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Abgtract

A single pinhole can be used to image strong
self-luminescont gamma-ray sources such as plu-
tonium on gamma scintilleticon (Anger) cemeras.
However, if the source is weak or heevily
shielded, a poor xignal to noise ratio car
prevent acquisltion of the image. An imaging
system designed ard built at Los Alamos
National Laboratory utes a coded aperture to
image heavily shielded sources. The paper
summsrizes the mathematical techniques, based
on the Fast Deltd Hadamard transform, used to
decode raw images. Prectical design consider-
stions such as the phase of the uniformly
redundant aperture and the encoded image
sampling are discussed. The imaging system
consists of a custom designed m-sequence coded
aperture, a Picker International Corporation
gamma scintillation camera, a LeCroy 3500 data
acquisition sysiem, and custom imaging soft-
ware. The paper considers two sources--1.,5 mCi
57co unshielded +t & distance of 27 m and
720 g of oulk plutonium {11.8% 240py) witn
0.3 cm lead, 2.5 em steel, and 10 cm of dense
plastic material at a distance of 77.5 cm.
Results show that the location and geometry of
a source hidden in a large sealed package can
be determined without having to open the
package.

1., _Introduction

A single pinhole can be used to image
strong, self-lumlinescent gamma-ray sources puch
as plutonium on gammae-ray scintillation (Anger)
cameras, However, if the gource is weak or
heavily shielded, a poor signal to noise ratlo
can prevent acquisition of the image. An imag-
ing system has boen designed and =n{lt at Los
Alamos that uses a coded (multihole) aporture
that can imago heavily shielded sources, The
asperture s a uniformly redundant array based
on & tenth-order m-sequence containing 1023
elements. This apertuve was chosen to be
compatible with the Fagt Delte Hadamard trans-
form decoding technique. The Hadamard trans-
form technique is used to decreaso greatly the
computational difficulties normolly assoclated
with the aecoding of coded aporture images.

2._Coded Aperture Ime

Fenimore and Cannon‘ proposed the concept
of using uniformly redundant arcays (URAs) to

*ork performed under the asusplces of the US
Department of Fnergy, Offlce of Sufeguards and
Securlty,

perfcrm x-ray and gamma-ray imaging. A simpli-
fled mathematical development of coded-aperture
imaging for planar sources that are parallel to
the detector surface follows. Consider a plane
detector that detects photons and let P(x,y)
repredent the number of photons collected at
point (x,y) on tte detector. Similarly let
O(x,y) represent a planar source thet is par-
alle) to tne detector surface that emits the
photens of interest. Additionally, let A(x,y)
be & multi-hole aperture that is betwecen the
source and the detector and is parallel to them
both. Then

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

where Aq i¥ an appropriately magnified ver-
slon of the coded-aparture array bascd on the
geometry of the object, detector, and coded-
aperture a- ay. The amount of magniflcetion is

ma={(z + £)/2 , (2)

where f 13 the distance between the coded aper-
ture and the detector, and z ls the distance
fron the aperture to O(x,y). Note that * is a
two-dimensional correlation operator.

The imeging system acquires P(x,y); however,
the desired informatlon is the function O(x,y).
Thus, O(x,¥) is computed as follows:

Olx,y) = P(x,y) * Gy (x,¥) , 3)

where Gp(x,y) igs an appropriately magnified
decoding array computed from Ap(x,y).

Cannen and Fenlmore? showed that an
m-gequonce URA {3 often superlor to other URAs
since it appoars to be a random pattern, Fenl-
more and Woston? show that Lf the coded apar-
ture is based on m-scquences, tine compuatlional
difflcultiov encountered in solving Lg. ‘1) are
sreatly roduced. An m-pequence 1o a pseudo-
random sequence of ones and zeros of length n
whera n s equal to 2M - 1, Harwit and Sloan
fAppendix of Ref. 4) list the ponerating poly.
nominls for these sequences and show how thay
are goneratod. These sequences have spoclal

autocorrelation propertlies., Let 3 s [ag,
nH,..... 9n.1) be an m-gequence of lenglh
2M - 1 wnore all zerog have honn chanpod to

minus ones. Then its cyclic autocureelation
function ip

ro=) s (a)
1

vhich gives P{ « 2M - | for §J « 0 and P% - 0
for J » 0, All subscripts are evaluator

modulo n,



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

neYyrg o, (5)
where n 1s a vector containing the unfolded
encoded image, ¥ is the unfolded source lmage,
and o {8 the unfolded aperture. Equation 5 can

be converted to matrix notatlon by bullding the
S matrix.

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

where 5y4 = 9,4, 91,4 belng the elements

of the m-sequence. Thus, tho correlation 1n

Eq. (5) 15 represented by

Y]-S'\;I. (7)
The dacoded 1mage s

v = 51l (8)

Since S has shifted m-sequences for rows, the
m-sequence property described in Eq. (4) causes

S e Sw o1 (9}

2™-1

where I ls the ldentity metrlx. Thus, the image
¥ can be decoded by

W-;I,‘S°n . (10)

Therefore, no matrix inversion is requlred.
However, a nalve evaluatlon of Bq. (10) will
require roughly n? multiplleations. It turns
out that a Fast Fourler T aneform solutlon of
Eq. (10) would require ro ghly (4n)logz(n)
multiplications (Fenimore and Cannon3), where-
as the Faut Dolta lHadamard transform solutlon
{"enimorc and Weston3) of Eq. (10) would ro-
quire (2n)loga(n) integer additions. Fror a
tenth-order m-sequonce, a 100-to-1 reductlon
can be achleved by using teansform technlques
to evaluate Eq. (10). In the case of the
ladamard transform, oven groater reduction in
computation time can be achlevod becauvse the
operation involves addition rather than multl-
plication.

The fact that {nteger additlons are involved
allows one to implemont the decoding algorithm
on an elght-blt mlerocomputer such as a LeCroy
3300.

For a general review of the properties of
Hadamard transforms, soe Harwit and Sloan.?

3. _Coded-Aperture Imn»'ny

A codea--aperture imaglng :vs'..  with tng
following components has been designed and
built at Los Alamos: Picker Internatlional
Corporation Dynamo Camera; LeCroy 3500 Micro-
computer Systom; LeCroy 3512 Analog-to-Diglital
Converters (ADCs); apeclally fabricated, tung-
sten coded esperture; snd syetem snftware for
acquigltion and manlpula-ion of images.

Flgure 1 illustrates the maln hardware
compononts Of the imaglng system. Whenover Lhe
gource emitu a gamma ray, it elther paswes
through a hole in the coded aperture or is
blockoed by the opaque part of the aperturo. TIf
it passes through the apecrture, it strikes the
NaI(Tl) cryetal (26 em in dlam by 1.3 cm thick)
cauging a scintillatlon. The scintlllatlion is
detectod by one or more of 37 photomultlplier
tubeg behind the crystal and ls converied to
electrlical signals. The clectrical signale arce
proceysed such that X and Y analop signals de-
scriptive of tho Carteslan coordinates of the
locatlion of the eclintlllatlon are produced
along with & logic strobe Z that indicates when
tre X,Y signals are valld. The Picker cemera
can be adjusted guch that gtrobe Z is va'ld for
an energy window location and width determined
by the user. The Nal(Tl) crystal is twlco the
thickness thet Plcker routinely lnestalls in its
camoras that are Intended for medical nppllica-
tlons. Othorwige, the Dynamo Camora s Lhe
same as & standard camera that iy in routine
hospital use.

The X,Y coordineate plgrals are each digl-
tized into two 7-blt blnacy numbors by the
LeCroy 3512 ADCs. These 7-blt numbavs are then
formed into a 14-blt pixel eddress. A pixel is
rotrieved from an imagoe memory, incremenlod by
one, and roplaced In the image momory. Once an
image hae been acquired, it can be decoded,
digplayed, and processed using a varlety of
spaclally wrlitten LeCroy 3500 programe.

L,eCroy 3500 Microcomputer System

The LeCroy 3300 microcomputer system is
based on the Intel 8083 elght-bit mlicro-
procesoor. A dual-diskette subsystem supports
s flle-oriented operating system (CP/M) that
allowg use of both assembly language and
Fortran progcams. A bullt-in keyboard and
video dlegplay perform the functlon of a ter-
minal; hatdcopy output can be made on the line
printer. The LeCroy 3300 possosses a aumber of
foaturos that make it unlquoly sulted for dats
acquigition from and control of sclentific
oxperimonts. An oeight-glot CAMAC minicrate
allows oloctrival and software Interfacing to
an exteomoly broad range of experiments,
RBecause the 84k by 8-blt program and data
memory space of the 8085 procewsor is inade-
quate for applicatlions that produce large
amounts of data, a weparale 64k Ly 24.bitL
nemory g avallable for data mtorage. As many
as four 128 x 128 images can be stoted in Lhlwp
data mamory at one time with plxel values
ranging from 0 to 224 _ 1,



GAMMA
SOURCE
N
(::::) PROCESS ING
- - ELECTRONICS
/ I N
vl 2
!
. 1| LECROY
35 3512
L AD J ADC
LECROY 3500 T T
MICROCOMPUTER | ]
1
CRT I IMAGE cAMAC |
DISPLAY INTEL MEMORY | MINICRATE
‘ PRJ¥¥¥;ORI
PROGRAM DUAL
KEYBOARD l | MEMORY | DISKETTES
Flg. 1.

Coded-aperturc imaging system.

Coded Aparture

The cuded aperture was maufactured by
Buckboo-Mearc of St. Paul, MN. The opaque
parts are made of tungsten 0.64 cm thick,
eperture consists of two cycles, both horl-
zontal end vertical, of the mask pattern shown
in Fig, 2. This pattern ig a two-dimensional
array containing a tenth-order m-gsequence. The
10-sequence was folded into the pattern as fol-

The

lows: consldor an array as with 31 rows and 33
columns represonted by a matrix A:
[ko.o e Ry
A= ' (11
l_"so.o k10,32

The srray is opaque if sy = -1 and not c¢paque
1f #y = 1. The Ayy are calculated as
£nllows:

Ajg 8 (12)
whore J = ipod 31 and X = lpnd 33, Equa-

tion (1%) descrlibes "snaking” the m-soquence in-
tz the pattern in a diaponal fashion wrapping to
the opposito side when a boundary is roeached.
Several possible foldings of the m-sequence can
be used to construct an sperture; however,
Penimore and Weston? show that the method
descrlbed in Bq. (12) lu superi.r to others be-
cause tho pattern produced !s periodic, The
actual dimensions of the pattern shown in rig. 2
are 13.3 by 12.% em with ocach olement in the
atray 0.40 by 0.40 em. The actual slzeo of the
tokal aperture is 28 by 26.3 cm.

From theory one might expect that the phase
of the URA is unimportant, that is, one could
start the one-dimensional m-sequence anywhere
within the two-dimonsional aporture pattern.
All nearly squuare URAs apparantly have one row
which {s elther all holes or all opaque. The
remaining rows are approximately half holes and
half opaque. The completely filled row can in-
teract with distortions in tho system to produce
artifacts. Distortions can be due Lo practlical
considerationy such as a detector backpground
that varios from cne side of the detector to
the other or an aperture fabrication problem
guch that the holes on ono slde of the apertuce
are slightly larger than on the othor side. 1In
those cases, a crosged-shaped artifact will

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



occur ln the decoded image due Lo the presence
of the completely f'lled row. The snlution to
these practical considerations (Fenimore®) is
to place the completely filled bar in the cen-
ter of the aperturo pattern as ghown in Fig. 2.
Fenlmore® glves generating polynomials and
starting sceds to penerate URA apertures with
the bar in the center.

Imaging Software System

A comprehenslve set of Ilmaglng acqulsitlon
and processing programs have been written to
enable the LoCroy 3500 to acqulre and decode
coded aperture images. Nine functlone are pecr-
forned on images:

. acquisition of a raw image,
centering of a raw image,
rotatlon of a raw image,
differenco imago of two Images,
gscaling an image,
interpolation of a raw image,
decoding the irterpolated imagze,
dlsplay of an image, and

. storage and retrlicval of images.

The major functions are discugsed bolow.

Image Acqulsition. Program PICPIO acquires

an !mage using two LeCroy 3512 ADCes that are
located In the minlcrate of the LeCroy 3500,
The signals oroduced by the Plcker Dynamo
Camera that doscrlibe the X,Y coordinates of a
scintillation are In the rrnge of 0~ to 2-vd:.
As it happens, the LeCroy 35128 can produce
soven bit digitizatlon wherein the full scale
e 2.1 Vde. Thus, a galn adjuetment computa-
tion for the valuers of the X,Y coordinatos isg
not requirod, and a l4-blt pixel addsess can be
computed by mercly concatonating the 7-bit X
and Y values to forw a l4-blt pixzel addross.
PICPIO contlnues to collect dat1 until stopped.
It 1o poesible to stop PICPIO and restart lt to
continue the acqulsltion of a particular image;
or acquisition of a new imago can be started,
ag eroclifled by the operator.

Image Centering. The LoCroy 3312s have

zero offset adjustments that must bLe flnely
tuned to produce an lmage that ls centered in
its frame of reference. Part of the decoding
proceso requlires an eccuratoiy contored image
to predetrve geometrle relctlonships botween
source and camera. Prcgram CENTKR will perform
the centoring of an image that w~ap acquired
uging mlsadjuetnd zero offsety. The upe nf
this program pormits very coiacso ad!uwiments of
the 3312 zero offeuts,

Image Interpolation. Proper application of

Eq. (10) reqnlres an approprliate megnifica.ion
of the encodod Image to perform the Jdecoding of
an object .hat le located at a dlotance from
the codod aperture. Proper magnlflcation of a
planar image parallel to the detoctor face
lnvolves extracting only that portion of the
encoded imapo that covers the samo area of the
detector ay a ghadow of oxactly one poriod of
the aporture pattorn that would bo cast by n
single -polnt mource that v located In tho same
plane as the object being lmuged. In addition
to the proper scaling of the oncoded !mage, ¢t

[

is also necessary to sample the encoded image
with an lnteger number of samplos per pinholo
area (Fenimore end Cannon3). Sinco It is
unlikely that the deteclor will naturally pro-
vide samplcs at the needed spacing, it is
necessary in practice to perform an inter-
polatlon on points nearby the desired locatlon
in order to obteln a proper value. Program
PINTERP performs an interpolation upon the raw
encoded imago acqulired by PICPIO and centered
by CENTER to obtaln a encoded :mage that renre-
gents ¢ plenar soucrce that ls a gpecifled dlsg-
tance from the apecture.

Image Daecoding. Program HATST inplements
the solutlon of Eq. (10) using lNademard trans-
form tochniques. The aperture patter: consligtsg
of a 33-by-31 array of elements. Fenimore and
weston? have shown that a encoded imege can
be flno sampled, and that if delta decodling is
used on each flne sample, ¥q. (10) can be
solved for cases where the length of the
sequence with flne samplos ls np(2™ - 1)
where ne 19 4 positlve integor. The intro-
ductlon of finc sampling into the computatlon
metoly increases the number of computatlons to
be porformed by a factor of ng over the case
of a soquonce of 2M - 1, To Incrcaso the
resolution, this flne sampling ls done where
ng = 9. Thus, the .mage to ho decoded has 99
columne and 93 rowe. Approximately 30 s are
required to docode this lmape.

Image Display. The LeCroy 3500 poseenges
only marginal grey-scale display capabllities.

Nevortheloos, a software packape, IMPLT, will
dlsplay monochrome imagoes !n any stago of pro-
cesging using ¢ levels of grey. This dlsplay
program will alluw the user to do image onhance-
mant by pormitting the usor to speclify which
plxel values represent black and white,

Other Imepe Processlnp. Certaln other
image procesaing softwara packages have heen
wrliten to perform ueeful functlions not llsted
above. With theso packages, an image can be
votated, scaled, and tha plxel v lue clipped.
Tt 19 nlso poselble to compute the gum imapgo of
two images and the difforonce image of two
imagen. A difforenco imago compicatlon can be
usod to removo a background from an image.

4. Source Studlues
A source of 1.3 mCi of 37Co was placed at
a dletance of 27 m from the URA, which was
20 cm from the detector crystal, Figuro Ja
ohowe tho ancoded image of thiv gourco, whereas
Flg. 3b ghowe .he decoded inmagoe of thls ob-
ject. Thlg is almogt a parfect dacoding.
A distributed source bohind hoavy shielding
wapo algo imeped (Flg. 4), Thlc souree wac a
220-p, plate (5 by 1/ by 0.6 cm) of bulk pluto-
nlum (11.8% 240py), The shlnlding used wan
0.3 em of lead, 2.5 cm of atwol, and 10 cm of a
donse plastlec matarial. Figureo 4a shows the
rvncoded imape of the distelbutnd source, and
Fig. 4b phowns the decoded lmupge. The imapo was
acquiroed uolng the 4ld.kaV spuclrai llne,



Fig. 3.
57co st 27 m trom aperture,
image. (b) Dncoded image.

(a) Encoded

The URA in Fig. 4 was 77.5 em from the plu-
tonium plate and 20 e¢m from the detector crys-
tel. From the decoded image wo detormined that
one plicce of plutonium wags preseat whose dimen-
slong, 15.5 by 7.7 cm, agrec woll with the known
dimengiong. Such informatlion supplemonts infor-
mation acquired from more conventional measuru-
ment techniqueos, such as gamma-ray spectroscopy
and neutron countlng. Thug, the imnpg.np mothod
enhances our confidence ir verifying tho ~on-
tents of a sealed contalner.

S, Conclusion

The Arjer camera vropresents the first time
the fast delta Hadumard transform analysis has
been used in an imeging system. This lneteu-
ment porm.ts the examinatlon of large, scaled
peckagoy that may contaln radioactlive sources
that emit gamma rays, Such an examination pro-
vides info.matlon describling the locatlon of
the source and can be done without oponing the
package oven, se Fly, 4 roveals, in the pres-
ence of hoavy shielding.
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FPig. 4.
Plutonium plate with heavy shielding.
coded image. (b) Decoded image.
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