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ILLICIT SUBSTANCE DETECTION USING FAST-NEUTRON TRANSMISSION SPECTROSCOPY

B. J. Micldich, M. K. Harper, A. H. Novick, and D. L. Smith
Technology Development Division, Argonne National Laboratory, Argonne, Illinois 60439 USA

Fast-neutron interrogation techniques are of interest fordetecting illicit substances such as explosives and

drugs because of their ability to identify light elements such as carbon, nitrogen, and oxygen. Fast-Neutron
Transmission Spectroscopy (FNTS) uses standard time-of-flight techniques to measure the energy spectrum of
neutrons emitted from a collimated continuum source before and after transmission through the interrogated

sample. The Monte Carlo transportcode MCNP is used to model fast-neutron transmission experiments using
a 9Be(d,n)source [Ed - 5 MeV]. The areal densities (number of atoms per cm2), andthe uncertainties, of vari-
ous elements present in the sample are determinedby an unfolding algorithm which includes the effects of
cross-section errorsand correlations. Results are displayed in the formof normalized densities, including their
errorsand correlations, which are then comparedto the values for explosives and benign substances. Probabil-
istic interpretationsof the results are discussed in termsof substancedetection and identification.

1. Introduction neutron source used is the zero-degree neutron
energy spectrumfrom the 9Be(d,n) reactionat Ed = 5

Fast-neutron interrogation techniques are being MeV. This deuteronenergy results in a source with
studied for the detection of illicit substances (e.g., high neutron yield in the range 1-4 MeV, which
explosives and drugs). These techniques offer the contains many resolved resonances for the light ele-
possibility of determining the densities, or their ments. The source-detectordistance is taken to be 5
ratios, of light elements such as carbon, nitrogen, m, with sourceand detectortiming widths of 2 nsec.
and oxygen, which are the primary constituents of Analog particletransportwas used (i.e., no variance
these materials. Explosives and drugs havedensities reduction) so that each neutronfrom the source rap-
of these three elements which distinguish them from resentsone neutron from a real source in an experi-
mostbenign substances. Fast-NeutronTransmission mental or test geometry. In this way w_ can achieve
Spectroscopy (FNTS) uses standard time-of-flight errors of the proper magnitude and variation across
(TOF)techniques to measure the energy spectrumof energyphase space,which is importantin evaluating
neutrons emitted from a collimated continuum analysisand decision-making algorithms that use the
source before and after transmission through the data. Detector efficiency in each time/energy bin (ei)
interrogatedsample. The basic technique was pio- is accounted for by scaling the simulated detector
neared by Overlay [1,2] for bulk material analysis, counts (N,) and fractionalstandarddeviation (crJby
An unfolding algorithm determinesthe areal densi-
ties (number density per cm2), and their uncertain- N i = N_ .s i and o"i = o"i/_-i, (1)
ties, of various elements present in the sample. The
results arethen normalized to total number densities 2
which can be used to determine the presence of illicit the latterbeing equivalent to assuming or,. = N,.
substances. An accurate treatment of errors

throughout the analysis allows a probabilistic inter- The number of neutron histories required to simulatea given set of exposure conditions is calculated with
pretationof these quantities, the equation

2. Monte Carlo Modeling R/(<T> <¢>)-source n/s -- Sn Ag_'2Ip "gpf (2)

The Monte Carlo transport code MCNP [3l was used where R -- maximum detectorcount rate
to simulate transmission experiments. The calcula- <T> - average transmission
tional model assumes a collimated parallel neutron _ = average detector efficiency

S, = zero-degree neutron emission (n/sr-s-pC)

beam irradiating the objectbeing interrogated. The MAST_. D _,_
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Ag2- detectorsolid angle (sr) movecloser to the truevalue, but it will be closer in
Ip = pulse current(_A) a statistical sense since the standard deviation is
• p= pulse timewidth (s) larger.
f = acceleratorpulse repetition rate (l/s)

so thatfor given values of <T>, _<_->.,sourceparame- 4. Results
ters, and geometry, one can calculate the required
numberof neutronhistories. For example, using the The unfolding algorithm has been tested in colli-
information given earlier and assuming <T> = 0.48, mated geometry for a numberof materials to deter-
<v.> = 0.15, f = I lVIHz,a count rate of 10S/s, and a mine whether it is capableof giving reliable results.
detectordiameterof 10 cm, we find that Ip = i.2 mA The stability of the algorithm is shown in Figure 2,
and that a l-s irradiation would correspondto about which shows the results of ten independent runs for
1.4 million neutronsemitted towardthe detector. 3 cm thickness of the high explosive RDX, each

equivalent to a one-second exposure. The solutions
all cluster around the true solution point and nearly

3. Unfolding Algorithm . all includethe truesolution within the 1_ curve.

The transmission data are analyzed in the time Figure 3 shows the results for various thicknesses of
domain using standard nuclear techniques [4} RDX from 3 to 20 cm, all using the same numberof
adapted to the method of effective variance.[Si The neutronhistories. Because of collimation, even the
details of the algorithm are contained in References thickest samples show good resolution in the
[6] and [7]. The cross-section data used in the time/energy spectrum so that good unfolding results
inversion process are obtained by simulating trans- are obtained. The average transmission for 3-cm
mission experiments for pure elements, and invert- thickness is about 0.52, while for 20 cm thickness it
ing the transmission results to get the cross sections, is about 0.02. The standard deviations initially
Three different elemental sets are used: two ten-ele- decrease with thickness, are smallest for 8 cm, and
ment sets consisting of [H C N O F AI Si CI Fe Cu] then increaseat the greater thicknesses. This effect
and [H C N O F Na Si CI K X], where X is a ficti- agrees with results [8] that indicatethatthe optimum
tious element meant to account for those elements transmission for exponential attenuation measure-
not explicitly included; and one five-element set ments is 0.1-0.3. The fractional standard deviation
consisting of [H C N O X]. The ten element sets are for energybins in the 1.4 MeV range is about 1%for
chosen to include the elements present in most con- 3 cm thickness, 1.8% for 8 cm thickness, and about
ventional high explosives [H C N O]; elements 6.6%for20 cm thickness.
which are present in many non-nitrogen-based
explosives IFNa Si CI K[; and otherelements which Transmission results were also obtained for various
we might reasonablyexpect to find inside luggage materialscomposed of the elements listed in Section
[Al Si Fe Cu]. The element X is given a fiat cross 3, and others, to test the algorithm's ability to unfold
section. The results are expressed as normalized accurately the areal densities of a variety of ele-
densities, which are the ratiosof the elemental areal ments. A variety of materials have been simulated,
densities to total areal density (of all elements pres- singly or in combination. The list includes such
ent), which removes the unknown samplethickness, materials as ABS plastic, water, various explosives

(including some which are not nitrogen-based),
Errors are propagatedthroughoutthe calculation, so melamine, polyurethane,glass, plexiglas, cloth, salt,
that the qualifiers are presented with errors and cor- sugar, etc. The areal densities calctflated for a given
relations. This allows us to present results in the material or combination of materials a_equite good,
form of Figure 1. Shown are the solution point (as a as long as the constituent elements are represented
+ ) and the locus of points which lie one standard in the cross-section matrix used in the unfolding
deviation away from the solution: this ellipse is algorithm.
called the 1_ curve. The effect of the second itera-

tion through the algorithm is to refine the estimate As an example, consider cases with the metals AI,
of areal densities and to increase the standarddevia- Fe, and Cu, both alone and combinedwith water in a

tion, since now cross-section errors are being taken 50% by volume mixture. Unfolding using the cross-
into account. The solution point will not always section set containing these metalsyields very accu-



rate results for the areal densities, including no den- normalized areal densities, or some probabilistic
sity forelements not present. When using the second interpretation of these quantities. Such a probabilis-
ten-element set, the metal tensity is not assigned to tic interpretationcan be provided by integrating the
X, but is spread among several elements. In addi- probability density that arises from the unfolding
Lion,where the water contribution is analyzed well algorithm over some region of phase space that is
for the first set, with the second set not even this '_explosive-like",or by testing the hypothesis that an
contribution is determined correctly. Part of the explosive is present.[7] For each of these quantities,
problemmay be that a fiat cross section is nota good we have the choice of looking at a single projection,
representation for the medium-weight nuclei, which looking at multiple (say, two or three) projections
tend to have total cross sections which decrease with independently, or combining the data from several
energy,on the average, over the range 1-10 MeV. projections in a tomographic reconstructionof the

object. We are currentlyinvestigating the analysis of
Countingstatistics arebest forenergybins in the 1-4 projection data, including the use of pattern-recog-
MeV range, owing to the energy dependencesof the nition software for determining the presence of
neutron source and typical neutron detector effi- explosives. We are also exploring the requirements
ciencies. The unfolding algorithm was te.stedusing of few-view tomographic reconstruction for this
only that part of the spectrum. Using the repeated application,and evaluatingthe numberand natureof
trials of RDX, unfolding with all time bins gave projections required, the quantities to be recon-
qualifierresults which were closer to the truevalues, structed, and the reconstruction algorithms which
Thus the bins outside the 1.4 MeV range still con- give acceptableresults.
tributevaluable information even though the statis-
tics are poorer. Some analysis was also performed
using only the five element set; this gave better 6. Conclusions and Future Directions
resultsfor normalized N and O than did the ten-ele-

ment set when the entire energy rangewas used, and We plan to make refinements to the unfolding algo-
about the same results using the energy range 1.4 rithm, in particular investigating the effects of con-
MeV. straining the algorithm with regard to negative or

statistically insignificant results for densities. Many
UncoUimatedgeometries were also modeled to study moresimulations will be performed and analyzed for
the effects of small-angle scattering. The primary uncollimated geometries. This may require addi-
effect would be spectral distortion since neutrons tional source measurementsof the energy spectrum
arrivingat any given time may have different ener- and yield at angles other than zero degrees. This
gies. The cases involved broad-beamirradiationof will lead to models for largerobjects (i.e., suitcases)
samplesviewed by an uncollimated detector. These which will generate data that can be analyzed using
cases yielded only a few percentscatteredneutronsat radiographicor few-view tomographic techniques.
most, which does not distortthe spectrumenough to
markedlychange the areal densities or the qualifiers.
These results suggest that multiple scattering within Acknowledgments
the sample is not inportant, and that scattering
effects may be dominatea by the surrounding mate- This work was supported by the Federal Aviation
rials (walls, detectorshielding, etc.). One reasonfor Administration Technical Center under contract
looking at the ratios of areal densities is that, since DTFA03-03-X-00021. M. K. Harper was supported
the effect of scatteredneutrons is to create an appar- by the Student Research Participation Program of
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Figure 3. Solutions for various thicknesses of RDX.
The true solution is shown by the plus sign, and the
curves give the 1-o ellipses.
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