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ABSTRACT

Coded aperture imaging techniques are being applied to the 
problem of fuel motion detection in core disruptive safety experi
ments in the LMFBR. The upgraded Sandia Annular Core Pulse Reactor 
will be used for fuel motion studies, ana a system is now D e i n g  

developed to image fuel motion through a slot in the core in 1 and 
7 pin experiments. The y-rays emitted by the fuel will be m o d u 
lated by a coded aperture and will form a.pseudohologram on a scin
tillator. This shadowgram will be lens coupled first to an opti
cal imag^ intensifier, and then to a rotating prism framing cam
era. The goal is to obtain quality images^of fuel with approxi
mately 1 mm spatial resolution at about 10 frames/sec. Some of 
the feasibility milestones which have been r e a c h e d  thus far are 
the following. (l) A fuel pin shaped Cf fission gamma ray 
source has been imaged through 1.27 cm of steel (simulating reac
tor containment). (2) A ^52cf source has been imaged through 
1.27 cm of steel with X-ray image intensifier amplification. (3) 
Collimation and shielding tests indicate that at ACPR it should be 
possible to obtain adequate signal to noise at the detector when 
the fuel is observed through a slot in the core.

I N T R O D U C T I O N

The precision measurement of fuel motion in a simulated core 
disruptive accident is clearly of fundamental importance if the 
consequences of such an accident are to be understood. This is 
because without fuel motion the accident will not be serious.
Coded aperture techniques offer important potential advantages 
over conventional pinhole cameras and multiple collimator systems 
for fuel motion observation for the following reasons. (l) Both 
high spatial resolution and large aperture collection angle can be 
obtained (in contrast to that achievable with pinhole geometry).
(2) The imaging process is tomographic, i.e., it produces 3-diir.en- 
sional images. (3 ) Because the pseudohologram which contains the 
object information is recorded with only a few data channels, the 
system may be less expensive, more flexible, more reliable and
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easier to maintain than multiple collimator systems such as the 
neutron hodoscope-1-. The principal disadvantages are the i’ol] owing:

(l) Individual y-rays are not detected so that particle discrimi
nation techniques cannot be utilized to reduce background from the 
sample, (2) Core background contributions may be more difficult to 
eliminate because of the wide field of view required, and (3) In 
the reconstruction process undiffracted light contributes a buck- 
ground light level which lowers image contrast for broad objects.

In contrast to the investigations of coded source X-radio- 
graphy^ which are directed only toward developing the techniques 
for and an understanding of the methods which may be applied to 
advantage in future safety test facilities, the ACPR program speci
fically calls for the development of an operating system capable 
of observing the motion of fuel in 1 to 7 pin experiments in the 
core of the AOPR by 1978. This system will use the fission gamma 
flux emitted and scattered by the fuel, cladding, etc. to form the 
pseudoholograms. Therefore, no auxilary high intensity, multiple 
pulse X-ray generator will be needed, and only a half slot through 
the reactor core will be required. Furthermore since many res o 
lution elements (^ 2 x 1 0 ^) in the object are recorded per data 
channel, the system is projected to be much less expensive per 
resolution element than a hodoscope type of device.

In this paper we will briefly discuss coded aperture imaging, 
describe a possible fuel motion system, outline the principal fea
sibility questions which must be answered and finally summarize 
the progress that has been made up to this time.

CODED APERTURE IMAGING

Coded aperture imaging has been extensively applied in the 
field of nuclear medicine by H. H. Barrett -̂ ’ and others. The 
principle differences encountered in adapting this technique to 
the observation of fuel motion in a reactor core are that the 
Y-rays from the object used in the imaging process are of much 
higher energy (a fission Y-ray spectrum) and the recording period 
is much shorter than in the medical imaging application. The 
harder spectrum necessitates the deuif'n ol* thick ?.cmc aperturca , 
and the recording period available demands the development of a 
high speed recording system.

The geometry for the coded aperture imaging of a fuc-1 pin 
shaped object is shown in Fig. 1. The aperture in this case is 
placed half way between the object and the detector (the pseudoho
logram, plane ) . Except for geometrical scale factors the pseudoho
lograms and also the reconstruction techniques are the same as 
those for the X-radiographjj discussed in the earlier paper on 
coded source X-radiography . The y-rays emitted by the object aj*e 
modulated by the coded aperture and produce the pseudohologram at 
the detector plane. When the recorded shadowgram is illuminated 
by the coherent light from a laser, a 3-dimensional image of' the 
original object superimposed on a background light level is pro
duced. The spatial resolution in the image is given approximately 
by the width of the outermost zone in the aperture, and an object 
point is imaged at a distance f = r^/Ap from the p s e u d ohologram.
The radius r-]_ is the distance from the axis to the edge of the 
first zone boundary in the pseudohologram, X is the wavelength of



the coherent light used, and p is the order of the image. (it is 
usually chosen to be p = -1 .)

pseudo
hologram
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Figure 1. Coded Aperture Imaging Geometry

The aperture depicted in Fig. 1 is a linear aperture. „'iich has 
been found to be most suitable for observing long thin objects.
The radii of the zone boundaries are given by r^ = \fn~.

In the current design half of the test fuel pin will be 
viewed by each of two ended apertures, and each aperture will be 
viewed by a high and a low sensitivity recording channel. The 
configuration is shown in Fig. 2. The gamma rays from the fuel 
pin will be collimated by lead surfaces within the slot and at the 
edge of the reactor to minimize the reactor background. The sig
nal photons will pass through a mirror and will strike a thin scin
tillator where the pseudohologram will be converted to visible 
light. This light is diverted out of the radiation field and is 
focused by a lens system onto the optical image intensifier of the 
first recording leg. The output of the intensifier is recorded by 
a high speed rotating prism framing camera. This channel will 
record at 1 0 ' frames/sec for a period of about 15 ms around the 
peak of the reactor pulse. The radiation which passes through the 
mirror and scintillator produces a second pseudohologram in the 
scintillator inside the X-ray image intensifier. Unless biased 
off during the main pulse this tube will saturate, but if gated on 
later it will produce pseudoholograms at the 1 0  ̂ times lower flux 
levels on the tail of the reactor pulse. This image is also 
coupled to an optical image intensifier anu framing camera which 
will probably be operated at 10 frames/sec. We believe that most 
of the interesting fuel motion will occur during the tail of the 
reactor pulse.

The principal questions which must be answered before the 
final system is designed and fabricated are the following:



figure 2. Possible Configuration for Two Sensitivity 
Recording Lens per Channel. No components 
for the lower channel beyond the X-ray image 
intensifier or scintillator are shown.

(1) Can one or more fuel pin shaped objects emitting a 
fission y-ray spectrum be imaged through 1.3 cm thick 
steel containment with adequate field of view and 0 . 1  cm 
spatial resolution? Part of this question is whether a 
suitable coded aperture can be fabricated.

(2) Can collimating and shielding structures be designed 
for the ACPR environment which will accept enough aignal 
to allow recording at 10 /sec frame rates and at the 
same time reduce the background radiation levels ir. the 
scintillator, the electronics and the film cassette to 
acceptable levels?

(3) Can the X-ray image i n t e n s i f i e r s , the optical image 
intensifiers , the lens systems, the framing cameras and 
the scintillators be acquired and assembled into a 
system which performs according to specifications?

( M  Although high contrast, good resolution images may be
obtained from which absolute radiation field intensities 
can be determined, can these intensities be directly 
related to the mass density vs position in the object? 
Because this question was (discussed in the coded source 
X-radiography paper it will not be considered further 
here .
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IMAGING OF EXTENDED FISSION Y-RAY SOURCES

For the case when the pseudohologram of an extended fiusion 
Y-ray source is recorded onto X-ray film (passive recording), the 
answer to the first question seeins to be decidedly yes. The coded 
source reconstructions discussed in the X-radiogr^phy paper su p 
port this contention very well, and in addition ar. extended y~ra.y 

Cf source approximating a fuel pin in shape has been easily 
imaged through 1.3 cm of steel. The source, the coded apertura 
and the film detector were placed in the arrangement of Fig. 1.
In this case, the coded aperture vas of the Fresnel type c o n s i s t 
ing of a set of concentric T& rings as shown in Fig. 3. It was 
placed half way between the source and the film which were sep a 
rated by 28 cm. The spati'.al resolution of this zone plate is 
about 2 mm. The zone plate was masked by a 2 mm wide slot in & 
lead wall so that an approximate linear aperture could be formed. 
The extended source pseudohologram was made by moving the in
1 mm steps and exposing for ten minutes at each of 23 steps to 
form an object about 2 cm lc.ng. The source itself is about 1 mm 
vide .

Figure 3. Tantalum Fresnel Zone Plate

The reconstructed image is shown in Fig. 1+a. The broad light 
area is the dc b a c k g r o u n d  and the bright line with its two black 
borders is the reconstructed ima^e. In this case the source is so 
narrow that the dc term is small. Therefore, in the reco n s t r u c 
tion process the amplitude of the signal is considerably greater 
than the d c . and it is not possible to form, a negative image s u p e r 
imposed on the dc level as was accomplished in the X-radiogre.phy 
experiments. Again, because this is a negative zone plate the 
amplitude of the signal and the dc light differ in nhase by 180 , 
and the combination of these amplitudes gives rise to the i nten
sity pattern shown in Fig. ^b. If the source were 5 mm wide (as 
will be the case for a real fuel pin) the dc light will be m o r e  
intense. In this cjase the nigh contrast negative image can be 
obtained. Investigations will continue with more complicated 
obj ect s .
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Figure h. Reconstruction of an Extended Fission y-Ray Source.

The image intensity is obtained by adding the dc and 
signal amplitudes and squaring.

Collimation and Shielding

In the fuel motion studies, the test object will be a weaker 
source by orders of magnitude than the reactor which surrounds it. 
Therefore, the proof that shielding and collimation can be c o n 
structed so as to provide adequate signal to noise in the recorded 
pseudohologram is critical. Estimates have been made which show 
that the pin shoul'd appear as a bright object on a duller, struc
tureless background because (a) the fuel pins will have a higher 
fission density than the driver core rods, (b) a lead back shield 
will attenuate the radiation from the core wall opposite the slot 
(Fig. 2), and (c) thegPgded aperture technique is tomographic. 
Experiments with the Cf source indicated that a scattered ra d i 
ation trapping collimator system with thick edges, as is sketched 
in Fig. 2 will be satisfactory. Both twc dimensional Monte Carlo 
radiation transport calculations and preliminary shielding e xperi
ments indicate that a bulk shield of adequate performance can- be 
built for ACPR. However, we do not believe that either these cal
culations or experiments constitute sufficient proof that the 
needed signal to noise ratio can be obtained, therefore a full 
scale collimation and shielding test module has been designed and 
is being fabricated for ACPR. It consists of a system like that 
shown in Fig. 2 except that there will only be a passive film 
detector in a lead chamber beyond the coded aperture. Because of 
the presence of a neutron radiography tube in the ACPR, there is 
not room to place the active recording system in the tank at this 
time. We believe, however, that if a fuel pin can be imaged in 
this configuration, the adequate performance of the shielding and 
collimation will be assured.
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Active System Investigations

An elect r o s t a t i c a l l y  focused X-ray image intensifier and a : 
four stage m a g n e t i c a l l y  focused optical image intensifier have 
"been acquired for tests of the active system components. These 
are standard commercial devices and have not "been modified to make 
them more suitable for the fuel motion system. Tests have already 
yiel d e d  useful infor m a t i o n  about g a i n , r e s o l u t i o n , contrast, d i s 
tortion, signal to noise ratio and time response. The indications 
are that the active system sketched in Fig. 2 will be able to s a t 
isfactorily record fuel motion, but again, certainty awaits full 
active system tests.

At the input surface of the X-ray intensifier a 22 cm d i a m 
eter scintillator converts the X-ray image to light. This light 
strikes a p r o ximity photocathode, and the photoelectrons are a c 
celerated and focused onto a 2 cm diameter output phosphor screen 
by the electrostatic field in the tube. When the output image is 
viewed with a camera containing Kodak Tri-X pan film the exposure 
time is about 1 0 “̂ that required for a film detector. Thus the 
effective gain is at least 10 . The ^ ^ C f  source has been imaged 
through 1.3 cm of steel with this intensifier. The brighter e l o n 
gated spot in the center of the rec o n s t r u c t e d  image shown in 
Fig. 5 is the source. We have found, however, that when exposure 
times are so short that less than 10 photon scatterings take 
place within the scintillator from each resolved element in the o b 
ject, the resolution becomes severely quantum limited. B e l o w  this 
limit the statistical signal to noise ratio is very poor. This 
intensifier was designed for 50 KeV photons and the scintillator 
is too thin (0.01 cm of Csl) to be efficient for counting gamma 
rays at 1 MeV. We believe, however, that fabrication of a tube 
with a 1 mm thick scintillator is possible. If so the recording 
of pseudoholograms on the tail of the reactor pulse (from 1 0 "^ to
1 sec) should be possible with an adequate signal to noise ratio. 
This is during the most interesting p eriod for fuel motion o b s e r 
vation .

252
Figure 5. Reconstruction of Cf Source Recorded 

With X-Ray Image Intensifier

7



There is distortion of the pseudohologram structure near the 
edges of the field of this intensifier. Much of this distortion 
results from the curvature of the input surface. The photons pass
ing through the outer regions of the coded aperture travel farther 
to the detector surface than those near the axis. The result is 
an artificially wider spacing of the outer shadows. H. H. Barrett 
and Paul Atkinsen at the University of Arizona have designed some 
special coded apertures with narrower outer zone spacings to cor
rect for this distortion and we anticipate using them in this 
application.

The I* stage optical image intensifier has been tested for 
gain, spatial resolution, distortion, screen brightness and time 
response. In all respects the tube performance approaches that 
required for the system except in the last two categories. The 
reason for the lower than expected screen brightness has not bean 
determined as y e t , but it is not believed to be a fundamental pro
blem. Other intensifiers have been able to produce bright enough 
images for recording at 10 frames/sec in this laboratory. The 
time response of the intensii'ier was tested by illuminating the 
input photocathode with a chopped He-Ne laser beam. The response 
is quite poor. It takes about 7 ms to rise and fall after a 1 ms 
square input pulse is applied. Our experiments have shown that 
the slow response is primarily due to the 1* stages in series with 
a slow phosphor at each stage. The manufacturer has recently fab
ricated tubes with a much faster F-l*7 phosphor that should solve 
this problem for us. There is some loss of spatial resolution and 
gain, however.

Computational Analyses

Although up to this time we have concentrated our efforts on 
the analog (or laser) reconstruction method because it is quick 
and easy to apply, it is felt that in the long run computer recon
struction will be superior. The potential advantages of computer 
techniques lie in a number of areas. (l) If the distortions in
troduced by the components of the recording system are known, they 
can be corrected. (2) The dc can be accurately subtracted from 
the signal before reconstruction. (3 ) The contributions of higher 
order images can be subtracted. (I*) Distortions, noise components 
and speckle which are introduced in the laser reconstruction 
system do not even occur in the computer reconstructions. Th’e 
principal drawback is that computer reconstruction can be expen
sive and time consuming.

At a recent conference^ illustrations of computer reconstruc
tions of point Y-ray sources viewed with Fresnel zone plates were 
presented. Since that time the program has been expanded to 
handle larger data sets for extended sources, but it has not yet 
been used for reconstruction. In addition, an iterative computa
tional scheme for removing the dc contributions to the image has 
been developed at the University of Arizona?.

Finally, one of the principal issues that must be settled is 
just how many photon events must be recorded in the detector from 
each resolution element of the object in order to obtain a satis
factory signal to noise ratio (SNR) in the reconstructed image. 
Barrett° has analyzed this problem for ideal Fresnel zone plates 
but some additional features need to be added. His analysis shows
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that for a point source a STIR = £ iss possible vith only 20 detec
ted particles and he has verified this experimentally. However, 
we believe that for a single fuel pin viewed with a linear cod.ed • 
aperture, where 'background noise, grain noise, zone penetration by 
Y - r a y s , and distortions are present, as many as 10 photons/reso
lution element may be required. In this case, the information c o l 
lection efficiency of the system is a critical factor if pseudoho- 
lotframr; are to be formed in 1 0“*' sec. A c o m p u t e r  program ban now 
hr-rr n wr i t l.r-ri t o  j n v<-:i 1. i (/at. r; l,h<* » I.at. i rs t i r; itl c o u n  l-i n/-1; ' p ro b le m ' for-  
ox tended source:; in the proaunce of background:; , impor i’uc t codc-d 
aperture modulation and distortions. The preliminary results indi
cate that the .10 number mentioned above may be reasonable. ;

DISCUSSION

Some specific attention has been given to the design of coded 
aperture and coded source fuel motion systems for STF. Our inves
tigations thus far indicate that a viable coded aperture system 
with a field of view large enough to cover complete fuel pin "bun
dles can be built which will monitor fuel motion with spatial 
resolution of a few mm, time resolution of ms, SNR of about
2 to 5 and mass density resolution as low as 5% if small pin 
bundles are used. (This 5% figure is based on preliminary mass 
density resolution tests.) The, recording system would cost a few 
million dollars to build, would be easy to operate and maintain, 
and would not need excessive development expense because few basic 
changes would have to be made from the ACPR system.

The most important question is whether this or any external 
core system can be effective in monitoring fuel motion in large 
bundles-up to 271 pins. Our estimates show that indeed it should 
be possible to design effective collimators and shielding for 
viewing the bundle so that good signal to noise can be maintained.. 
If a spatial' resolution of about 1 cm laterally and 5 cm longitu
dinally is required, the number of detected photons per resolution 
element of the object per millisecond should be adequate for good 
pseudohologram formation.

Also an active system similar to the one being designed’” for ’"the 
ACPR would record the shadow images with adequate fidelity so that 
quality images could be reconstructed.

We believe, however, that the real difficulty arises both for 
multiple collimator systems and for imaging devices in unfolding 
the data to obtain accurate mass density information. Much of the 
problem here is independent of the manner in which the intensity 
of radiation per unit area of the object is recorded. Two factors 
seem to be important in this regard. (l) For large thick objects 
the surface radiation intensity is not very sensitive to the remov
al or addition of fuel, and (2 ) changes in surface radiation inten— 
::il.y cumin I. bo neirurntc.ly unfolded to give changes in mass per unit 
volume union!; many views of the object are taken as in transaxial 
tomography. On the other hand, even approximate solutions will be 
extremely valuable for diagnosing fuel motion, especially if the 
information gained is combined vith some multidetector in-bundle 
detector system. Thus continued development of external core de
tection systems is justified for the diagnosis of both small and 
large bundle assemblies.
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