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A SYSTEM POR IMAGING PLUTONTUM THROUGH HEAVY SHIELDINC

x

T. H. Kuckertz, T. M. Cannon. E, E. Fenimore,
C. E. Moss, and K. V. Nixon
Log Alamos National Laboratory
Los Alamos, New Mexlco 87545

Abstract

A single pinhole can be used to image strong
self-luminescont gamma-ray sources such as plu-
tonium on gamma scintillaticn (Anger) cameras.
However, Lf the sonrce lg weak or heevily
shielded, a poor wignal to nolse ratio car
prevent acquisitior of the image. An imaging
system designed ard bullt at Los Alamos
National Laboratory utes a coded aperture to
image heav'ly shielded sources. The paper
summsrizes the mathematical techniques, based
on the Fast Deltd Hadamard transform, used to
decodo raw imagos. Prectical design consider-
stions such as the phase of the uniformly
redundant aperture and the encoded image
sampling are discusged. The imaging system
conslists of a custom designed m-sequence coded
asperture, a Plcker Internatlonal Corporation
gamma scintillation zamora, a LeCroy 3500 data
acquigition sysiem, and custom imaging soft-
ware. The paper considers two sources--1.5 mCi
57co unshielded 1t a dlstance of 27 w end
2?20 g of oulk plutonium {(11.8% 240py) with
0.3 cm lead, 2.5 eom steel, and 10 cm of dense
plastic matorial at a dlstance of 77.5 cm.
Regsults show that tho locatlion and geometry of
a source hidden in a larpge sealed package can
be determined without having to open the
packige.

1. _Introduction

A single pinhole can be used to image
strong, self-luminescent gamma-ray sources r'ich
as plutonium on pamma-ray scintillatlion (Anper)
camerag. However, If the gourco s weak or
heavily shlelded, a poor signal to nolse ratlo
can prevent acquisition of the lmage. An imag-
ing system has boen designed and =nilt at Los
Alamos that uses a coded (multihole) aporturo
that can image heavily shielded sources., The
aperture is a uniformly redundant array based
on s tenth-order m-sequence containing 1023
elements. Thig apertuce was chogen to be
compatible with the Fast Dolta lladamard trans-
form decoding technique. The Hadamard trans-
form technique is used to decreaso greatly the
computational diffliculties normally assoclated
with the aecoding of codod aporture images.

Z2._Coded Aperture Ims

Fenimore and Cannon‘ proposed the concept
of using uniformly rqdundant arrays (URAs) to

"Wock pscformsd undsc ths ausplcss of ths US
Department of Fnergy, Office of Sufeguards and
Securlty.

perfcrm x-ray and gamma-ray imaging. A simpli-
fled mathematical devolopment of coded-aperture
imaging for planar sources that are parallol to
the detector surface follows., Consider a plane
detactor that dotects photons and let P(x,y)
repredont the numbor of photons collected at
point (x,y) on tre detector. Simlilarly lot
O(x,y) represont a planar sourco that is par-
alle)l to tne dotentor surface that emits the
photens of intorest. Additionally, lot A(x,y)
be & multi-hole aporture that is between the
sourco and the detoctor and is parallel to them
both. Then

P(x,y) = O(x,y) * Ap(x,y) , (1)

where Ay 1¥ an appropriately magnified ver-
sion of the coded-aporture arvay basod on tho
geometry of the objoct, detector, and coded-
aperture a- ay. The amount of magnificetlion ls

ma=(z + £)/2 , (2)

where f 13 the dlstance between the coded aper-
ture and the detector, and z las the distance
from the aperture to O(x,y). Noto that * is a
two-dimonsional correlation operator.

The imeging system acquiros P(x,y); howovor,
the deglired information lg the function O(x,y).
Thug, O0(x,v) lg computod as follows:

O(x,y) = P(x,y) * Gy (x,y) , 3

whore Gp(x,y) lgs an appropriately magnifled
decoding array computed from Ap(x,y).

Canncen and Fenlmore? showed that an
m-gequonco URA ls often superlior to other URAs
sinco it appoars to bo & random pattorn., Fenl-
more and Wostond show that Lf the coded apor-
turo ig based on m-gscquences, tne compu'ational
difflcultios encountered in solving Lg. ) are
srently raduced. An m-sequenco ls a pseudo-
random soquence of ones and zoros of longth n
whrera n lg equal to 2™ - 1, Harwlt and Sloan
fAppendix of Ref. 4) list Lhe generating poly-
nominals for these sequoncos and show how thay
are goneratod. These gsequoncop havo spoclial

autocorrolation properties. lot 3 = [ag,
EH'..." 8n.-1) be an m-gequenco of leuglh
2 . 1 wnore all reros have bhonn chanpod to

minus onos. Then its cyclic autocurrnlatlion
function i

n-1
ro=) s (a)
J 1 a0 Lt

vhich glves P{ = 2M . | for §J « O and P% w0
for J » 0, All subscripts ars evaluate

modulo n,



Fenimore and Weston3 also show that & two-
dimensional imape can be unfolded into a one-
dimensional voclor that corresponds to a one-
dimensional aperture that has been unfolded in
the same fashloa as the image. The encnrded
\mage g formed by the summatlion of many images
shifted in space, each one the result nf a hole
in the aperturo. In vector form, Eq. (1)
becomes

TI-W"F ] (5)
where n is a vector contalining the unfolded
encoded image, ¥ s the unfolded source image,
and ¢ s the unfolded aperturo. Equation 5 can

be converted to matrix notatlion by bullding the
S mateix.

n-1,0 sn-l,n-l

where Syy = @y,j, 91,4 being the elements

of the m-sequonce. Thus, tho correlation in

Eq. (5) 18 represented by

NneSse ¢y . N
The dacoded image isg

Vo= 3'11’1 . (8)

Sinece S has shifted m-sequences for rows, the
m-gsoquenco proporty dascribed in Eq. (4) causee

SeS= L 9)

2"

where I lg the ldentity matrcix. Thus, the image
¥ can be decode” by

g,
V=S emn . (10)

Therefore, no matrix inversion s required.
Howevor, a nalve evaluation of Eq. (10) will
requiro roughly n? multiplications. It turns
out that a Fasgt Fourler T 'ansform solution of
Eq. (10) would reqiire ro ghly (4n)loga(n)
multiplications (Fenimore and c.nnons), where-
as the Faut Dolta lladamard transform golutlion
("enimoro and Westond) of Eq. (10) would ro-
quiro (2n)loga(n) integer additions. For a
tenth-order m-sequence, a 100-to-1 reduction
can be achleved by using transform techniques
to evaluato Eq. (10). In the case of the
Hadamard transform, even greater reduction in
computation time can be achleved because the
operation {nvolves addition rather than multi-
plication.

The fact that integer additions are involved
allows one to implement tho decoding algorithm
on an eight-bit mierocomputer such as & LeCroy
3900,

¥or a general review of the propertien of
lladamard transforms, sce llarwit and Sloan.?

3. _Coded-Apecture Imayliuy

A codea-aperture imagling :vs'.  with L
following components has been designed and
built at Los Alamos: Picker International
Corporation Dynamo Camera; LeCroy 3500 Micro-
computor Systom; LeCroy 3512 Analog-to-Diglital
Converters (ADCe); specially fabricated, tung-
sten coded aperture; snd system software for
acquisition and manipula-ion of images.

Flgure 1 lllugt=ates the main hardware
compononts of the imaging system. Whonover Lhe
gource emitu & gamma ray, it elther passes
through a holo in the coded aperture or ls
blockod by the opaque part of the aperturo. If
it passes through the aperture, it strikes the
NaI(Tl) crystal (26 cm in dlam by 1.3 cm thick)
cauging a scintillation, The scintillation i3
detectod by one or more of 37 photomultiplier
tubes behind the crystal and ls converlod to
electrical signals. The olectrical signals ace
procoysed such that X and Y analog signals de-
geriptivo of tho Carteslian coordinates of the
location of the gcintillation are produced
aslong with & logic strobe Z that indicates when
tre X,Y signals are valld. The Plcker camera
can be adjusted such that strobe Z ls va.id for
an encrpgy window location and width detormined
by tho user. The Nal(Tl) crystal lg twlco the
thicknegs thet Plcker routinely installs in its
camoras that are intended for medical npplica-
tiong. Othorwlge, the Dynamo Camora ts Lhe
gamo as & standard camera that is tn routline
hogpital use.

Tho X,Y coordinate gigrals are each digl-
tized into two 7-bit blnary numbors by the
LeCroy 3512 ADCes. Thoso 7-bit numbars are then
formed into a 1l4-bit pixel address. A pilxel is
rotrievod from an {mago memory, incrementod by
ono, and roplaced in the image momory. Once an
image has been acquired, !t can bo dacodod,
digsplayod, and processod using a varloty of
spoclally written LeCroy 3500 programs.

L,eCroy 3500 Microcomputer System

The LeCroy 3300 microcomputer system is
based on the Intel 8083 elght-bit micro-
processor. A dual-diskette subsystem supports
a flle-oriented operating system (CP/M) that
allowg use of both assembly languape and
Fortran programs. A bullt-in keyboard and
video dlgplay perform the function of a ter-
minal; hatdcopy output can be made on the line
printer. The LeCroy 3300 possesses a .umber of
features that make it uniquoly sulted for date
acquisition from and control of sclentiflc
oxperimonts. An eight-glot CAMAC minlcrate
allows olectrical and software interfacing to
an extremoly broad rangn of experimonts.
Because the 84k by 8-bit program and data
memory space of the 8085 processor is inade-
quate for applications that produce large
amounts of data, s separate 64k Ly 24-bit
nemory ig availlable for data storage. A» many
as four 128 x 128 images can be stored in thiw
data memory at one time with pixel values
ranging from 0 to 224 . q,
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Flp. 1.
Coded-aperture imaging system.

Coded Aparture

The coded aperture was maufactured by
Buckboo-Moarc of St. Paul, MN. The opaque
parts are made of tungsten 0.64 cm thick,
sperture conglats of two cycles, both horl-
zontal gnd vertical, of the mask pattern shown
in Flg. 2. Thls pattern lg a two-dimonsional
array containing a tenth-ordor m-soquonce. The
10-sequenco wag foldod into the pattern as fol-

The

lows: consgldor an array as with 31 rows and 33
columns represonted by a matrix A:
["o.o o Mo
A= . (11)
l_‘so,o %30,32

The scray i» opaqus {f gy = -1 and not cpaque
If 4 = 1. The Ayy are calculated as
fallows:

Ajk 8y (12)
whers J = inod 31 and X = lpod 330 Equa-

tlon (12) describes "snaking'" the m-gequence in-
tc the pattern in a diaponal fashlon wrapping to
ths opposito side when a boundary is reached.
Several possible foldings of the m-pequence can
be used to construct an aperture; howover,
Fenimore and Weston? show that the method
described in Bq. (12) ls superi.c to others be-
cause the pattern produced !s perlodic. The
actual dimensions of the pattern shown in IFig. 2
are 12.3 by 12.% cm with each olement in the
atray 0.40 by 0.40 cm. The actual size of the
tokal aperture is 28 by 26.3 em.

From theory one might expec. that the phase
of the URA ls unimportant, that ls, ono could
start tho one-dimenslional m-soquence anywhoro
within the two-dimonsional aporture pattorn.
All nearly squuaro URAs apparantly havo ono row
which {u elther =ll holes or all opaque. The
remaining rowe arc approximatoly half holes and
half opaquo. Tho completoly fllled row can in-
toract with distortions In tho oysitem to produce
artifacts. Distortions can bo due Lo practical
congldorationy such as a dotector backpround
that varios from cine slde of the detoctor to
the othor or an aperturo fabricatlon problem
such that the holos on ono side of tho aportuce
aro slightly largor than on tho othor side. 1In
thoso casos, & crosgsod-shaped artifact will

rig., 2.
Aperturs pattern for tenth-order m-sequence.



occur in the decoded image due to the presence
of the completely fllled row. The snlutlon to
these practical considerations (Fenimore®) ls
to place the completely filled bar in the cen-
ter of the aporturo pattern as shown in Flg. 2.
Fenimoret glves generating polynomials and
starting sceds to generate URA apertures with
the bar in the center.

Imaging Software System

A comprehensive set of imaping acqulialtlon
and processing programs have been wrltten to
enable the LoCroy 3500 to acquire and decode
coded aperture imagos. Nine functlions are per-
formed on images:

. acquisition of a raw image,
centering of a raw image,
votation of a raw imago,
difforenco imago of two images,
gcaling an image,
interpolation of a raw image,
decoding the irterdolated imagze,
dlaplay of an image, and

. gstorage and rotrioval of images.

The major functions are diccussed bolow.

Image Acquisition. Program PICPIO acquires
an imago using two LeCroy 3512 ADCs that are

located in the minicrate of the LeCroy 3500,
The slgnalg oroduced by the Plcker Dynamo
Camera that doscribe the X,Y coordlnates of a
scintillation are in the rerge of 0~ to 2-vd:.
As it happons, the LeCroy 3512s can produce
sovon bit digitization whereln the full scale
g 2.1 Vde. Thus, a gain adjustment computa-
tion for the valuos of tho X,Y coordinatos \sg
not requirod, and a l4-bit pixel addsess can be
computod by morely concatonating the 7-blt X
and Y values to form a l4a-bit pixel addrosas.
PICPLO continucs to colloct dati until gtopped.
It ig poeslblo to stop PICPIO and restart it to
continue the asquisition of a particular imago;
or acquigition of a now imago can be started,
ag grocifled by tho operator.

Image Centering. The LeCroy 3312s have
zero offset adjustments that must be flnely

tuned to produce an imago that is centerad in
itg frame of reference. Pert of the decoding
process requiras an eccuratoly ceontored image
to predetrve geometric relctionships botwenn
source and camora. Prcgram CENTKR will perform
the centering of an Imago that w~as acquirod
uging misadjustnd zero offoets. The upo nf
this program pormits very coiarso ad!usiments of
the 3312 zero offsuts.

Image Interpolation. Proper application of

Eq. (10) reqrilres an appropriate magnifica.ion
of the encoded image to perform the Jdecodinp of
an object _hat lg located at a digtance frem
the codod aperture. Proper mapgnification of a
planar image parallel to the detoctor face
involvos extracLing only that portion of the
encoded imapge that covers the samo area of the
detector as a ghadow of axactly one period of
the aporture pattern that would bo cast by n
single-point source that v located !n the same
plane as ths object beling imuged. 1In additlen
to ths proper scaling of ths vncoded image, it

3

is also necessary to sample the encoded image
with an integer number of samnprles per pinhoio
area (Fenimore and Cannon3). Sinco It ism
unlikoly that the detecltor will naturally gro-
vido samplcs at the needed spacing, it \s
necegsary in practice to perform an inter-
polation on points nearby the desired locatlon
in ordor to obtaln a proper value. Program
PINTERP performs an interpolation upon the raw
encoded imago acquired by PICPIO and centored
by CENTER to obtaln a encoded :mage that renre-
gents c¢ planar source that ls a specified dig-
tance from Lthe apecbure.

Image Decoding. Program HATST inplements
the solution of Eq. (10) using Nadamard trang-
form techniquos. The aperure patter: conslistg
of a 33-by-31 array of elements, Fenimore and
Weston? havo ghown that a encoded imago can
be fine sampled, and that If delta decoding ls
used on oach fine samplo, Eq. (10) can be
solved for cares whero the length of the
sequence with fine samplos ts np(2™ - 1)
where ng lg a positive integor. The intro-
duction of fine sampling into the computation
mevroly increases the numbor of computations to
be porformod by s factor of ng over the case
of a soquonce of 2M - 1. To incroaec the
resolution, thig fine sampling ls done whero
ng = 9. Thug, the .mage to ho decoded hes 99
columns and 93 rows. Approximately 30 g aro
requirod to docodo this imapo.

Image Display. The LeCroy 3500 possesses
only marginal grey-scale digplay capeblilitios.

Neverthelops, a software package, IMPLT. will
display monochromo imagos in any stago of pro-
cossing using ¢ levels of grey. Thls dlsplay
program will alluw the user to do imago onhance-
mant by pormitting tho user to spaclify which
pixol valuos represent black and whito.

Other Imepe Procesging. Certaln other
image processing softwaro packages havo boen
written to perform useful functions not ligted
above. With theso packapges, an image can he
votated, scaled, and tha pixel v lue clipped.
Tt i3 also possible to compute the sum imapo of
two images and the difforenco image of two
imagos. A difforenco image comprcation can be
usad to romovo a background from an image.

4. Source Studlies
A source of 1.3 mCl of 37Co was placed at
a distance of 27 m from the URA, which was
20 cm from the detectur crystal. Flguro Ja
ohows tho ancuded imago of thiuv pourco, whoreas
Flg. 3b showe _.he decoded !magoe of this ob-
ject. This is almost a parfect dacoding.
A distributed source behind hoavy shlelding
was algo imaged (Fig. 4)., Thic sourie was a
220-p, plate (5 by 1/ by 0.6 cm) of bulk pluto-
ntum (11.8% ?40py).  The shinidlng used wao
0.3 cm of lead, 2.5 cm of atuol, and 10 cm of s
donse plastiec material. Miguro 4a shows the
rncoded image of the distributad sourco, and
ig. 4b phuwn the decoded lmugn. The image was
acquired uging the 4ld.-koV spuctrai line,



(b)

Fig. 3.
57co at 27 m from aperture.
image. (b) Dnccded image.

(a) Encoded

The URA in Flg. 4 wau 77.5 cm from the plu-
tonlum plate and 20 cm from the detector crys-
tal. Prom the decoded image wo detormined that
ono pleco of plutonium was praesest whose dimen-
slong, 15.5 by 7.7 cm, agreo woll with the known
dimengions. Such informatlion supplemonts Infor-
mation acquired from more convontlional moasuru-
mont techniques, such as gamma-tay spoctroscopy
and neutron counting. Thug, the imnpg.ne; mothod
enhances our confldonce ir verifying tho ~zon-
tents of a sealed contalner.

S, Concluslion

The Ar3er camera ropresents ths flirst time
the fast delts Hadamard transform analys!s hasg
been used in an imaging system. This lnetru-
ment porm.ts the examination of largo, sealnd
packagoy that may contaln radioactive sources
that omit gamma rays. Such an examination pro-
vides Info mation describing the location of
the source and can be done without opening the
package even, ag Fly., 4 roveals, in the pres-
ence of hoavy shlelding.
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Plutonium plate with hoavy shielding. (&) En-

coded image. (b) Decoded image.
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