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ABSTRACT

A relatively small and inexpensive neutron diagnostic probe system has been developed that can identify and image most
elements having a larger atomic number th,'m boron. It h_ts the potential to satisfy van-mobile and fixed-portal requirements
for nondestructive detection of contrab_md drugs, explosives, ,'rod nuclem" and chemical win'fare weapon materi_ds, and lot
treaty verification of sealed munitions ,and remediation of radioactive waste. The probe is b_L,;edon a unique non-pulsed
associated-particle sealed-tube neutron generator (APSTNG) that inte'-agates the object of interest with a low-intensity beam
of 14-MeV neutrons generated from the deuterium-tritiu|n reaction ,and detects the alpha-particle luss_iated with each neutron.
Gamma-ray spectra of resulting neutron reactions (primmily inelastic scattering) identify nuclides associated with drugs,
explosives, ,and other contraband. Flight times determined from detection times of the gamma-rays and ,'dpha-particles yield
a sep,'u'ate coarse tomographic image of each identified nuclide. Chemical subst_mces are identified and imaged by compm'ing
relative spectral line intensifies with ratios of elements in reference compounds. The fiigh-energy neutrons luld gamma-rays
will penetrate h'u'geobjects ,and dense materials. The source and emission detection systems c_m be located on the slune side
of the interrogated volume, allowing measurements with access to one side only. A relatively high signal-to-background ratio
is obtained _mdm_imum information is extracted from each detected gamma-ray, yet high-bandwidth data acquisition is not
required. The APSTNG also forms the basis for a compact fast-neutron trlmsmission imaging system. No collimators lot
the source or detectors are required, ,and only minimal personnel radiation shielding is needed. The small _md relatively
inexpensive neutron generator tube exhibits high reliability and can be quickly replaced. The detector arrays and associated
electronics ctm be made reliable with low mifintemmce cost. Surveillance systems based on APSTNG technology can avoid
the h'u'ge physical size, high capital ,and operating expenses, and reliability problems of complex accelerators.

1. INTRODUCTION

Gamma-ray and neutron hodoscopes can be combined with a recently developed neutron diagnostic probe for

a range of van-mobile and fixed-portal applications for NDA (nondestructive analysis), including delecliot| of

explosives and drugs in aviation, customs, and physical security environments, anns control treaty verificatitm,

t|onproliferation surveillance of SNM (special nuclear material) and CW (chemical warfare) agents, _md

remediation ol' radwaste and pollutants. In the hodoscope concepl, an array of radialioH deteclors is used Ic_image

or detect objects inside opaque containers. Argonne interest sten|s from the fa.,;l-neutrot_ hodosc_l_e I in use al the

Transient Reactor Test (TREAT) Facility Ibr many years to image motion inside lhick steel capsules of reactor

fuel undergoing destructive testing lha! simulates hypolhelical core-dismplive accident,,+.

*Argonne National Laboratory is owned by the U. S. government and uperated by the University _1"Chicagu under the pruvisitms tff a
contract with the Department of Energy. This work was peril)treed partly under sptmsorship uf the U. S. Delmrtmcnt uf Energy ()trice
uf Arms Contrti_land Office of Environmental Restoration and Waste Management as part of a research and develupmcnt l_lt_graln and th_es
nut imply cux'rcnlur t'tltllre pulley tlecisicmsur technical preferences uf any agency t>fthe U. S. g_vurlllllelll.



The aleutroll pn_be is based on a unique associated-panicle sealed-tube neutron generator (APSTNG) lh;,tl
interrogates the object of interest with a low-intensity beam of 14-MeV neutrons generaled from the deuterium-
tritium reacfon and detects the alpha-particle associated with each neutron. Gamma-ray spectra of resulliilg
neutron reactions identify nuclides associated with all major chemicals in explc)sives, drugs, and CW agellls, as
well as m_my pollutants and fssile and fertile SNM. Flight times tletenuined I'r_)mdetection limes _1'the gamma-
rays and alpha-particles yield a separate low-resolutioll tomographic image of each t_uclide ideiltified in the time-
correlated g_unma-ray spectrum. By detecting only neutrons lhai have the prt_per llight-time tc_be tmc_llided, the
APSTNG can also fl)nn the basis for a compact fast-neutron transmission imaging system with n¢_collimator thai

can be used along with or instead of the emission imaging system.

In the following section, operational aspects of the system and its components are described, including detection
modes and the sealed-tube neutron generatc, r. In the next section, applications are discussed lc_rinterrogalion of
relatively small volulnes, including treaty verification and related roles and deteclion of explosives and drugs.
After that, systems are proposed for contraband detection in large cargo containers, i_cluding first and second stage
emissive systems and a transmissive system. Finally, conclusions are drawn concerning APSTNG systems and
applications, including strengths, limitations, ,and complementarity relative to other technologies mid future
development directions.

2. OPERATIONAL ASPECTS OF SYSTEM AND COMPONENTS

The neutron diagnostic probe which Argolme has been using was developed by the Advanced Systems Division
of Nuclear Diagnostic Systems (NDS). 2'3 Its operation can be understood from Fig. 1, which sketches a "general

purpose" APSTNG system. The object to be interrogated might be baggage or a TLI (Treaty Limited Item: ilem
to be inspected under am_s control treaty provisions), that could contain explo:;ives or drugs or CW or fissile
material. In the APSTNG, deuterons are accelerated into a tritium target, producing 14-MeV neutrons

isotropically. Each neutron is accompanied by an associated alpha-panicle travelling in the opposite direction.
The ganuna-ray and neutron detectors are time-gated by pulses from the alpha detector, forming a cone of flighl-
time-correlated neutrons through the object. Detector pulses are time-resolved by CFD's (constant-fraction
discriminators). Flight times are detennined by a TAC (time-to-amplitude convener), digitized by an ADC
(analog-to-digital converter), and recorded.

When a reaction occurs in the object along the cone Ihat results ill a detected gamma-ray, lhe time-delay from
the alpha pulse yields .the position (depth) along the cone where the reaction occurred, since the source neulron
and g_unma-ray speeds are lulown (5 cm/ns and 30 cm/ns, respectively). By scanning the alpha detector
horizontally and vertically, or by using a two-dimensional (2D) position-seilsitive multipixel alpha deleclor,
trunsverse zmd depth coordinates of reaction sites can be mapped, providing three-dimensional (3D) emission
imaging of reaction densities from measurements at a single orientation. In most applications, systems w¢_uld
probably include a 2D alpha deteclor, as well as an array eft ganlma-ray reaction detectors, s¢_as I¢_maximize
inlonuation oblained from each inleracting neutron and sufficietllly minimize mea.,_uremelll lime.

Figure 2 illustrates the electronics _uld infonnaticm 11¢_wlbr a basic multipixel system ctmtaining a 2D I_silit_ll-
sellsilive alpha tleieclt_r and one gamma-ray reaclion deleclor. Ill Fi,,=.2, the veclors invt)lvetl in the reacii_)ll
l_)calio_ _re "RI", "Rd", and "Rs". The transverse "X" and "Y" c_rtli_;,ttes _I""RI" are digitized ;.uldsl_retl il_II_c

PC c¢_mpuler i_ iisi m_tle, al_g with "TOF" (time-of-flight = "I" - "T") and gamma-ray e_ergy "Eg". N_I sh_w_
ira Fig. 2 is a_ all_h;.t-g;,utm_acoincidence circuit thai e_sures tile TAC reccives only start pulses Ihat are f_llt>wed
hy sl_p pulses. The PC ctmtrols the experiment, calculales positi_ms, and disphtys data _u_tlimages. S_llware c_u_
be developed l_r specific applications that will allow the PC to perf_nn i_Iellige_l data analysis a_d i_leracl with
the _perator to determine which items are sufficienlly SUSl_Ctto require further exami_mtit_n.



2.1 Detection modes

Fasl-neulrtm inelaslic scaltering reactions ill tile objecl provide prompl gamma-ray speclra thal can identify

m:uly nuclides. By choosing gamma lines of specific nuclides, a 3D image of each idenlifial_le nuclide in lhc
time-ct_rrelaled Sl_Clrtlln can he mapped. By chorusing appropriate nuclide iniensity ralit_s, 31) images t)l

comptmntls can bc made (molecular bonds are sol identified). The use of Ihe limc-ct)rrelatcd g_mlma-ray spectra,
a+,;discussed st)far in Seclitm 2, is denoted the EGRIS (emissive gamma-ray imagillg alld speclrt)sct)py)umtle.

(If fissit)nable malcrials are present, neutron reaclion tleleclt)rs may be used l() delecl emitled fission ileulnms).

Nearly all nuclides wilh att)mic number above N)rt)n have dislinctive gmnma-ray speclra li)r lhe EGRIS mode,
wilh reaction cross seclions of at least 0.5 barn t)r so for 14-MeV neulrons (predominantly inclaslic scattering

reactions). For gamma-rays above 1 MeV or so, backgroul:d is greatly reduced since backgn)ulld counts can only
be accumulated during the n_mosecond-range correlation inlerval, yielding a high signal-to-background ralitx The

EGRIS mode is generally lhe primary deleclion mode.

Slow-tleulron capture is sol Iime-correlitled with the alpha pulses, but provides nonimaging gamma-ray speclrlt
thal tim aid nuclide identification. The use of non-correlated gamma-ray spectra wilh tile neulnm generator oil

is lenned the CGRS (capture gmnma-ray spectroscopy) mode. CGRS data clul be collecled :_imuil;meously wilh
EGRIS data by using an MCA (mullichmmel analyzer) board inside tile PC. The thermal neulnm caplure cross

section is small lor mosl nuclides, but is large liar a few nuclides of interesl in some applicatitms. The gamma-ray

spectra are generally substmltially more complex thlm liar EGRIS mode, with much more background. Often
moderalion provided by the interrogated objecl ilself is ineffeclive. If exlemal neutron moderalit_ll is used It_gel

sufficient intensity, tile EGRIS mode signal will be reduced due to depletion of iasl neutrons.

Ant)ther detection mode of use is tile PGRS (passive gamma-ray spectrosct)py) nlodc, ft)r width llle neulrt)ll

generator is turned off, allowing deteclion of glunma-ray radioactivily presenl m tile inlerrt_galed tmject ;tlitl in its
vicinily, including any aclivily induced in lhe object by lhe neulrons a+swell as uncorrelaled background. This

mode is used Ibr static syslem energy calibration with gamma-ray sources (dynamic energy calihralion is

performed in lhe EGRIS mode using known maleriais lind lheir reaction g;muna-ray speclra). Because cross
sections for inducing activity with a finite half-life (several seconds or more) are usually very small, lhe PGRS

mode is generally sol used will,, the APSTNG syslem for actual inlerrogalitm, unless nalurai g;unma-ray

radioaclivity is present (as l't)r radioactive waste or nuclear weapons).

As shown in Fig. 1, by discarding delected neutrons not having tile proper flight time to l_e unco!litletl, one

c;ul perfonn fast-neutron 2D trmlsmission imaging without a collimator (by ,;canning, using a neutron detector

ht)dt_scope an'ay, or using 2D neutron detectors), since scatlered neulrons are removed by "eleclrtmic collimalion".
This is called the FNTI (fasl-neulron Ir_msmissiotl imaging) mode. By measuring al a sufficient iiumhcr _f views

around 18() degrees, 3D lomography is feasii_le. Transmission imaging (FNTI) c;m he tit)lie ;th_ilg wilh c)r inslead

¢_f omissive reaclitHi-densily imaging (EGRIS). No spectral dislinclion hclwcen Iiuclitlcs is prt_vitletl, hill Ihe
t_eutnm ;tlletlualitm ct)eflicienl is mapped twer Ille interrogated t)l+iect.(This tnt_tlc is ;.ttnelht_ti _1 I)erlt)nt_it_g fast-

nculr_m Iransmissitm radiogral)hY, similar Io x-ray ratliogral>hy). The FNTI Ilia)tic is used It) _al) ;,tlltl pt_silit_ ihe
llcUlI()ii ct)rrclalit)_ or)lie hul st) far iit)l beell much used It_r iJ_lerrt)galit)_, t31.11il may li_ti use i_l Ilic Iultll'C l+_)r

nimulta_let_us mr)tic Incasuremctlls, It) ct)t't'ecl EGRIS images lt)r l_eutrt)_ ;ttle_u;tlioi_ t_r l_r mullit_t_tle i_nagc

ztt_;tlysis, _)r i_ a sepantle syslen_ It_r imagitlg exle_tletl or highly abs_rbi_g t_l+jecls.

2.2 Sealed-tulle neutron generator

The use t_f Ihe asst)cialed-parlicle mellmd i_ arms ct)iilrt_l Irealy verilicali_m a_d ctmlraba_d tleleclit_n research

_t_tl deveh)pmenl is rece_l. However Ihe application of Ihis melht)d It) NDA lt_r nettlrt_ h_eh.tslic xcallerit_g is _1
_ew, allllt_ugh it has bees_ relatively undeveloped _.md cotffi_ed to the laboralt)ry because of lhe hulk, complexity,

;.tt_tlreliability ;.tJitlm;tintena_ce problems _)I tile ;.icceleralor etluipme_l previously required. TI_o rcplacemel_l t_f



the accelerator ill this neulron tliagn¢_slic probe system by Ihe sealed-tube APSTNG bring,_; new flexibility Io the

method and allows it to become a tool for field use. Tile slale-of-the-arl APSTNG was developed by tile

Advanced Systems Division of NDS, after considerable experience.

As tliagrtunxned in Fig. 3, a Penning ion source inside tile APSTNG trails a continuous mixed beam ¢_I
deulerium and tritium tolls tha_ is accelerated trod I'ocused on a small spot (_ 1 mm diameter) on Ihe iargcl,

lritiating tile target _uld producing neutrons and alpha panicles. (Tile small spol is necessary t_ obtain g_d spalial
resolution.) A zirconia getter controls lhe mixture of deuterium and tritium. The ions are acceleraled by a high

w_llage of 95 kV and focused by a variable extraction w)ltage, nominally 15 kV. The ion beam currcnl (_ 1 _A
to gel 106 n/s) is controlled by varying tl_e getter heating current. All opera!trig voltages and currents are l'urnishe_l

and monitored by a rfigh-wJItage control system. Internal pressure is _ 10 .9 Torr without getter heating _md _ 10.5

Torr under nonnai operating conditions. The welded melal-cer_unic tube conlalins ().4 Ci Iritium al low pressure

compared Io lhe atmosphere, and the Irilium is corltaitled in tile getter when lhe lube is nol operating. A 1.6 mm

lead shield reduces operator exposure to x-rays from tile ion source.

The single-pixel alpha detector consists of a ZnS screen inside the tube, with a photomulliplier {_utside

interfaced to a window. (In the case of a multipixel 2D alpha detector, the photomultiplier can be replaced by

a microchannel plate _md resistive anode readout, as shown in Fig. 3.) The alpha scintillator is limited to materials
that elm withstand tube bake-out temperatures during manufacture. ZnS is fast enough, has high light output, a_d

is inexpensive.

Tile operating history of each APSTNG made by NDS has been maintained. Initial maximum output of a

typical APSTNG is around 3x107 ll/S, but tile maximum output soon falls Io abc)ul the level of 107 n/s, as the

cathode target is sputtered away, and slowly decreases lhereafler. An outpul qf~ 1()_ n/s can be maintained l_r
~ 2()00 hours by increasing the ion current to compensate Ik)r sputtering. Eighleen certunic tubes have been made,

fourteen of whicll passed quality control test_ (a 78% yield). Eleven of these lubes were pul ill operation (three

are in stock), of which six are still operating. Three tubes failed in normal operation; two were failed by

continuous operation at excessive voltage. For the nine tubes which were operated normally, the average lifetime

output is 7.35x1012 neutrons, if end of life is defined its being reached when the maximum output becomes less
lh_.ul 106 n/s.

The design of the APSTNG differs substantially fronl the current well-logging neutron generator tubes, which

cannot be used lk_r associated-panicle operation. (Well-logging lubes are usually pulsed, have no capability Ic_

locus the ion begun on at small spot on the target, and have no inlemal scintillator.) The APSTNG is _ul

inexpensive small sealed module with low-bulk support equipmenl. 11 has a Iotlg mean-lime-between-failures
(around 2(}()() hours al 1()t' tl/s or 2(X) hours at 1()' n/s), is easily replatced (alh)wing simple field _pcralioJl),

presenls low radiation exposure, _ultl the sealed-tube tlesigu prevents tritium ct_lilaminalion.

3. APPI_ICATI(INS F()R INTERR()(_A'rI()N ()i," SMAI3_ V(II,UMES

The APSTNG primary EGRIS delecli{}ti m{}de is optimal l'_}r(small) v{}lumes {}1tlimensi{}_ - 1 m {}l_a side

{}r less, Ik}r {}l_jects Ihal {l{}11{71slr{}t_gly absorb 14-MeV neutrons {}r gamma-rays ab{}ve I MeV. APSTNG

lechnoh}gy lhen has lhe capabililies l_}r itletililicali{}t_ and 3D imaging {if mal_y i_tlivitlt_al nuclides arid c{}ml_{}ut_tls,

with flexible p{}sili{}tfing {}f reacli{}tl {letecl_}rs with respecl I{}Ihe _etttn}_ s{}urce ({}_ Ihe s;.tllle side, perpe_itlicular,

{}ropl'_sile side), as well as capatbility for fasl-l_eutr{}n lransmissi{_ imagi_g. The s{}urce _ultl emitletl ratliali{_

arc high-energy ;tt_tl pet_elrale de,lse ol_jecls. Pro_f-ol-concepl iab_ral_ty eXl_erimenls have been successfully tl_t_c

I_r a number _I aPl_licali_,is: t_uclear warhead tletecli_t_, chemical _)rthia,_ce idenlificali_n, expl_sive tleleclit_l
a_d itlenlilicali_)n, conlraba_d drug tleleclio_, uranium b_reh_le lt_ggi_ig, c_wr_tlenl deleclioi_ _t_ slean_-Iurbitle

blades, ker_gen analysis t_l"shale, 4 _n-line assay of c_als, anti bulk s_il remetliali_n _)I radwaslc iultl p_llulat_ls.



3.1 Treaty verification and related roles

M;my of the general requirenmnts for a detection syslem in Irealy verificalion roles Ibr on-sile inspeclion are
similar to those for contraband detection, such as an unambiguous decepli_l>resisl;ml signal (to nlinimize false

positives and negatives), maximum perfonnaJlce to cost ratio (to millimize fielding c_sls), easy operatioll ;ultl
maintemmce (not requiring highly tndned personnel), _md porlability or lransporlability (for remote field use).
However additional operational _mdequipment conslrainls are imposed by tile Ireaty and its ranificalions, such

as protocols denoting sites and conditions of on-site inspections, rules for counting mid classifying weapons, desire
of tile host country to reduce site disruption mid to mhfimize intelligence aid weapon design/mamfaclure i
infl)nnation obtained, and desire of the country thai developed the system to minimize technoh_gy thruster. Oftcll
the s;une detection system will be required to be used by all parties to a Irealy. Tile equipment may he reslricted
in energy _md spatial resolution aid in technologies used, should tx_as simple and as transparent as possible in
function and operation, and may have to operate in wtrious extreme climates.

Proof-of-concepl experiments on nuclear warllead detection ;rod counting have been perfonned in both tile
EGRIS and FNTI modes on crude mockups containing simul_l! materials. 5'_ In the EGRIS mode, the APSTNG

system was able to separately identify ;u_d image explosive and SNM simuhmts wilh sufficient energy a_d spatial
resolution to identify ;uld count nuclear warheads on missiles, despile substantial attenuation. In the FNTI mode,
sufficient penetration yet adequate COlltrast m_dsufficient spatial resolution were demonstrated, to allow counting
of nuclear warheads using a multiview tomographic technique. New experiments on simul;mt mockups of

individual nuclear weapons may lead to the capability to identify comp¢_mnts, to distinguish simulated weapcms
l'ronl real ones, and to nonproliferation roles.

Early investigations of APSTNG detection capability for CW agents mid munitions were promising, including
an ;malylic study of gamma-ray energies and cross-seclions for neutron inelastic scattering and element structure

of CW agents ;.rodexplosives, as well as measurements taken of 155-ram shells filled witrl cw simul;,mls usillg
an early version of the APSTNG system, s'6 Recently we have measured spectra of the basic elements inw_lved
as well as c,f new accurate CW surrogates we have prepared for some nerve and mustard agents, using our new
large double-ended Nal detector. Our results indicate that ;m HPGe detector, wilh its high energy resolution, may
be needed to supplement our Nal detector for identification of agents having overlappiilg closely spaced lines in
their gamma-ray spectra. Experiments are phmned using ;m HPGe detector It_rCW munition identification, thal

may lead to other applications involving complex spectra, such as remedialicm of radioactive or toxic wasle. As
illustrated in Fig. 4, simullmmous identification tuld imaging of individual munitions in cartridge boxes aild pallels,

wiihoul requiring opening and breaking out of tile rounds for separale measuremenls, is a potential EGRIS-mcde
adv;tnla-e in CW deleclion.

3.2 Detection of exph_sives and drugs

Based Oildala from APSTNG laboratory experimenls _mexplosives ;rod drugs, il is inleresling 1_eslinlale lira
measurement times required for detection of cotltrab;uld items in some simple idealized cases using a fielded
APSTNG system, in this case, one havillg a mullipixel alpha-l)arlicle deleclc)r and eighteen relatively large double-
ended Nal gamma-ray detectors, as shown in Fig. 5 (see Sec. 5.2 lt_r at_ explanalion of the dcmble-et_ded Nal
deleclt_r). The lab_mtl(_rydala consists _1"EGRIS ,..am,na-r;ty spectra l_)r_ilrt_ge_, t)xygen, and carb{)_, fl_rswcific
explosives (C-4, I'BX, Octol, C_nnposilio_ B, TNT, Penl_iile, l)yluunile, and [)eta sheet), a_d l\)r ct_c;tine at_d
I_er_it_simulat_ls.

The speclru_n l_r a typical explosive, such as (?-4 sh_)w_ il_ Fig. (_,exifihils a _mml_er()1principal peaks (n_t)slly
from _leult_t_ inelaslic scattering) characteristic of nilrogm_, _xyge_, al|d carbtu|, alo_ig with a ilunll_r t_l"escape
peaks, wilh a number t_l peaks overlapping. (In Fig. 6, "SE" ;utd "DE" refer I_ si_gle ;u_tld_mhle escape peaks,
respeclively.) The lmWmi_m of nilmgen is relalively high l_r c_ve_lit_;tl expl_sives, c_uupared I_ _lher



materials likely to be present (the density of explosives tends to be high also). The spectrum for a typical narcotic,
such as cocaine or heroin, shown ill Figs. 7 aJld 8, tends to have a high propollion of carbon compared t¢5oxygen.
Other materials that mighl be present in shipments c¢mlaining contraband drags include sugar _md halile, whose

spectra are given in Figs. 9 _ultl 1(). Sugar has a much lower proporlicm _51"carh_n t¢_¢_xygen than cocaine or
hero,in, and halite contains t_o carbon ¢)r oxygen.

By a judicious choice of energy windows and knowledge _1 the basic nilrogeli, ¢_xygen, _uid carbon speclra,
a "delection" algorithm was obtained thai correclly reproduces the density ratios ¢5Initrogen t¢5oxygen and carbon
to oxygen for the explosives and for other materials that might be present. It was found that a plot of these ratios
is useful for differentiating contraband drugs or explosives from ordinary items expected Io be seen (see Fig. i 1).
Materials thai would nonnally appear in luggage or foodstuffs are separated lr¢ml explosives (open squares) mid
cocaine.

The boxes shown in Fig. 11 represenl counl statistics for a 15-second measurement _I 1 kg C-4 explc_sive, the

larger box enveloping five standard devialions (5 sigma), the smaller box enveloping Iw¢_st_uidard deviations.
(Tile C-4 is assumed to be located in one w_lume element, rather than being spread out in a sheet.) The C-4 is

definitely identified as _ulexplosive. In fact, even a 4-second measuremenl would distinguish the C-4 from items
normally found in luggage, so if luggage is being examined, suspicion is indicated, in 48(1 seconds of
measurement time, the C-4 would be differentiated from other common explosives.

In Fig. 12, boxes are drawn for two and five standard deviations of count statistics for a 2-second measurement
of I kg of meat. With high probability, the meat is identified as a foodstuff rather than explosives or contrabaald,
indicating a very low false alarm rate for monitoring foodstuffs. In Fig. 13, a two-standard-deviation box is shown
for a 4-second measurement of 1 kg of cocaine in fish. (The cocaine is assumed to occupy only one w)lume

element.) The item is identified as suspicious, since it is not just fish, _.uldis lhoughl probably to be cocaine, since
it is not _unphet_unines (it could be plastic, but why would plastic appear in fish?).

These simple computations and the underlying laboratory data can be considered as comprising a feasibility
study lot the applicatio_ t_Jan APSTNG system to monitoring contraband explosives zuld drugs, but are of course
no substitute for analysis of laboratory measurement of realistic mockups _mdactual field Irials of prototype ullils.
The presence of noncontrab_md materials (attenuation and scattering effects and the complex arr_mgements of maa_y
diverse items that may nonually appear) _md deception attempts (such as explosives _uid drugs in sheet fcmn,
shielding, judicious placement of noncontrab_md materials, aJld adulteration of drugs) have n_t been considered.
On the other hand, much more powerful detection algorithms tlmt utilize material densities directly along with full
spectral regressi_m fitting, adaptive learning processes, _mdexternal inf_rmatitm lr_m__ther surveillance meih_tls
can he devel¢sped.

4. C()NTRABANI) I)ETE('TI()N F()R CAR(;() C()NTAINERS

The criteria for setti_g required detectable _unounts ¢51ccmtrah_md and tl_easuremcnt tithes are quite different
ftsr carg¢_ct_tainer a.lld truck inspecli¢m Ihan fc>r aviali_)l| security, six_ce fc>rtrucks _)r cot_laixlers, false n_egalives
are _lot immediately catastrophic l¢_rsmall amounts ()I c¢_t_trabandthai are hard t¢5detecl aJld false pc_sitives tl¢_
not greally affecl very tnany people imn_etliately. A Iw¢_-stage inspecli¢)_ arra_gemenl in which the l]rsl stage
searches l¢_r"suspicious" carg¢_ ¢wer lhe full c¢mtainer al_d a sec¢)nd slage idei_lifies c()nlraha_ld rather precisely
f¢)rofll¢_aded suspicious cargo should he c¢)st-effeclive in recoverittg m¢_st_1 lhe c¢_t_traha_tdalltl ill reducitlg iabt)r
in ¢)ffloatling/rel(sading al_d unpacking/packing caused by false alarms.



4.1 First and second stage E(;RIS systems

A single small EGRIS system is not very suilable for imaging extended ol_jecls much over a meter or so ill

all three dimensi_ms or highly absorbing objects. For large ¢_bjecls, tile double solid allgle retluclion (source-I_-

_bjecl and objecl-i¢_-deieclor) subslmitially reduces signal counl rale. Accidenlal counls become limilillg, and Ihe
raw inutges exhibil amplitude reductions _uld increased fluclualions in regions where I_eulr_m or gmnnut-ray

allenualioll are signific;ull and increased background mid distortion where scallering is subslaiilial.

As tile first stage in examination of a lruck or cargo container, a g_ullry system of multiple EGRIS stalflms is

proposed, 7 as shown in Fig. 14, a schematic representation of the end view (circled numbers associate each

APSTNG with its detector aIxay). Each of tile four stations is located al a different position along Ihe drive palh,

so thal each station interrogates the full ienglh. The arrangement is designed to cover the full cross-section of Ihe

cargo container (24.4 m on a side), concentrating as much as possible _m the center regiou, where detection

sensilivity is w¢_rsl, while reducing distances between neutron generators, reaclfims in the conlainer volume, and

deteclors to improve overall sellsiliviiy. A simple calculalion based on differeulialing c_caine from polyurelh;ulc

in Fig. 12 trod on average neutron and gamma-ray attenuations of 0.0165 cm -l for nonnal cargo (.-- {1.5 g/cm 3

average density) indicates that a 12.2-m long cargo container can be inspected in less Ilium 30 minutes, for 12 large

double.ended Nal detectors per station, with a sensitivity ranging from ,-. (.I.5 kg cocaine near the walls to ,-- 2()

kg cocaine near the cenler. (This calculation does not consider deception attempts or the wide variety of possible

arrangements of diverse items that may be present). This stage of inspection should substmltially reduce false
alanns that unnecessarily result in the Ileavy labor of offloading cargo containers.

A second stage of examinalion is PrOl_sed consisting of Ihe relatively small EGRIS ullil shown in Fig. 5 l'his

stage should be able t¢_positively identify drags mid other contrabmld wilhin .--.().5 kg or belier in several minutes
t_r less of measurement lime, for items less than a cubic meter in w_lume, a_d wcmld i_ltex'n)gale cargo thai is

t_lfloaded hecause il has been identified as suspect by the preceding stage or is io¢) well shielded to be interrogated

by other stages. By reducing false alarms mid locating contrabmld more precisely, this stage should significmltly
reduce file subst_mtial labor of unpacking and repacking offloaded cargo.

4.2 FNTI and GRTI systems

Unlike in Ihe EGRIS mode, in the FNTI mode the signal is proporlioxmi to file s_mrce-to-detector solid mlgle

alone, and scattering is also less of a problem. An FNTI system would better penetrate more high absorbing cargo

containers mid is proposed as the first stage inspection system for carg¢_ more dense Ihan ().5 g/cill 3 when averaged

cwer the container, rather thin1 the above first-stage EGRIS system. The end view c_l an APSTNG FNTI slalion

with a trmlsmis::ion hodoscope array of (fasl-plaslic) neutron deteclors suitable for imaging a cargo c¢_nlainer or

truck is showu scJ_c,uatically in Fig. 15. F_m-beam overlap aids cotltaitler-cc_Her seusitivity. 1_ atlditi_ti I_ tile

l\vo Slali_s sll_V,,_, a_lher series of Iwo stallions having _u_overlap re_ion r_laletl 9(1 degrees w_)ultl he imp_sed

al¢_ug lhe drive palh, I¢_l,_lher improve sensitivity in lhe CCmlainer center. Cr¢_ss-sectit)n images Cwer Ihe le_gth

¢_f tile C¢)lll_Ailler_I" Iruck are oblained by driving lhrough lhe l_ur sl_.fli¢)llS. ()tiler st;.tlions with dilferenl view

angles n_ay be i_slalled al_mg the driving path. The actual number of stali_)ns _ultl _mmber (size) _1"deleclors per

stalit)t_ depclld ()ll the view angles alid spatial resoluti(_t_ needed l'_r tlelecli_)n _l'a specific aillt)Ulll o1"C()llll'aballd

in a prescribed measurement lime. If true Iomographic in,aging is required, lhe h_tl¢_sc_pes cat_ bc n_talctl.

As a slaalcl-al_ne sysle_n, tile FNTI Ilodoscope can only tletecl spatial allel_uali¢)l_ m_t_lalies (Ihal H_ay have

_ther causes lha_ coJ_lrabal_d), i_l COllllll{)ll wilh _lher typical Iransu_issi_l syslet_s. We l_r_q_t_seIo supplen_enl

it wilh a c_inpa_fi_m gamma-ray transmissi_ imagi_g h_tl¢_scor_e (GIC.TI) sysle_l _1 slaii_s similar Io Fig. 15, ,,villI

Ihe APSTN(] replaced by a small is¢_lt)pic galulna-ra.y _ource (p¢_._sibly 2(1 t_Ci ¢_f_'_IIC¢_,137Cs, ¢)r 21_'2U)alld Ihe

t_eulr¢_t_tleleci¢_I'S replaced by gamma-ray detectors. The GRTI ;.tntl FN'Fi syslems are COmlflemenlary, i_ Ill;,t[ il_e

_an_a-rays are allc_ualed i_re slr¢_t_gly by hign-Z n_alerials, will_ - Z2 tlel_e_tle_ce, ;tt_tl II_e _let_lr_ls are



altenualed more slmngly by low-Z, with _ (Z+N) I/3 dependence (Z is tile alomic'llunlber and N is Ihe number c_l

neutrons in the nucleus). Pixel-by-pixel coniparison of the images ohlained pnHnises It) idelllify contraband drugs

and exph_sives hidden inside liigri-z Inateri;d or even hidden iliside iow-Z nlaterial, by observing spatial anomalies

caused by dil'ferences in average Z alltl density belweeil ccmlrab;uid and oilier nialerials. If necessary, t¢lniographic

iinagillg would allow coinplele mapping of density ;uld (inalerial-averaged) Z cwer Ihe inlerrllgaled volume.

5. C()NCLUSIONS

The proof-of-concept experimellls lor nuclear warhead detection show a potential l'_r high-confidence
ineasureinents in treaty verification applications for detection, counting, mid disln;ultlenielll of nuclear weapolul.

The pro¢_f-ol'-coilcepl experiments h)r CW agents indicale a Ineans other than cheinical s;unpling is ;ivailahle _ultl
should be effective for verification uf these agents, a nielhod that requires no opeiling of sealed containers,

penetrates ilitervenirig nlalerials, and is nonilllrusive regarding sensitive lnolecular bond inf_nnali¢_ll. The Irealy
verification inslrunlentation criteria of transportability, reliability, easy operation mid nlainten;mce, persCHlllei safely,

and relatively low cost, would be met ill these applications. Intrusion can be limited by liiniling allowed oulpul,

measureinent time, or time, space, or energy resolution, or by encryption of data.

Colnbiriing llodoscope teclmology with APSTNG technology opens avenues to a wide range c)l applicatiolls,

not only for treaty verification, but also tor ilonproliferation surveillance of weapon niaterials, detection ¢ll

contrabmld drugs and explosives, mid reinediation of radwaste and lx)llutants. A feasibility study indicates strong

potential for success in detecting contraband explosives and drugs with APSTNG technology, with scalability lr¢lln
small systelns h)r suitcase inspection to large inulli-slage syslenls for cargo container inspecti¢)u. However much

remairis to he done betore any applications can he fully realized. For each specific application, realistic lah¢lraiclry

inockup experiments, development of deceptioil-resisi;ulI detection algorilhnis, ;uid fabricali_)ll aild field testing

of prototypes will lye required.

5.1 Strengths, limitations, and complementarity

Relatively small and inexpensive but reliable and easily nlaintained APSTNG systems tail identify ;uid

separately image most elements having a larger atomic nuniber than boron. Chemical substances are identified

and imaged by coinparing relative spectral line ilitensities with ratios of elements iil reference conlpounds. The

high-energy neutrons and gamma-rays will penetrate large objects mid derise nlaterials. The source mid elnissi_m

detection systelns can be located oil the same side of tile interrogated w)lume, allowing measuremenls with access

to one side only. A lligh signal-to-background ratio is oblained and niaximunl infomlaiion is extracted l'n_ni each

detected g;unina-ray, yet higri-bandwidth dala acquisition is not needed. No collimators lllr the source _i" dcleci_lrs

are required, and orily Iliinimal personnel radiation shielding is needed. A single-probe system can silnullaneuusly
interrogate all volume elelnents of ;ui llbjecl up Io cubic meter or so ill size (nc_ sc;ulning is rectuired).

There ;ire sortie Iilllitations in the EGRIS in¢ldo ¢11'tile present APSTNG system thai c_ui be xignificalil filr nlany

applicalions, even l'or inlerrogalion ¢lf v¢lluilies lllal are llill largo. Presently allainahlo deplh ros¢llulicin is Iilnilod,
lbr a sniall g[unllla-ray deleclor, Io ab¢lul 5 till (because the sysleiii has all overall Iiilio i'os¢lltili_lii ¢ll'- 1 liS ;uitl
a 14-MoV lieulroil travels 5 Clii in 1 ns), alid lneasureinenl liiiies Call be lengthy i¢_oblaili sufficiOlll galiiilla-i'ay

c¢lullls fr¢llli a single g;unllia-ray dolecli_r, The galilina-ray Sigllal ciluiil ralo is liillilod by roacli¢lli cr¢lss-socli¢lliS,
solid ;ulglos suhlo.,ldod hy iho alpha doleCl¢lr and galliiiia-ray doloclors, ganlln;i-ray dolcc'l¢lr officioilcy, ;illd net!lr_lli

o "iisource slrellglh, but usable source slroilglh is lillliled by accidolllal c_lUlllS alitl pileup. I-l¢lwcvor a _.a, liia-i';iy

llildoscllpo deloclilr array Call he used ltl suhslaillially increase the signal COtllil ralo I¢1I¢lwcr iliOasureiilelil lililOS,
wholi iiocoss;iry.

A pulsed fasl-ileulrilli syslelii based ¢lli siillilar priliciples as Iho APSTNG (¢lhlailliilg doplh rostlluliiln usilig
fiighl Iiines) has been prilp¢lsed fllr cargo Colllaiilor ili,specliiUl, t4 Because of Iho roquirollloills ¢lf Sll¢lll{.,s¢ltll'C'ealld



detect¢_rc¢_llim:ttion, straining, and n_ulosecond pulse width, a bulky complex higlf-intellsity accelerator with heavy
shielding is needed that is expensive to develop and maintain, il_stead of tile few easily replaced tubes in the
proposed APSTNG gmitry EGRIS system. Tile lm_p¢_sedFNTI/GRT! system provides a lower-cost I¢_wer-hulk
more easily maintained allemative to _,ulinlerlse Iligh-ellergy x-ray system (with its complex accelerator and heavy
shielding) l_r inspecling densely Imtded cargo c_mlainers;9 lhe FNTi/GRTI syslem will have lower spatial
restflution bu! better atomic-number specificily.

it has been pointed out Ihal more effective surveillmlce of explosives in the aviation security enviromnenl
would result from integration of different types of sensors mid detection methods in a sequential and/or logic
arrangement. 1° Anotl_er option is to directly use complementary information in an integrated fashitm to maximize
detection probability while minimizing boll1 lalse-alann rates _uld inspection times, rather than using sequential
measurement, which cml tend to minimize false-ahmn rales al the expense of lowered detection probability (or
vice-versa). For tile aviation security environment and other surveilhmce applicatimls, tile vast maj¢_rityof _b.jecls

intern_galed will not contain items being screened l'¢_r,so tile occurrences of both I'alse posilives _ultlfalse negatives
should be minimized. The complementary systems approach is a means of accomplishing this goal.

For exmuple, x-ray data, which can distinguish density differences and provide fine spatial detail, is
complementary to APSTNG EGRIS data, which provides relatively coarse spatial resolution but is highly specific
to explosives materials. The x-ray data cml be used to define suspicious shapes and densities that might indicate

explosives or detonators (parlicularly if the x-ray unit i:_tomographic or dual-energy). This data would he passed
on to tile APSTNG unit, which would measure only tile suspect volume, at the most advantageous orienlaliotl I¢_r
detection as determined from the x-ray data, reducing the measurement lime required by the APSTNG unit for

positive identification. A computer would integrate tile data lmm both units for final tletermizmliolL The
complementary x-ray/APSTNG system could be fine-tuned for the desired high detection probabilily ;uld low false-
alarm rate. As aJlolher example of cmnplemelllari,,.y, the prol_sed second-stage EGRIS unil l¢_rcarg.() conlailler
inspection could be used simult;meously with a lirsl-stage unit for mmleuverable inspection of appelldages IIot
easily viewed by the first-stage unit, such as tires, lr_unes, mid truck cabs.

5.2 Development directions

In developing gamma-ray hodoscope detector arrays, one must understaJld that small detectors will have a stmtll

energy-peak efficiency for the high-energy gamma-rays detected, while large detectors of the slazldard form will
degrade tile time resolution (and thus the depth resolution) substantially. Detector conliguralious are being
investigated that will substmltially improve the signal count statistics, while retaining as much time ;.tlltlellergy
res_fluiion as possible. One configuration being invesligaled is a long Nal detector with two photo,multipliers, ¢_t_e
at each end; improvements ill time and energy resoluti_n are being obtained by c_Hubining Ihe iim iug ;u_del_ergy
dala from tile two ends. Testing of HPGe deleclors for integration into Ihe delect_r array for help wilh analysis

of c_tnplex spectra will lake place so¢)n. Another developmenl need is hardware zu_dsoftware c_nfigurati_s l¢_r
specific applications, including miniaturizaliol_ and ruggedizaticm of comp_ments l¢_rtrmlsp_tlable applicali_ms.

Fearmosl applications (including physical and avialion security), the usable neutron s_urce slre_gll_ is expected
1¢_be limiled to the r_ulge of l0n to l(J7 n/s f_)r the associaled parlicle method, for which the prese_ll APSTNG tube
has adequale ()ulpul _ultl lifetin_e. Allhough there is some incenlive 1_)devchq_ an APSTNG lube will_ higher

¢)utpul _utdh)nger lifetime for s()lue applications, the devel()pment may be difficult and uncertain. A fasier, less
expensive, and more certain developlnenl l_alll is I¢_il_crease the number _1 gamma-ray tlelecl¢_rs. Evet_ a large
amty ¢)1deteclors c_u_be made to be fairly c¢Hupacl au_tlI_ opentle reliably, with little mail_letuuice required. I i_

lhis way, the present APSTNG, which exlfibits high reli;.tbilily alld cal_ be quickly rel-_l;.tcetl,cal_ he used it__l;,t_ly
applications. Surveill_u_ce syslen_s based _ APSTNG lechli¢fl¢_gyc_u_awfid Ihe large physical size, I_igh capilal
and operating expel_ses, and reliabilily probleu_s associalcd wilh ccm_plex acceleral¢_rs.
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