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I. INTRODUCTION

The development of the resonance-absorption based explosives detection system (EDS), as imuadly planned,
involved the parallel development of a high-current proton accelerator (wiih 4 long devetopment time) and the other
detection subsystems. The design approach for the Jatter was to develop a capability tor computer modeling the
essential processes of cach subsystem, benchmark these models by experiment, and link the models, i.c., creating a
virtual prototype, to explore the etfect of subsystem design changes on the EDS system pertormance,  Additionally,
when the EDS prototype system was completed, the linked models would be used o investigate further trade- ofts in
detining ap airport system. Most of the necessary subsystem modeling was completed and used 10 subsystem
design. Linking of all of the subsystems was accomplished to some degree or another.

There are many physical and mathematcal processes that take place between the acceleration of the proton bean
and the tinal display of the recorstructed image. Figure | summarizes these processes and indicates which code was
used to model each particular process.

Scction 1 reports on the modeling of the proton beam mcident on a ' C arget, The gamma-ray output s the desired
output trom this phase of modeting, Section L describes the wools used (o mvestigate the transport ol the gamma-
riys through computer simulated phantoms (suitcases). Two ditferent codes were used in this investigation:
Monte Carlo photon transport code and a ray tracing code. One benchmark between these codes was accomplished,
Section 1V is concerned with the model calculations pertformed on single detectors. The calculitions agiun were
pertormed with a Monte Carlo transport code. The reconstruction code, used throughout in the simulations and as
the workhorse in the anadysis of the real experiments, s deseribed in Section V. The graphies visualizanon and
alarm procedure are discussed in Section VID We conclude, in Section VI with our assessment of the
stinulatton/viral prototyping of the real expernment,

(L MODELING OF THE PROTON BEAM AND I'TS INTERACTION WITH THE TARGET

Mudeling o the proton transport throuph the ¢ target and photon production from the P ¢ () reaction were
done with LAHTT (Los Aliunos Higeh Encrgy Fransporo, i Monte Carlo code, Several modiliciations to thas code
were necessary betore we could use it for our apphivations,  These meluded: thmcluding the 7O cross sections tor
fesonant and nonresonant nroton mterachons, 1 deimog an arbitrary collision length whneh is i nunmum at the
proton resonanee with P sampling the peooton ennsston angle and consequently the phaton enerpy, and iv)
recording the kinete parimeters ot cach photon tow hile tor use as input to MNP,

Forthick caeet yackd calentations, MONP wis able o compuie values snacconbianee with expenmental vidues,

Frgure 2 shows the resnlis from allowsny i 2E NeVobeam of protons oamteraet witha D wrepet, The
chereyzangle dependence was consitent with theory,



HL GAMMA-RAY TRANSPORT IN SUITCASES

A The Monte Carlo Method: The freely distnibuted code MCNP was used initiatly 1o model the ransport of
gamma rays through suitcases. This then provided the (count) datato be used in reconstruction. Originally MCNP
Lacked the necessary N cross sections for the naclear resonance-absorption process, These were added o the
libraries, so that now MCONP has all of the presenuly recognized important physics built into it. It thus provides the
most powerful and accuriste way of modeling real experimental data. The power of building rather arbitrary shapes
in the phantoms ialso s unsurpassed.  However, the ume required (o obtain 3% data (a nominal 400 counts in cach
detector) for an enure model suttcase is nearly 24 hours on a CRAY (time shared),

B. The Rav Tracing Method: As modeling was proceeding with MONP, i ray tracing code was developed that
would create parallel. tan, or cone beam data tor incorporation into the reconstruction code (see below). Promise
tor the ray tracing code came trom MCNP itselt when it demonstrated that scattering infiuenced only about one
pereent of the signal received by adetector. Indeed, ray tracig data and MCNP data (for the siune phantom) gave
nearly the siune reconstruction when the ray trace cross section was adjusted slightly, as demonstrated io Figures 3
nd 4. Here we bad 1o use a 6 MeV cross section of 0,03 con =%, instead ot the vadue 0,022 which we had been
usimg.

The advantage of the ray tracmg lies in s speed of execution; only ninutes tor i complete dati set from it suitcase
107 ot shices thick. OF course, notall of the physics s included in the ray tracing code. However, these subtleties
appear o be lostin the coarseness of our dativitew detectors, few views, and lew connts),

IV. GAMMA-RAY DETECTION AND TRANSPORT IN DETECTORS

Detector modehng addressed several mdependent issues and took advantage of three different codes, MONP was
used to model several ditferent aspects of the overall system, Figure 5 shows a MCONP simulistion of 4 BGO
detector with o multiple energy gamma-ry source rom a composile Yeand T arget The escape peaks are
readily seen i the spectri,. MONP also wits used o compare the efficiency and resolution (the response functions)
of BGO and NalCTh detectors. The lagher etticiency ot a BGO detector, tor a given stze, was readily apparent,

Lead and tungsten colhimators were inodeled, wath and without scatterimg trom the shit, Litde ditference between
the two colhimior matetiads was seen, and shtscatternig wis shown to be nmmportant,

Perhaps the most important guestion concerned what angles of ennsston trom the teirget should be allowed to
umpmge on the detectors o provide the best detector resolution and statisties. Multuple runs demonstrited that an
angalar width o1 0.75 degree was optumal, Smaller shit widths did not provide the necessary counting statistes,
whereas ireer widths degraded the resotution by antroducimg mereised nose,

CGHIDET 0 CERN codes wiis ueed to model the the transport of Tight throuye b the detector to the photomudupher
tube. Some ettort was expetided i vetane GUIDE7 o aceept a MONP owput,. Then GUIDET caleuliations showed
thit with black Teont and side faces on the detector gave 3700 etiicreney whinle trrored tiaces provided 98¢
cthiereney, Fasallyv, the mose onportant result hom GUIDET calcalations has been o aptimize size, shape and
naater i o detectors and liehitpindes, The opimal shape foe e Tiphe gardes s apered shagplss the optimum
maternal s adso BGO,

EGS cBlectron Ciummea Showenr: o SEAC code, contimned the most exphic tartbaliation ol the electron sd pammat
tavanterachons, Tewas ased soceesstully in modehmg the response ot ditterent sized BGO) detecton,



V. RECONSTRUCTION BY THE METHOD OF CORMACK

In 1963 and 1904 AL M. Cormack published two semmal papers on the representation of a tuncuon by s e
inteerals (1.2] for wiieh he was subsequently awarded the Nobel Prize. We began with his work and were able to
eeneralize s method trom paradlel beam twomography o tan beam womography (see the torthcomimg paper by
Faber, Joubert, Kust. Wing and Zahrt [3]). The essence of this method involves Fourier transtorming the data in
angle space (he angle of the projection), tollowed by a simgular value decomposition sodve tor the Founier
cocttrcients ot the solution. These are then back Founer transtormed Gn angle space) 1o give the density (in units ot
cm- 1. This was done tor both the 6MeV and 7MeV data combined and tor the YMeV data, The individual
tomoerams were then subtracted o give the mitrogeam,” That s,

agl IMNSNTD 5oy, tV.h

aoi INUVINTD sapa, v prva,), (V.2)

where reters o the o th detector, 7o the th projecton andzor tothe gth polar angle, & s the shiee index, and o s the
St polar radial discretization. The appropriate subtracton of ¢V D trom (V.21 leaves the nitrogram, 1p/vo, 1, 4.

Frrure 6 shows ashiee of i three-dimensionad reconstrucuon trom computer stmulated cone beam o MeVodata.

Freure 7 shows the reconstruction ol cobalt 60 gamma-ray datia using Lo detectors and 32 views, The phantom wis
ahollow evhnder ot S mm wall thickness.,

Freare 8 shows the reconstruction oi the 6 MeVodat tromereal datac [trom C opoys] gamima cavs with Lo detectons
and 32 views,

Given the geometry ol our systens, radios of the turntable ot 55 cmand distance trom soaree o tumtable center ot
93 ¢, the two dimessionad Connack alponthm works guinte wello Some artifacts are notceable on the outer
portions ot the wrntable and horzontal sheets someties move throngh two siices, however these artitacis e casly
recor/Zed.

VI GRAPHICS AND AVLARMS

RHOROS, o treely disimbuted smaee smalvsis, ditacanalvsis and 2D23D vrphies sottware envionment wis used
thromrhout this project. s distboted by the Diversity of News Mevicoo We tine nsed KHOROS 10 dook
directhy at the absorbence datin o estimate the norse fesel of the dati, and o sview the iormopraptoe acconstrucions,
O by the skl ssstenm wais o be anmitepsal part of the KHOROS pladgorm, However the sutomated con
groser tosed fo dehine shiapes of mtrogenons matenals) did not work oneeal experiments as st dud on conipatet

atnbinons  Fhos vanons alartn ronnnes cold, hhessise, not e aromated,

AHof the tmorraphy s raphies, i this and accampanyinge papers were done with KHOROS,



Vil. CONCLUSIONS

The complete virtual prototypiog of the entire system eventually became victim to budgetary constramts, The
technical issues prompted hy the intertacing of all of the codes, cach developed inisolation, had been overcome. A
few muodel caleulations provided good benchmarking aginst expenimental dati,. However, certaun Key 1ssues have
not vet heen modeled. Nevertheless, subsysten modeling was sull very usetal in guiding target desigu, detector
design, and count requirements versus inage resolution,

it does seem apparent, given our experience i this project, that the enure system can be modeled and linked
together o provide computer experiments and optimmzauons, thus providing i low cost alternative 1o excessive

Laboratory measurements. O course, the resuits of such simutiations eventuadly need o be checked against
experimental resuits,
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CAPTIONS

Figure 1. The physical processes and codes used to model these
processes in the virtual prototyping.

| 28]

Figure LAHET model of energy/andle dependence of gamma-ray

production. Each angle bin is5 5 degrees.
Figure 3. Reconstruction from MCHP data.
Figure 4. Reconstruction from RATRACE data. A cross-section

of 0.03 cm**2/y (non-resonant) was required to match
MCNP.

[84]

Figure MCNP simulation of a 3* x 3" BGO monitor detector
with a multiple gamma-ray source trom the composite

rarget.

i"igure 6, One slice ot a non-resonant reconstruction trom
computer simulated data. There are 3% rmall ob-
jects of donsity 1.1 and 3 lurge obiecrn of dengity
0.2 each surrounded hy 2 :mall cylindrical shell.s
ot density 1,1,

Figurce 7. A 16 detector 16 view rceconstruction trom cobalt 60
data ot a cylindrical shell.

Figure 8. A 16 detector 32 view reconstruction from accelerator
data ot a Y mn vortical sheet.



Nature of- Process Code Used

proton beam transport LAHET
proton targat interaction LAHET
gamma ray production LAHET

energy dependence
angle dependence

transport of gamma rays to the

detector MCNP and RATRACE
interaction of gamma rays with
detector MCNP
production of light in the detector GUIDE?7
tomographic reconstruction CORMACK
image processing and alarm system KHOROS
LAHET Los Alamos High Energy Transport
MCNP Monte Carlo Netonics Photonics
RATRACE A ray tracing code ro build tomographic data
GUIDE7Y A CEPN code
(CTORMACK A tomographic reconstruction code based
on the Curmack algorithm
EHOROL A public domain image and signal processing
code available trom the University ot New
Moexico
Figare 1. The processen and codes used in the vittual proto

tyhing ol the e¥plotives detection proiject .,
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MCND simulation of the 3" x 3" BGO monitor detector
with a multiple pgamma-ray source from the composite target.
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