftime(typically15minutes)hasasignificantimpactonsystemdcsign.

Inbothofthenondestructiveinterrogationsystemsconsidered,thenc_dtodetectlow-Zelementscharacteristicofdrugshasled
totheuseofhigh-energyneutronsastheinterrogationparticle.Thischoicehastheadvantagethatthesignaturegamma-rays
producedbyinelasticscatteringorpromptgamma decayarealsoofhighenergyandthushavea relativelyhightrans_nissionout
ofthecargocontainertothegamma-raydetectors.
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2.1 SAIC System

The system proposedI by SAIC produces approximately 8 MeV monoenergetic neutrons by using a tandem electrostatic
acceleratorto accelerate deuterons onto a deuterium gas target. The neutrons are collimated into a beam that is scanned
verticallyacross the cargo container by a movablecollimator. Scanning _long the length of the container is accomplished by
moving the container in a horizontaldirection. The depthof the voxel within the container is obtainedby performing a time-of-
flight measurementbetween the acceleratorpulse and the arrivalof a gamma ray in NaI detectors located outside the container.
An 8 MeV neutronhas a velocity of 3.9 cm/ns, so the acceleratorpulse width must be at most a few ns if the depth (thickness) of
the voxel is to be restrictedto about 10 cm. In addition,the coincidence systemforthe gamma-ray detectorsmustbe betterthan
a few nanoseconds.

The SAIC system uses the inelastic 4.44 MeV gamma rayfrom the firstexcited state in 12Cand the 6.13 MeV gamma rayfrom
the second excited state in _60 to generate a qualifier that indicates the presenceor absence of drugs. Typically, drugs have a
high carbon-to-oxygenratio while other substanceshave.a lower ratio.

The SAICsystem has been underdevelopmentfor severalyears. It has completed the Phase 1 partof the ARPA program,which
is ConceptDesign and FeasibilityTesting. It is currentlyin the PrototypeDesign, Fabrication, and LaboratoryTesting Phase,
and will begin the Field DemonstrationPhaseat Tacoma in 1995:

2.2 GA/vlMA-METRICSSystem

The GAMMA-METRICSsystem2uses 14-MeV neutronsproducedby a (d,t)source. Collimatorsgenerate a fan-shapedneutron
beam that illuminates a vertical slice of the cargo container. The horizontal position is varied by moving the cargo container.
The verticalposition and depth of the voxel arealso defined by collimators, behind which are located the gamma-raydetectors.
The G_-METRICS system operates the neutronsource in a pulsed modewith each pulse lasting several tens of microsec-
onds. The inelastic 4.44 MeV and 6.13 MeV gamma rays from carbonand oxygen are detected during the active portion of
each pulse. Prompt activation gamma rays characteristic of chlorine and nitrogen (PGNAA - Prompt Gamma Neutron
Activation Analysis) and capturegamma rays from hydrogen (DGNAA - Delayed Gamma Neutron Activation Analysis) are
detectedbetween pulses. The GAMMA-METRICSsystem is currentlyin Phase 1 Concept Design and FeasibilityTesting.

3. WORKSHOPSUMMARY

The objectivesof the PFNA workshopwhich was held in January 1994 at Argonne National Laboratory were

(a) to review the status of the SAIC PFNA and the GAMMA-METRICS PFNA/PGNAA systems and to exchange scientific
and technical information on these systems within a group consisting of participants from industry, federal agencies,
government laboratories, and universities; and

(b) to review the modeling used in the PFNA system designs and to determine if additional modeling, computer codes, or
cross-sectiondatawere needed.

Both SAICand GAMlV_-METRICS provideddetailed overviews of their modeling efforts, of the currenttechnical status of
their programs,and of futureefforts. The consensus of the participants was that the modeling efforts that have been performed
aresutticientto determinethe key engineering parametersof the two systems at the stage at which they arebeing tested. While
there areuncertaintiesin some of the model parameters,the use of specific experimental measurementshas reducedthe effect of
these uncertainties. Thus additionalmodeling is requiredonly for fine-tuning system performanceor to determine the system's
rangeof capabilities. Some efforts in this regardarepresentedin Section4 of this paper.

There was also a consensus that optimization of the prototype systems as well as the design of future systems would require
some additionalwork in the areas of cross-sectiondata and computercode development. There is considerableuncertaintyin
the cross-sectiondata for certainreactionsof interest. This is especially true in terms of the angular distributionsof gamma rays
emittedfrom oxygen and in the total neutroncross-section data for elements found in detectorssuch as iodine and germanium.
A subcommitteemet and determineda list of key measurements and evaluations that would be useful in optimizing system
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performanceand futuredesigns. The emphasis in developing this list was on cross sections needed in drug detection, but there
was also some interest expressed in extending the measurementsto includecross-sectionsrequiredin explosive detection.

In terms of computercodes there was agreementthat faster Monte Carlo codes (especially involving complicated PFNA and
PGNAA geometries) would be useful. The development of faster codes, implementing the codes on parallel processors, and
potting to fasterwork stations were considered. Also, the availabilityof an adjoint capability in the LawrenceLivermorecode
COG6and an expanded adjointcapability in MCNP7wouldbe useful.

4. ARGONNEMODELINGSTUDIES

While the results from analytic or computersimulations of PFNA systems are quite sensitive to the exact details of the source
and detector characteristics,geometry, and assumed container contents, manybasic physics questions can be addressed using
simple models. These questions include the time and spatial dependencies and the dynamic range of the detected signals, and
the effects of neutronand gamma rayscattering. In addition, modeling studies help to define a system's range of capabilities.
This section describes both analytic and MonteCarlostudies which addressthese issues.

4.1 Analytic model forPFNA signal prediction

A simple geometry of a typicalPFNA systemof the type proposedby SAIC is shown in Figure 1. A short (~ 1-2 nsec) burst of
collimated,monoenergeticneutrons is incident on the container. The neutronsinteractwith the material inside the container to
create inelastic-scattergamma rays. The minimum neutronenergy requiredto excite inelastic levels is 4.44 MeV forcarbonand
6.13 MeV for oxygen. For this type of system, incident energies are typically between 8 and 8.5 MeV. The gamma rays are
observed by detectors arranged around the container. The point at which the gamma ray was created is determined by
measuringthe time between the sourceneutronburstand the time at which the gamma ray is detected. The interactionlocation
is determinedusing the sum of the flight timesof the neutronand gamma ray. An analyticrepresentationof the expected signal
can be obtained for any detector locationby treating the container depth as a discrete variable z, and calculating the expected
signal Siat time t_
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Figure 1. Schematic of the geometryof a typical Pulsed Fast-NeutronAnalysis system (not drawnto scale), showing detector
locationsfor the analytic model forPFNA signal prediction.



ti = Z/Vn + r,/v v Si= _,oexp[-Xzi](Nto) (Ad/4xri 2) exp[-_rd (1)

In these equations zi is the depth at which the interaction occurs; r_is the flight path length for the gamma ray to a given
detector;v, and %are the neutron and gamma ray velocities, respectively;_o is the neutron flux at the container front face; _, is
the attenuation constant for neutron flux; Nt is the number of targetnuclei in a volume element; _ is the inelastic scatter cross
section; Adis the projectedarea of a detector;and tt is the gamma ray attenuation constant. The penetration depth is discretized
into intervals 2 ns thicL which is 7.8 cm foran 8 MeV neutron (v, =3.9 cm/ns). The container thickness in termsof flight time
is 62 usec. The attenuation constant _,,which characterizes the thlloff of the inelastic scattering rate with depth, was determined
fromcomputersimulation and found to be approximately0.049/cm forboth the 12C(n,n1) and 160(n,n2) reactions.

Figures 2 and 3 show _2C(n,nl) gamma-ray signals calculated with this analytic model for detectorlocations on the top and at
the back (Fig. 1) of a cargo container uniformly loadedwith sugar at 0.5 g/cm3. This corresponds to a heavily loadedcontainer.
Similar results are obtained for the _O(n, n2) gamma-ray signals. Several interesting points can be seen from these results.

1) All detectors, even those at the rear cf the container, see the strongest signals at early times, and thus see more gamma
rays originating from the front of the container than from the rear. This is because the inelastic-scatter gamma rays have
longer mean free paths than the incident neutrons.

2) For detectors along the container top, the largest signal at early times (i.e., when the incident neutron pulse first enters
the container) is seen by detectors near the front. Likewise, at middle times (when the incident neutrons pass through the
center of the container) detectors in the middle see stronger signals than those closer to either the front or back, and at
later times (when the incident neutron pulse reaches the rear of the container) detectors toward the back see stronger
signals than those further forward.

3) For all detectors, the ratio of strongest to weakest ganuna-ray signal is between 10 and 106. The ratio of strongest to
weakest signal is largest for detectors near the front, since they have the shortest combined neutron plus gamma path for
neutron interactions occurring near the front and the longest combined path for interactions occurring near the rear. This
means that in a pulsed operating mode, all detectors will mainly be counting gammas which originate at the front of the
container, and few gammas will be counted that come from the rear, so that little knowledge can be obtained about the
contents in the back half of the container if the container is h_vily loaded.
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Figure2. Analytic predictionof 12C(n,n1) gamma-ray signal for detectors located at the front, center, and rear of the top surface
of a cargo coatainer containing a uniform loading of sugar with density 0.5 g/cm3.
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Figure 3. Analytic prediction of l_'C(n,nl)gamma-raysignal for detectors located at the top and center of the rear surfaceof a
cargocontainercontaininga uniform loading of sugarwith density 0.5 g/cm3.

4) The length of time over which gamma rays amve at various detectorsdepends on the detector's position, because of the
finite velocity of the gamma rays. Comparing two detectors at the front and rearof the container top, the front detector
sees gammas arrivesooner ana end later. Thus each detectorwill have a different time zero and bin width depending on
its location. These parameterswill vary depending on the location of the incident neutronbeam, since they depend on the
geometric arrangementof the gamma source and detector. This means that adding gamma-ray signals from several
detectorsto increaseeffective solid angle nmst bedone carefully.

(5) For detectorsat the rearof the container(Figure 3), the gamma signal increasesat latertimes because of the solid angle
factor. This occurs in this model because the detectoris fight at the back face; if it were located furtherbehind the back
face, the increaseat latertimes wouldbe reducedor, at large enoughdistances, disappear.

4.2 MonteCarlo modelfor PFNA signal prediction

Although the use of analytic models can yield much insight into the physics of an interrogation concept, subsequent analysis
should treat more accurately the source and detector characteristics, physics of the transport and interaction processes,
uncertainties and noise in the detected signal, and the proceduresfor data analysis and substance identification. Monte Carlo
transport codes are ideal for this type of analysis since they combine the simplicity, flexibility, and power required to conduct
investigationsof basic physics questions surrounding candidate nuclear techniques. In addition, the range of capabilities of
candidate systemscan be assessed moreeasily, quickly,and inexpensively thanwith an experimental program.

The PFNA geometrydescribed abovewas modeled with the radiationtransport code MCNP7 to estimate the signal at various
detectorlocations for a uniform container loading of 0.5 g/cm3of sugar. For these models, va:iance reduction techniquessuch
as exponential transform and weight windows are employed to adequately determine the neutron interaction and gamma-ray
transportdeep inside the container. A calculation of the gamma-raysignal from _2C(n,nl) is shown in Figure4, along with the
analyticsignal predictiondiscussed above. One can see that the MCNP simulation resultsshow less attenuationas a function of
time (distanceinto container) than those fromthe analytic prediction. This greaternumberof counts seen in the MCNP simula-
tion is directly attributedto gamma rays produced by neutronswhich have scatteredaway from their initial direction into the
container. These gamma rays are created in regions off the beam axis, and thus do not follow the time-position correlation
assumed in Equation 1. This can be directly shown by tabulating the gamma rays generated inside a 10-cm radius cylinder
which is coaxial with the beam axis, and transporting these gamma rays to the detector in another MCNP simulation. The
result is equivalent to the signal detected if one used collimated detectors to look only along the incident neutronbeam axis.
Figure 4 shows thatthe signal due to gamma raysgenerated inside this cylinder is close to the analytic signal prediction. Simi-
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Figure 4. Comparison of predicted 12C(n,nl) signal from analytic model vs. MCNP simulation for a detector located in the
centerof the top surfaceof a cargo container containing a unifonn loading of sugar with density 0.5 g/cm3.
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Figure 5. Comparison of predicted 160(n,n2) signal from analytic model vs. MCNP simulation for a detector located in the
centerof the top surfaceof a cargo container containing a uniform loading of sugar with density 0.5 g/cm3.

lar resultsare seen in Figure 5 for the signal from 160(n,n2). In these figures, the scatter in the data at larger times is caused by
worsening statistics in the Monte Carlo simulations.

Having determined the gamma-ray spectrum as a function of time for certain detector locations, we then need to extract
information about elemental densities inside the container. Densities are unfolded from the simulated signal using the equations

ne(t,)=Se(ti)l[e-/lZ'(Vcre)(Ad/4nrT)e -/'eq ] m,d no(t,)=So(t,)l[e-aZ'(Vcro)(Ad/4nra2)e -'or*] (2)



This model is equivalent to using the inverse of tile analytic signal prediction model above. This model assumes that gamma
rays caused by scatteredneutrons are unimportant (which is not necessarily a true assumption). To determine n,. and no we
would have to know the details of the container contents, because we need to know L, ,u¢and ,Uo.(where/a,, and ,uo.are the
attenuation coefficients for the carbon and oxygen gamma rays, respectively)as functions of position throughout the container.
It has been proposed to detect drug contrabandusing the fact that drugs are relatively rich in carbon and poor in oxygen
comparedto most substances. Thus detection based on the ratio of concentrations C/O (or C2/O) has been suggested as a
detection parameter. However,we can express the ration,Jnoas

n'-'q'e=Sc(t')'cr° .e(_¢-_°}q (3)
,,o

which still requires knowledge of,uc and ,Uo.Figure 6 shows this detection parameter as a function of depth for the MCNP simu-
lation discussed above (sugar at 0.5 g/cm3), using the appropriate correction for the gamma attenuation. These results are based
on simulation results for the top center detector (Figure 1). The true C/O ratio is unity for this material loading.
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Figure6. Variation of detection parameterC/O with depth into container (0.5 g/cm3sugar) from MCNP simulation (determined
using resultsfor top centerdetector).

The increase in C/O with depth for uncollimated detectors is due to the detection of gamma rays producedby neutrons which
have scatteredaway from the incident beam axis. This scatteringeffect is strongerin carbon than in oxygen because the lower
thresholdenergyfor inelastic events in carbonallows neutronsto scattermore times before losing enough energy to pass beneath
the threshold. The ratioC/O departsmost significantly from unity in the back half of the container: thus this technique may be
usefulonly in the front haftfor this example, making it necessaryto irradiate from both sides.

.4.3Studyof effects of hydrogenin scatteringmaterial

Hydrogen is often thought to be bad for fast-neutron interrogation systems because of its well-known nloderating properties.
However, in PFNA-typo systems water can perhaps be of benefit in the sense that neutrons which are elastically scattered out of
the incident beam are reduced quickly in energy beneath the threshold for inelastic scattering. This would reduce the number of
inelastic-scatter gamma rays originating from off-axis regions. To investigate these effects, simulations were run to determine

the space and time dependence of inelastic gamma-ray generation in a 2.4 m cubic assembly of materials containing hydrogen
(sugar, polyethylene) and a similar material without hydrogen (graphite). The sugar is taken to have density 0.5 g/cm3as previ-
ously, and the other materials have their densities chosen so that the neutron mean free path is the same in all three materials.
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Thus the penetrationof incidentuncollided neutronsis the same in all three cases. The materialparametersare given in Table
1. The 12C(n,nl) inelastic scatter rate is determinedin a spatial grid having concentric cylinders with radii in 10cm increments
and axial divisions every 7.8 cm (2 ns flight time for 8 MeV neutrons), and over time bins which are 2 ns wide. The results
were tabulated to give (i) the gamma-ray source strength along the incident beam axis and (ii) profiles of the gamma-ray source
strength as a function of axial and radial position for various time slices. The results for polyethylene are identical to those for
sugar, so only the results for sugar will be given.

Table 1. Materialparametersfor investigationof effects of hydrogenon PFNA signal generation.

mass density atom density
material (g/cm3) (1024/cm3) H atom density C atom density O atom density

graphite 0.5238 0.02626 - 0.02626 -
sugar (CH20),, 0.5 0.04012 0.02006 0.01003 0.01003
polyethylene (CH2) 0.2788 0.03591 0.02394 0.01197 -

Figure7 shows the inelastic scattering ratedue to uncollided neutronsas a function of position (equivalent to time) for graphite
and sugar media. The inelastic scatteringrateis the same near the front face, but the t2C(n,nl) rate in sugar is 80% of that in
graphite after 50 cm depth, decreasing to 75%at about 125 cm and about 73%at the rearface. Thus there would be no appre-
ciable reductionin signal strength in a hydrogenousversusnon-hydrogenousmedium.
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Figure 7. _2C(n,nl) inelastic scattering rate due to uncollided neutrons for 8 MeV neutrons incident on graphite and sugar
assemblies.

Figures 8 and 9 show radial and axial profilesof the t:C(n,nl) inelastic scattering rate in the sugar and graphite cubes at various
times It = 30 ns corresponds to uncollided incident neutrons halfway through the cube,]. These profiles have been normalized so
that the reaction rate per unit volume due to uncollided neutrons is 1. One can see how the neutrons which have scatteredoff
the beam axis create gamma rays throughout the entire cube, and how the relative number of these gamma rays increases as the
uncollided incident neutrons penetrate into the cube. The relative number of gammas due to neutrons which have elastically
scatteredaway from the incident beam axis is much smaller in the sugar medium, due to the moderatingeffect of the hydrogen.
For example, at 30 ns the fraction of gammas created by the uncollided incident neutrons is 0.069 in the graphite cube and
0.185 in the sugar cube. At 50 ns, these fractions are 0.0062 and 0.049.
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increase of gamma rays created by scattered neutrons as the incident neutrons penetrate further into the assembly.
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Figure 9. 12C(n,nl) reaction rate as a function of space and time in a graphite assembly. The 12C(n,nl) reaction rate is
normalized so that the reaction rate per unit volume in the spatial grid containing the incident neutron pulse is 1. The increase
of gamma rays due to scattered neutrons is much greater than in the sugar assembly.
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6

_t

Combining the results from Figures 7-9 lead to two important conclusions. (1) The gamma source due to inelastic scatter of
uncollided incident neutrons is not much smaller in a hydrogenous material having the same mean free path for incident
neutrons as a similar but non-hydrogenous material. (2) The signal derived from the hydrogenous material will be 't:leaner" in
the sense that a higher fractionof the gammas detectedwill be due to interactions within the volume of interest ratherthan those
occurring elsewhere in the volume. These resultsagain point out the utility of irradiating heavily loaded cargo containers from
beth sides during inspection,with each irradiationexamining one-half of the container depth, so that one minimizes the effects
of neutronscattering.

5. CONCLUDINGREMARKS

In orderto determineU_¢applicability and limitations of the PFNA technique based on physics considerations, it is necessary to
performboth analytic and Monte Carlotransport code modeling studies. The effect of neutron scatteringcan be significant for
particular geometries and cargo loadings. This places a limitation on the minimum amount of illicit substance which can be
detectedin a cargo container. Of course, other limitations will be introduced by systems issues such as acceleratorparameters,
detectorefficiency.,statistics, and data processing time. We are also examining ,hese system issues in conjunction with the
physicsstudies presented here.
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