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A SYSTEM FOk IKAGING PLUTONIUM THROUGH HEAVY SHIRLDINC*

T. H. Kuckertz, T. l!. Cannon, E. il. Fenimore,
c. !3. Moss, and K. V. Nixon

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Abstract

A single pinhole can be used to image strong
celf-luminescent garmna-ray sources such as plu-
tonium on garmnn scintillation (Anger) cameras.
However, if the sonrce is weak or heavily
shielded, a poor tiignal to noiso ratio can
prevent acquisltlori of the image. An imaging
system designed ar,d built at Los Alanms
NaLional Laboratory ules a coded aperture to
image heav!ly shielded sources. The paper
sumnv.rizes thq mathematical techniques, based
on the Fast Del+.+ Hadamard transform, used to
decode raw images. Practical design consider-
ations such as the ptiase of the uniformly
redundant aperture and the encoded imago
sampling are discussed. The imaging system
consists of a custom designed m-rrequonce coded
aperture, a Picker Internnt!onal Corporation
gamma scintillation camera, a LeCroy 3500 data
acquisition sys;em, and custom imaging soft-
ware, The paper considers two sourcesr--l,S mCi
57C0 unshielded It a distance of 27 m and
?20 g of bulk plutonium (11,8% 240PU) with
0,3 cm lead, 2.5 cm steel, and 10 cm of dense
plastic material at n distance of 77.5 cm.
Results show that tho location and geometry of
a source hidden in a large sealed packago can
be determined without having to open the
package,

1, Introduction

A single pinhole can be used to image
otrong, self-lumlnencent gamma-ray sources P’.lch
as plutonium on gamma-ray scintillation (Anger)
cameras, Howover, if the eourco le weak or
heavily ehielded, ● poor signal to noiee ratio
can prevent ●cquisition of the image, An lmng-
ing syctom has been dasigned and “’~ilt at Los
Alamoa that uses a coded (multiholo) aporturo
that can lmtge heavily chielded sources. The
aperture 11 a uniformly redundant array binned
on ● tenth-order m-sequence containing 1023
elementu. This ●pertu,’e wac chaeen to be
compatlbl,o with the W.aet Delta Iladamnrd trans-
form decoding technique, The Hadamard trana-
form technique 1s ueod to docroaeo Greatly Lhe
computational difficulties normolly associated
with the oecos!lng of codod aperture lmagorr.

2* Codod Av rture e Imaulw

Fenimore and CannunL proposed the concept
of ueing uniformly rqdundanl arrays (URAO) Lo

%ork performed under the ausplcos of the W?
Department of I!nergy, Offlca of Safeguards and
Security.

perfcrm x-ray and gamma-ray imaging. A simpli-
fied mathematical development of coded-aperture
imaging for planar sources that arc parallel to
the dotuctor surface follows. Consider a plane
detactor that detects photons and let P(x,y)
repre~ent the number of photons collocted aL
point (x,y) on tto detector. Similarly lot
O(x,y) repreoont a planar sourco that is par-
allel. to tne detector surface that omits the
photcns of interest. Additionally, lot A(x,Y)
be a multi-hole aporlure that is between the
sourco and the datoctor and is parallel to them
both . Then

P(x,y) = O(x,y) * ~(x,Y) , (1)

where ~ ix an appropriately magnified ver-
sion of the coded-aperture array baeod on tho
geometry of the objoct, detector, and coded-
nperturo n ay. Tho amount of magnification is

m = (z + f)lz , (2)

whore f la the distance between the coded aper-
ture nnd the detector, and z 10 the distnnce
fron~ tho aperture to O(x,y), Noto thnt x in a
two-riimoneionnl correlation operator.

The imcglng system acquires P(x,Y); howovor,
the deelred information is the function O(x,y),
Thue, O(x,y) is computod as follows:

O(x,y) = P(x,y) * cm (X,y) , :3)

whore Cn,(x,y) ie an appropriately magnlfled
decoding nrray computod from ~(x,y),

Canncn and Fenlmoroz ~howod that an
m-sequonco URA is oftun nupcrior to other URAfI
sinco it appoarc to bo ● random pattern, k’enl-
moro and Woaton3 uhow that if the coded apor-
turo ie baeed on m-ecquencesi, the cornpu’.atlonal
dlf[lcultloo encountered in solvlng Cq. !’1) nro
qrentiy reduced. An m-naqunnco 1s a peeurlo-
rnndom soquenco of onos and zoroe of length n
wh,,ra n 1s equal to ?m - 1, }[arwlt and sloan
/Appendix of Ref. 4) list the genaratlng poly-.
nomlnlg for those eequoncou and ~how how t.hoy
are Eoneratod, Theee aequoncon huvo epoclal
autocorrolatlon properLlori, I,ot 3 - [@o,
c ,.,.,,

{
en-l] be an m.ucquonco of’ ]enfilh

2n - 1 wnore all zoroo havo bonn rh,lnfind to
minus onoe. Then ltn cYclic autocurrnlntlon
function iu

n-1

which gives P
i

● 2m- t for j ● O and P
for j * 0. !A 1 subsc?lpte are evaluator

(4)

.0
rnodulo n,



Fenimore and WesLon3 algo show that n two-
dlmenslonnl ima~e can be unfolded into a one-
dlmensional vocLor that corresponds to a one-
dimanslonfil aperture that hae been unfolded in
the flame fashiol as the image. Tho encoded
tmage 1s formed by the -ummatlon of many imiges
shifted in space, each one tho result nf a hole
in the aperture. In vector form, Eq. (1)
bocomen

where m 10 a vactor containing tho unfolded
encoded Lmsge, ~ ie the unfolded source imagn,
and o ia the unfolded aperture. Equation 5 can
be converted to matrix notation by building the
S matrix.

‘0,0 o 0 “ ‘O,n-l

s- , (6)

1s“ s
n-l, O 1n-1,n-1

whora Sij = Sl+j, El+
1

being the elements
of the m–nequonce. T ug, tho correlation in
Eq . (5) le repro sentod by

The dacoded Image 10

‘#- S-%1 . (8)

Sinoo S ha- rhlfted m-soquenceo for COWI, tha
m-aoquonco proporty deucrlbod in Eq. (4) caunen

1s*s.— ● I (9)
2m-1

whore I la the ldentlty maLrlx. Thus , tho Image
w can be decode~ by

Thoreforo, no matrix lnvorsion 1s roqulred,
Howovor, a naivo ●valuntlon of Eq. (10) will
requlro roughly n2 multlpllcatlono. It turns
out that n Fast Fourlor T ●nuform rolutlon of

Eq. (10) would reql~lro ro’ghly (4n)log2(n)
multiplicatlono (Fenlmoro and Cannons), wh@ro-
no the Faut Delta Iladamard transform nolutlon
(’*nimoro and WaIton3) of Eq. (10) would ro-
quiro (2n)log2(n) integer addltionm. For a
tenth-ordor m-oequonce, a lUO-to-l roductlon
csn ba achlavad by using tranoform tochnlquos
to avaluato Eq, (10). In the caso of tho
Iladamard transrorm, evan greater roductlon in
computation timo can be achlovod bocauuo tho
operation involvos addition rather than multl-
pllcation.

Tho fact that lntagor addltlons art involved
allows ono to implement tho decoding algorithm
on an olg!’it-blt microcomputer much ●t a LoCroy
3300,

Vor ● gonaral rovlaw of the proportlau40f
Iltdamard transforms, mea Ilarwlt nnd Sloan.

3 Coded-A~erture_Imo: ~!!r.- L———-——. —.

A coded-aperture imagint :Y9’ W: !h 1.[,u
following compononte has been de~,Llled and
built at Loo AIoMOa: Picker International
Corpocatlon Dynamo Cunera; LeCroy 3500 Micro-
computer Syatom; LsCroy 3512 Analog-to-Digital
Converter (ADCS); specially t’abrlcated, tunB-
eten coded aperture; ond ayotem software for
acquinltlon and manlpula:lon of Imsgeb’.

Figure 1 illuet?ntos the main hardware
components of the imaging nystem. Whonovor L50
nource emltu a ganena ray, it either parses
through a holo in tho coded uperture or In
blockod by the opaque part of tho aporturo. Tf
it passer through the aperture, it ntrlkeo the
NaI(Tl! cryotal (26 cm in dlam by 1.3 cm thick)
causing a scintillation, The scintillation is
detected by one or more of 37 photomultlpller
tubes bohlnd the cryetal and le converLod to
electrical a16nals. The olectrlcal elgnnln nre
proceseed ouch that X and Y analo~ eltnals de-
ncrlptlvo of lho Cartesian coordlnatee of the
locatlon of the nclntlllation are produced
along with R logic ntrobe Z that indicates whan
t?e X,Y clgnaln ar@ valld. Tho Picker cemera
can be adjueted ouch that otrobe Z ie va’.ld for
an energy window locatlon and width detormlnod
by tho ueer. The NaI(Tl) crystal in twl.co the
thlcknenu that Picker routinely inntall~ in lts
camornn that are intended for medical rippllca-
tions. Othorwixie, the Dynnmo Camera {s the
oame as a standard camara that lti In routine
hospital use.

Tho X,Y coordinate ulgrals ●ra nach dlgl-
tlzed into two 7-bit blnnry numbers by tho
LoCroy 3512 ADCn. Thoeo 7-bit numbern nre then
formed in~o a 14-blL pixel P.ddreas. A p(xel in
rotrlevod from an imago memory, lncramanlod by
ono, and replaced in tho lmato memory. Onto an
tmnge has beefi acquired, it can bo decodod,
dieplayod, ●nd proceooad using a varloty nr
specially wrltton LoCroy 3500 programu.

Tho LoCroy 3500 microcomputer syot*m i-
bated on tho Intel 80S.5 ●lzht-blt mlcro-
procomnor, A dual-dlmkotte subryatem lupports
a file-oriant~d oporntlng oystom (CP/14) that
allow# una ok’ both am~ambly languata and
Fortran programs. A built-in keyboard nnd
video dloplay perform the function of a tor-

mlnal; haldcopy output can bo mado on the llna
printer, The LoCroy 3500 POCSOOOOSa lumber of
foaturoa that moko lt unlquoly suited for data
acquisition from @nd control of oclontlflc
oxpcrimontn. An eiuht-fllot CAMC minicrato
●llows oloctrlcal and softwaro intorfaclng to
tn oxtromoly broad ranco of exporlmentt.
I]ecauso tho b4k by P.-bit program and data
memory mpaco of tho 8085 procernor la inado-
quato For applicatlonr LhnL produce large
nmountr of data, a soparalo 64k by 2fi,blL
memory la ●valloblo Cor data ntorago. An many
al four 128 x 120 imaEoc can be tlorod \n Lhlu
dmta memory at on. time with pixel values
ranulna rrom O to ?24 - 1.
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F{t. 1.
Coded-nperturc imaging system.

$oded horture From theory one might expoci that the phase

The coded aperture was manufactured by
Buckbao-140arc of St. Paul, MN. The opaque
parts are made of tungsten 0.64 cm thick, The
aperture consists of two cycles, both hori-
zontal and vertical, of the mask pattern shown
in Flgt 2, This pattern lU a two-dimor,oional
array containln~ a tenth-ordor m-aoquonco. The
10-eequenco waE foldod into the pattern as fol-
lows : conaldor an array ns with 31 rowg and 33
columns represented by a matrix A:

[
*0,0 . , , ‘0,32

A* ,

1: 1 (11)

‘30,0 ‘30,32

The array is opaque if al u -1 and not opaque
if ml ● 1. The Alj are calculated ag
follows :

‘j k .. s~ , (12)

where j - imod 31 and k . Lmod 33. llqua-
tlon (12) describes “onakinB” the m-oc.quence ln-
tc the pattern in a dla~onal fathion wrapping to
the oppoclto side when a boundary is reached,
Several poeolble foldinms or the m-eequonco can
be utod to construct ●n ●perture; howovor,
Fenimore and Weston2 chow that the method
described in Kq, (12) in superl~r to other~ be-
csure tho pattern produced 1s porlodlc, The
actual dlmonsiotls of the F*tLet!n shown in Fig. i?
are 13,3 by 1,2,5 cm wl~h each olemont in the
array 0.40 by 0,40 cm, Thu actutl olze of Lhe
total np+rture ie 28 by 26.3 cm.

of tho URA is unimportant, that is, ono could
otart the one-dimensional m-sequence nnywhoro
within the two-dlmonslonnl aperture pattern,
All nearly squaro W/is apparently havo ono row
which iu either all holo~ or all opaque, The
remaining rows arc approximately half holes nnd
half opaqua. Tho complotoly filled row can in-
teract with distortlonn in tho uysLem to produce
arLifactu, Distortions can bo due Lo practlcfil
conk!idoratlonu such as a dotoctor background
that varies from one side of the dotactor to
tho othor or an aperturo fabrication problom
ouch that tho holoe on ono side of tho aporl.uce
nro slightly larger than on tho othor sldo, In
thoso canon, a crossod-shaped nrtlfact w~ll

I
,

Fig, 2.
Aperture pattern For tenth-order m-sequence



occur In the decoded image due to the prenence
of the completely f~.lled row. The solution to
these practical congideratione (Fenimorc6) i9

to place the completely filled bar in the cen-
ter of the aperturo pattern as ehown in Fig. 2.
FenlmoreL gives generating polynomlnle and
etartlng scedg to Eenarate URA aperturee with
the bar in the center.

Imaxink Software System

A comprehenelve eet of lmkg{ng ncqu~eltlon
and processin~ programu havw Lmwn written to
enable the LoCro/ 3500 to acquire and decode
coded aperture immgoa. Nine functlone are per-
formed on tmagen:

● acquinltlon of a raw image,
. centering of a raw image,
. rotation of a raw lmago,
● difforenco lmago of two !magee,
● scallng an image,
* interpolntlon of a raw image,
● decoding tho irterpolnted image,
. d(splay of an imaee, and
● otorato and rotrloval of images.

The mojor functions are discuesetl below.

Jmlge Acaulsition. Program PICPIO ●cquiree
an lmnEo using two LuCroy 3512 AOCe that nre
located In the mlnlcrate of the LeCroy 3500,
The slgnalo producod by the Picker Dynamo
Camera that cloncrlbc the X,Y coordlnatoe of a
eclntillatlon are in the r~f?ge of O- to 2-Vd:.
Ae it happens, the LeCroy 35120 ctn produce
-oven bil dlgltlzatlon whero{n the full ecnle
ie 2.1 Vdc. Thue, a gain adjueimcnt compila-
tion for the vnluon of tho X,Y coordlnatoe ie

not requlrod, snd a 14-b\L pixel addrese can be
computod by morcly concatonntinc the 7-bit X

and Y valuce to forid n 14-blt pixel sddroes.
PICPIO contlnuce to collact dntl until etopped,
It 1s poggiblo to stop PICPIO and reetart It to

continue the n~qulultion or n particular lmago;
or aequlsltlon of a now Imaco can be utnrted,
ae spocifled by tho operator.

~mne CepLer\nC, The LoCroy 3512e have
zero offnot adjuetmonte that must be finely
tuned to produce an lmaca that 10 centorad \n
itn frame of reference. Pert of the decoding
proceao requlreu an cccuratoiy cantered imago
to predarvo geometric relctlonehipe botwonn
nource and cmnora. Prc.grnm CF:NTKK will perform
the centorinz uf an lmago that #as acqulrod
uelnt mlsudjustnd zero offn.ate, Tho UIIO ~f
thlc prefirnm pormlte very c~~reo adj,uutmente of
tho 3512 zero oFfeuta,

x!l~ Int oka~io~h Proper application of
Bq. (10) rc7~l\roe an approprlsto magnlflca.lon
of the oncodod image to perform the docodln~ of
tn object ,.hat Lo located at a dletance from
the cociod aperture, Proper mlgnlflcatlon Or s
planar imIBo pirallel to the detector Cace
Involvoe oxtracLlnE orIly that portion oF ~.ho
encodod ImaBo that covore the samo mrea of tha
detector no a ohadow or oxmctly one porlod OF
tho aperture psttorn thst would bo curt by n

slnglw.point sourco that iu located In tho tame

plana ●s the object beinu lmuged. In addltlon
to tho proper octlln~ of the oncodod lmagc, it

ie alno neceaeery to sample the encoded image
with an [nteger number of saI!i~los per pinholo

area (Fenimore and Cannons). Sinco lt is
unlikely that the detecLor will naturally Fro-
vido sampl~s at the needed spacing, it is
neceesary in practice to purform an inter-

polation on pointg nearby the deeired locatlon
in ordor to obtain a proper value. Program

PINTKftP performs an interpolntlon upon t?.e raw

encoded imago acquired by PICPIO and cenkored
by ~ENT~R to obtain a encodo~ “,mage that repre-

sents r. planar source that la a epecifled dis-
tance [rem Ltig upoct.uro.

ImaKe DecodinE. Program HATST Implement
the eolukion OF Eq. (10) using Iladamard trane-
form tochniquoe, The aper’.ure patter: cons \stu
of a 33-by-31 array of elamcnte, Feni~ore and
Weeton2 havo ehown that a encoded imngo can
be flno sampled, and that if delta decoding 19
uned on each fine emnplo, llq. (10) can be
eolved for casee whero the length of Lhe
uequence with flnc eamplos le nf(?m - 1)
whcro nf is a puultlve lntegor. The intro-
duction of fine namplln~ into the computation
moroly lncrensoe the number of computatlone to
be porformod by a factor of nf over the case
of u soquonce of 2m - 1. To incroaeo the
reeolutlon, this fine sampling Is done whero

nf = 9, Thus , the .maEe to bo dccodod hag 99
columns and 93 rowe, Approximately 30 e aro
required to docodo this lmago.

~maRe Dieolay, The LeCroy 3500 poeeesuee
only marninal groy-ecal.e display capnbllltlos.
Nevorthclooe, a eioftware package, IFPLT, w1ll
d~splay monochrorno images in any etago of pro-

cernulng uelng i levels of grey, This display
progrmn will illuw tho usar to do lmago onhance-
monl by pormlttlng the ueor to npecify which
plxol values repreeont black and white,

Other ImrnKe Pr~ceeoln&. Certain othar——
image proccealn~ aoftw~=o pnckages h~vo been
wrllton to perform ueerul functione not hated
nbovo . With theso packageu, nn image can bo
t!atated, Bcaled, and tho pixel v luo clipped.
Tt 10 S1OO poeeiblo to computo tho sum ImaBo of
two lmaco~ and the dlffotonco imago or Lwo
ima~os . A dlfforonLo lmngo comr,catlon cnn be
uend to romovo a background from an Image.

d . Source Studla#

A rource of 1.5 mCl of 57C0 wae placed at
a dltitance of 27 m from the URA, which wcs
20 cm from (he detector crystal, Figuro ~a
showe tho ancudcd lma80 of thiu oourco, whareae
FIB. 3b el!owc -he decoded Imnno of thl~ ob-
ject. Thle 1s ●lmoet a parfec~ d~coding,

A dletributod oourco bohlnd heavy eh\eld\nR
wae also lmnEod (PIE, h), This fiOLIrLE WAC a
220-fi plato (5 by 1/ by 0,6 cm) of bulk pluLo-
nlum (11.8% ‘hOPu)l Tho ehlnLdlnE used wno
0.3 cm OF lead, ?.5 cmof rntuol, and 10 cm of ●

doneo plnetlc maLrtrial, Flnurn 4a shuwe tho
~~ncoded \maGo of t,he dictrlbutod eourco, and

K’lfj, fib ohuda tho decoded \m~Eo. rho Imago use
acqulrod uoing the 414..koV opocLrai line,

4
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Fig, 3,
57c0 at 27 m from tpcrLure, (a) Encoded

image. (b) Dncoded imn~c.

Fig, 4,

Plutonium plate w[th honvy sh!elding, (c) h.

coded image. (b) Decoded lmngc.

The USA in Fig, 4 wa~ 77,5 cm from the plu-
tonium plate and 20 cm ~rotn the dntector crys-
tel , From tho dncoded image wo dctormlnod that
one plcce of plutonlum was prese,~t whose dimen-
sions, 15.5 by 7.7 cm, agreo WO1l with the known
dlmenrnlons. Such ln~ormation aupplomonts infor-
mation acqulrod from more conven~lonal monsuru-
mant tochniquoc, such 0.s gammo-rny spoctroccopy
and neutron counting, Thus, the {mng,nR method

enhoncee our confldonce ir, verl~ying tho con-
tents or a sealed contalnor.
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