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II.UNFOLDING ALC£)RITHM
ABSTRACT

Results from analysis of fast-neutron transmission The MonteCarlo transportcode MCNPI was used to
spectra in the interrogation of luggage for illicit sub- simulate transmission of fast neutrons from a _e(d,n)
stances are quite sensitive to the neutron total cross sec- source2 lea = 5 MeV! through a variety of benign and
iliondata employed. Monte Carlo and analytical tech- explosive materials. The resulting TOF spectra were
niques are used to explore the uses for such data and to analyzed to extract the elemental areal densities from the
demonstrate the sensitivity of these results to various transmission spectra based on the neutron total cross
total cross sections employed in the analysis. The status sections and their covariances. The algorithm is similar
of totalcrosssectioninformationrequiredfor materials to themethodof effectivevariance3and is writtenas4

commonly found in containers having both illicit and )-1benign substances,with particular attentionto the matter Vp =(ATVyiA
of data uncertainties,is considered in the context of the
availablenucleardata. Deficiencies in the contemporary P = VpATVyiy (1)
nuclear data base for this application are indicated and m

I suggestionsare offeredfor new measurementsor evalua- X 2 = (y_ Ap)TVy I (y_ Ap)
tions.

I.INTRODUCTION Here y= vectoroftransmissionratios[Yi= ln(No./Ni)]
Vy= covariance matrix for y

Fast-neutroninterrogationtechniquesare of interest A = totalcross section matrix[A_,= ok(E_)]
in the detection of illicit substances such as explosives P = solutionvector
becauseof their ability to identify light elements such as Vp= covariancematrix forp
carbon, nitrogen, and oxygen, which are the primary
constituentsof these materials, based on uniquefeatures The covariancematrixVy is calculatedby
of their nuclear signatures. Fast-neutrontransmission
spectroscopy(FNTS) uses standard time-of-flight (TOLD (Vy)ii = 8ij [(1/ No_) + (l / N_)| (2)
techniques to measure the energy spectrum of neutrons +_,m 2
emitted from a collimated continuum source before and /-.,k=lPk (Ck)q Uk_O'_ UkjO'k./

after transmissionthrough an object being interrogated.
An unfolding algorithm is then used to determine the where Crkiare the totalcross sections
areal densities (numberdensity per cm=),and the uncer- vkiare the fractionalerrors in the Oki
tainties,of various elements present in the sample. The Ck is the correlationmatrixforthe set Oki
areal densities arc then processed into normalized areal
densities (relativeto the number density for all elements The method evaluates the equations (1) in an itcrative
considered)of hydrogen, carbon, nitrogen, and oxygen, fashion, with Vy in the initial pass being calculatedusing
which arcusedto determine the presenceof an explosive, only the errors in the countingstatistics (i.e., for p = 0).
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Calculating the normalizedareal densities and their times the minimum. At cross section resonances, where
errorsyields a solution like that shown in Figure 1 fora the transmission would be lower, the transmission stays
3..cm thick sample of the exp,o_,_ve RDX under in a range where the resultingcross section errorwill be
representative exposure conditions.5 The solution is relativelysmall. For example, if the cross section is such "
characterized by a point giving the normalized areal that T = 0.32= 0.09, the relative cross section errorwould
densities (here shown in two dimensions) and an ellipse be 1.02 times the minimum. At a resonant window
giving the location of points which lie one standard where the transmission might be, for example,

deviationaway (called the 1-o ellipse). The second pass 0.55= 04-63.3,the relative error would be 1.65 times the
throughthe algorithmadjuststhe areal densities slightly, minimum. By using the appropriatesample thickness
but its main effect is to increase the standarddeviations and runningenough histories, the statistical error in the
since the cross-sectionerrors are now taken into account, simulation is made small comparedto the errors in the
The accuracyof the unfolding is indicated in Figure 3, cross sections themselves.
which shows that the differencesbetween the data points

and the fit to the data are consistent with the standard Figure 4 shows a comparison between the energy-
deviations in the data due to counting statistics (about averagedand transmission-derivedtotalcross sections for
two percentin the range 1-5 MeV and somewhat larger carbon. The energy-averagedcross section is higher than
outside this range). The figure also shows .that _he that obtained by transmission at the peaks of several
transmission based on the calculated areal densities resonances, leading to a value of areal density which is
compares favorablywith the transmissionbased on the too low. Lowering the total cross section at these reso-
actualareal densities. Covariancedata arenot presentin nancepeaksby 20%increases the calculatedcarbonareal
the evaluations for several elements (H, N, O, CI, and density by 20%. This indicates that the unfolding algo-
Na) and were approximated using data from Ref. 6. rithm is extremely sensitive to the cross section reso-
Good covariance data are necessaryto correctly calculate nances(i.e., the unique featuresforeach element). These
the uncertainties in areal densities, which are used in observationsfor carbon hold equally well for other ele-
subsequentprobabilisticinterpretationof the results.7 ments of interest(e.g., oxygen and nitrogen). In particu-

lar, the fits for oxygen are better than those for other
III. TRANSMISSION-DERIVED CROSS SECTIONS elements (in terms of both accuracy and lower standard

deviation) because of the broad, deep resonance window
The quality of the results from unfolding depends on at 2.35 MeV.

using the correctset of cross sections in the A matrix. In

particular, it is necessary to used cross sections obtained IV. TOTAL CROSS-SECTION COMPARISON
from simulated transmission experiments (transmission-

derived cross sections)rather than energy-averagedcross The total cross sections for the elements carbon,
sections. Energy-averagedcross sections are calculated ni_lrogen,and oxygen are shown in Figures 5-7 in the
by averaging the total cross sections over the TOFenergy form of plots which give the differences between
bins using a flat weighting function. Transmission- ENDF/B-59 and either ENDFfB-6I° or ENDL-90) t
derived cross sections are obtained by calculating the ENDF/B-5 is used as the standard because that evalua-

transmission for single-material samples and inverting tion constitutes the bulk of the currently recommended •
the TOF spectra. In such a transmission simulation, the cross sections forMCNP. ENDF/B-5 and ENDF/B-6 are
errors in the resulting c,'oss sections depends on the genet'ally within a few percent of each other, except for
transmission,s Assuming T = exp[-x], we find that oxygen in which there are a number of larger differences,

Axlx=(ATIT).(I/x) sometimes as much as 40-60%, at some of the sharp
(3) resonances. The differences between ENDL-90 and

= exp[-x/2]/x ENDF,.5 are larger,due to the fact that for these elements
ENDL..90 uses many fewer data points over the energy

which is minimum when x=2, or T=0.135. Figure 2 range 0.5-10 MeV, and does not representa number of
shows the dependence of relative error in the total cross the very narrow resonances.
sectionon transmission.

When transmission-derived cross sections are

Since the relative error has a broad minimum for generated for use in the unfolding algorithnL the
transmissions in the range 0.1-0.4, the samples were differences between data libraries are much smaller.
chosen so that the average transmission would be These differences are shown for carbon cross sections
approximately 0.3, for which the relative error is 1.12 calculated from ENDF-5 and ENDL-90 in Figure8. The

narrow resonances which are missing from ENDL-90 are
i
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Table 1. Characteristics of ENDF/B-6.

Although much effort has been put into cross section
evaluation, the accumulated data base still requires latest total xsec element/

improvement for this particular application. Evaluations element revision date covariance? . isotope?
for several elements important for illicit substance detec-

tion (e.g., Na, AI, Si, CI, K) have not been updated in H 10/89 N I
quite some time (see Table 1). The overall quality of ....
neutron transmission simulations would be improved C 8/89 Y E,I'
most by making new measurements and evaluations for N 9/92 N I

these elements, including resolved resonances in the O 1/90 N I
MeV region. Covariance data need to be provided for

those elements for which they are lacking, especially F 6/90 Y I b
hydrogen, nitrogen, and oxygen. The quality of the Na 12/77 Y I b

existing covariance data is questionable in several other ,4,1 12/73 Y I b
cases (Na, AI, Si). .........
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Figure 1. Results from the element unfolding algorithm Figure 2. Cross section error relative to the minimum
for 3 cm RDX explosive and 1.4 million source neutrons, error vs. transmission ratio for cross section measured
The plus sign represents the true solution, the open dia- with transmission measurement (simulation). The opti-
mond and dashed line represent the first-pass solution, mum transmission ratio is exp[-2]- 0.135.
and the filled diamond and solid line represent the sec-
ond pass solution. The curves give the points which are

1-o away from the solution point.
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Figure 3. Difference plots showing transmission data points, the transnfission based on the fit to the data, and the
transmission based on the actual elemental areal densities.
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Figure 4. Difference plot for energy-averaged anO transmission-derived total carbon cross sections from ENDF/B-5
evaluation.
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Figure 5. Difference plot of carbon total cross section from ENDF/B-6 and ENDL-90 relative to ENDF/B-5.
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Figure 6. Difference plot of nitrogen total cross section from ENDF/B-6 and ENDL-90 rclative to ENDF/B-5.
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