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Several different fast-neutron based techniguedeing spectrum of neutrons emitted from a collimat&k(d,n)
studied forthe detection of contrabasdbstances in luggage continuum sourcdeforeand after transmission through the
andcargo containers. The presemtrk discussethe accel- sample. An unfolding algorithm determines the areal densi-
erator requirements for fast-neutron transmission spectra®s (density integrated along the line of sight, with units of
copy (FNTS), pulsed fast-neutron analysis (PFNA)d 14- number density per ¢ and the uncertainties, of tharious
MeV neutron interrogation. These requirements are basedaelaments present in the samplerojectiondata fromseveral
the results of Monte-Carlo simulations of neutron or gammangles are themeconstructed to provide two-dimensional
detection rates. Accelerator requirements are driven lmages, one for each element, of a stlw®ugh the sample.
count-rate considerations, spatial resolutaomd acceptable The elemental reconstructions dahen conbined and proc-
uncertainties in elemental compositions. We have limiteessedhrough a detection algorithnOnly afew projections
our analyses to luggage inspection with FNAI®&l tocargo and coarse resolution are used to minimize interrogation time
inspection with PFNA or 14-MeV neutron interrogation. while still obtaining a reconstructiothat provides enough

separation between objects to maxintteesuccessate of an
. INTRODUCTION explosive detectioralgorithm. Theuse ofthis method as
applied to explosive detection is discussed in Reference [4].

Fast-neutron interrogation techniques are being exam-
ined for detection of illicit substances, sucteaplosives and The accelerator requirement®r an FNTSsystem
narcotics, in luggagend cargo containers. Fast-neutroninvolve tradeoffs between marparameters, including: the
techniques are attractiieecause thegan beused to deter- accelerator energy (sizejhe time availabléor sample
mine the concentrations of the lighlements [hydrogen, car- €xamination, maximunallowable detector courttes, spa-
bon, nitrogenand oxygen] whichare the primary constitu- tial resdution required for adequatxplosive detection, and
ents of these materials. Explosivesd drugs are character-neutronyield and spectrum versus deuteron energy. There
ized by elemental densitiesd density ratioghat are difer- are also limits onhow well elemental densitiezsn be

ent from most othesubstances likely to be found in legiti-determined at lower deuteron energies. general, one
mate cargo. would like to have abigh adetector count rate g®ssible to

minimize sample irradiation time, consistent wéttceptable

This paperdiscusses twalifferent fast-neutron tech- errors due to dead tinend spectral distortion. This limits
niques. The firstises an accelerator to produce nanosecoffte detector count rate bout one-tenth ahe accelerator
pulsed beams of deuterotisat strike a target tproduce a Pulse repetition rate. Given detector countate, one can
pulsed beam of neutrons with a continuum of energies. Efg&en determine the required neutron souate from thdeft-
mental distributions are obtained by measuring the neutrband side of
spectrum after thesource neutrons paskrough the items
being interrogated. This technique, firsivestigated by R/(<T><>) = source n/s = Q I, 1, (1)
Overley[1] for bulk material analysis, isest suited for
examination of luggage or small containers withnsnis- where R = maximum detector count rate

sions greatethanabout 0.01.The seond technique uses an <T> = average transmission

accelerator or sealed-tube source to produce monoenergetic <€> = average detector efficiency

fast neutrons. The characteristic gammangs emitted due to S, = zero-degree neutron emission (n/grAy-

fast- or thermal-neutron interactions with the material being AQ = detector solid angle (sr)

interrogated allowthe determination of elemental densities. I, = peak currentyA)

Two variations[2,3] of this technique amdnsidered here. T, = pulse time width (s)

This technique is suitable for examination of largetearers f = accelerator pulse repetition rate (1/s)

because ofhe good penetration of the fast neutroasd the

low attenuation of the high-energy gamma rays. The right-hand-side of Eqn. [1] can then bsed to

determine the required accelerator curimmtethe deuteron
II. FAST-NEUTRON TRANSMISSION energy, pulse widthand pulse repetition rate haveeen cho-
SPECTROSCOPY sen. A typical time-of-flightystem would have #ight path

of 5 m, limiting f to 16/s (to avoid wrap-aroundihus mak-

Fast-Neutron TransmissioBpectroscopy (FNTS) usesing R = 10/s. _If the required spatial res_olution inside_the
standard time-of-flight techniques to measure #rergy interrogated object is 2 cm, the detector sipaild be 4 cm if



the object isplaced midway between souremd detector.

acceleratorand thepulse-forming network which generates

The required accelerator current as a function of deutertire nsec-width pulses must createesergy variation ofess

energy is shown in Table 1 for transmissibrough 3 cm of
RDX high explosive. While lower deuteron energiesuld

than 10 keV.

lead to a smaller acceleratand thus smallesystem foot- ~ 05+
print, the declining neutroyield means thamore curent is 3 »12C(n,n1)
required. Q04 D
< i
S 037 I
Table 1. Deuteron current requirtal a neutron coumiate m
of 1C°/s in a 4-cm detector as a function of deuteron energy @ 0.2 )
(for 5 m flight path, f = 10s, and €> = 0.15). 2
201 160(n,n2)
Es(MeV) Y, (n/sr4C)*  <lg> (WA)®  Ip (MA) £
0 | | | |
2.6 2.6210° 120 60 6 7 8 9 10
3.0 4.3510° 69 35
34 6.4110° 45 29 neutron energy (MeV)
38 8.8410° 31 16 Figure 1. Inelastic scattering cross sections tfa first
4.2 1.1m0 24 12 excited state in carbon and second excited state in oxygen.
4.6 1.5010° 18 9.1
5.0 1.8710° 15 7.3 Equation 1 can be rewritten for PFNA in the form
5.4 2.3110° 12 5.9
R A I L LT RO
6.6 3.9710° 6.6 3.3 _
70 4.6610° 5.6 28 where § = gamma source (gammas/sr-n)

#Neutron yield data from Ref. [5].
® Average deuteron current
¢ Peak deuteron current (2 ns pulse &tréPetition rate)

lll. PULSED FAST-NEUTRON ANALYSIS

Qy = detector solid angle from gamma source
<Ty> = average gamma transmission to detector

This is the same aBqn. 1, with thefactor {§, Q\}<T >
added to account fdhe productiorand transport of gamma
rays. We usethe radiation transpoctode MCNPJ[6] to cal-
culate the”’C and*®0O gamma sigalsfrom a cargo container

This techniqueuses nsec pulses of monoenergetic neleaded with sugar at a density of 0.5 glamith andwithout

trons produced by accelerating deuterons onto a deuterianbball of cocaine with radius 25 cm centered 75 cm from the
gas target. The neutron beam is scanned vertically acrossftioat face. The count rates as a function of time are shown in

cargo container by a movable collimator. Stag along the
length of the container is accomplished by moving diie-

tainer horizontally. Depth information isbtained using
time-of-flight betweerihe accelerator pulsend the arrival of

Figure 2, and theount rates at the front of the sphere are
given in Table 2. The actual count rates are obtained by
multiplying the data ifmmable 2 by the estimated neutron
source rates. For an average beament of 10QuA, and a

a gamma ray in Nadetectors located outsidbe container. beam energy of 5.5 MeWhe number of neutrons incident on
Since the neutrons produced have velocities of about 4 cm/iie region defined by theocaine ball is 280" DQ,Re,>.

the accelerator pulse must be at mo$éva ns ifthe voxel  Assumingthat theball occupies a solidngle of 0.023 sr and

depth (thickness) is to be about 10 cnihe 4.44-MeV  that thegamma-ray detectioefficiency is0.2, one calculates
gamma from the firsexcited state it“C and the6.13-MeV  count rates of 5and 33cps forthe C and O lines in sugar,

gamma ray from the secomdcited state ift°0O areused to ang 72 and 15 cps for the C and O lines in cocaine.
generate a qualifier that indicates the presence of contraband.

The required number of counts to detibetdifference in
The signal obtained frorthis techniquedepends sensi- the C/O ratios in sugandcocaine will depend othe back-
tively onthe incident neutroenergy used, asan be seen in ground and on thaccuracy to which we need to know the
Fig. 1. Neutron energies greatban6.5 MeV are required ratio. If we assume a signal-to-background ratio afrid a
to detect'°O, with the optimumenergy being between 8.220v, accuracy irdetermining the C/O ratio, then wuill
and 8.25MeV (requiring a deuteron energy about 5.0 peed approximately 300 countstire 1°0(n,n2) peaKor the

MeV). However,since the inelastic scatterigoss sections cocaine case. This implies a counting time of 300/15 = 20 s.
vary rapidly inthis energyrange, theenergy stability of the



The same analysthatwas applied to PFNA in Section

= 1.2E-06 —=— sugar Il can beused for 14-MeV interrogation. Whil&e source
= g neutrons have slightly greater penetrability, the gamma ray
§ c 8.0E-07 D%ﬂ —— sugar + signals ardower because¢he inelastic scatteringross sec-
~o i) cocaine tions arelower, about0.2 bnfor **C(n,n1) and 0.1 bn for
c £ % %0(n,n2). These cross sections are flat in ¢hisrgy region.
% Q 4.0E-07 . The neutronsource rates for thesgpes of(d,t) tubes are
S g presently limited to approximately2®° n/s/sr in theforward
0.0E+00 direction, which is lowethan the 1.0 n/s/sr assumed for
0 20 40 60 30 PFNA. These tubes hawbe advantage of sizmd cost
_ compared to a 5-MeV accelerator. A major disadvantage is
time (ns) their limited lifetime.
T@ 1.5E-06 — & sugar V. SUMMARY
c O _ _
§ c 1.0E-06 E\ 0 sugar + _ Th.e accelerator requiremenfiar FNTSare determined
oo DD cocaine primarily by detector count ratesnd not by fundamental
‘E% L accelerator limits. Themain requiremenfor accelerator
£ 9 5.0E-07 [ ] designers is to reduce siaadcost. For PFNAand 14-MeV
8 " neutron interrogation methods, the gamma-ray count rates
— 0.0E+00. W, are directly proportional to the accelerator current. These
0 20 40 60 80 techniques could make use of increased accelerator current.
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