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The Nuclear Regulatory Commission (NRC) is currently funding 

Sandia Laboratories to irradiate single LMFBR fuel pins in Sandia's 

Annular Core Pulsed Reactor (ACPR). In these experiments single fuel 

pins have been driven well into the melt and vaporization regions in 

transients with pulse widths of about 5 ms. NRC and the Energy Research 

and Development Administration (ERDA) are also funding Sandia Labora

tories to upgrade the ACPR so that it can be used to irradiate bundles of 

seven LMFBR fuel pins. The coded aperture material motion detection 

system described here is being developed for this upgraded ACPR, and 

has for its design goals 1 mm transverse resolution (i. e., in the axial and 

radial directions), depth resolution of a few cm, and time resolution of 

O. 1 ms. The target date for development of this system is Fall, 1977. 

In this paper we shall briefly review the properties of coded aper

ture imaging, describe one possible system for the ACPR upgrade, dis

cuss experiments which have been performed to investigate the feasibility 

of such a system, and finally describe briefly the further work required 

to develop such a system. The type of coded aperture to be used has not 

yet been fixed, but a one-dimensional section of a Fresnel zone plate 

appears at this time to have significant advantages. 

:::::: 
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In this paper only Fresnel zone plate coded apertures are discussed 

because they proved to be well suited to most of the initial experimental 

work, and the images can be reconstructed with a fairly simple apparatus. 

Figure 1 shows the method of obtaining a three-dimensional image 
1 

of a distributed fission gamma ray source, using the Fresnel zone plate. 

The zone plate is a plane structure made of alternating concentric rings 

of a dense gamma ray absorber and a light or thin material which readily 

transmits gamma rays. The plate is placed between the fission gamma 

ray source and a plane of gamma ray detector material such as a phosphor 

or x-ray film (Figure la). Each point of the radiation source casts a 

geometrical shadow of the zone plate onto the detector plane. The center 

location of the shadow and the geometrical shape of the shadow contain all 

the information required to reconstruct the location of the radiation source 

point. The pattern of overlapping shadows in effect forms a "pseudo

hologram II of the radiation source distribution. To reconstruct the radi

ation source image, the developed pseudohologram is illuminated with a 

parallel beam of coherent light, as shown in Figure lb. Each zone plate 

shadow diffracts some of the incident light into a point image, the point 

image position and brightness corresponding to the location, size, and 

intensity of the original zone plate shadow. The collection of image points 

thus forms the desired reconstructed image of the radiation source. For 

a simple Fresnel zone plate, much of the undiffracted laser light also 

passes through the area of the reconstructed image and forms a trouble

some background illumination, which will be referred to later. 

Table I summarizes some of the advantages of coded aperture 

imaging, compared to simple pinhole imaging (6.r N is the width of the 

outermost, smallest zone plate ring). 

I. The coded aperture provides high transverse spatial reso

lution combined with high sensitivity, since the sensitivity 

is determined by the total zone plate area, but the trans

verse resolution 6 is determined by the smallest structure 

in the zone plate pattern. 



TABLE I 

Potential Advantages of Coded Apertures 

for Fuel Motion Detection 

1. Large Aperture with High Spatial Resolution 

Fresnel Zone Plate 

II. Tomographic 

Fresnel Zone Plate 

III. Small Modulation Sufficient for Reconstruction 

(a) y Ray Imaging Through Thick, Dense Materials 

(b) Wide Field of View 

IV. Analog and Digital Reconstruction 

V. Decreased Sensitivity to Quantum Noise and Random 

Imperfections 
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II. The technique is tomographic, because in the reconstruc

ted image of a thick radiation source, only one source plane 

of thickness 6S
1 

is in focus at a time. This allows one to 

image various planes in a thick source. or alternatively to 

focus on a thin test region and place the reactor radiation 

background out of focus to minimize interference with the 

test region image. 

III. Since the image is formed by scattering of coherent light, 

only a small modulation (typically"" 10 percent) of the total 

intensity is required to form an image. This allows one to 

use relatively thin, high-resolution zone plates to image 

hard gamma radiations, even if the radiation can only be 

modulated to a small extent. This is a significant advan

tage in imaging the harder, image-bearing radiation which 

penetrates unscattered through thick, dense walls. Such 

thin zone plates will also have a wider field of view than a 

pinhole. Finally, the image quality is not greatly im

paired by a substantial background exposure. so long as 

the background does not vary rapidly in space at the 

detector plane. 

IV. The image can either be reconstructed by using a laser 

(analog reconstruction), or by digitizing the pseudoholo

gram data and using a computer to calculate the recon

structed image to obtain directly a quantitative linear 

representation of the source distribution. 
2 

V. Since the image information for each source point is 

spread over a large area of the detector plane, the re

sulting image is less sensitive to quantum noise and 

random imperfections in the imaging system. 



Figure 2 shows a cutaway view of the ACPR at Sandia Laboratories. 

The reactor core is located at the bottom of a 9-meter-deep tank of water. 

Experiments are placed in the center of the annular core through a verti

cal experiment tube. The material motion detection system is to be placed 

just outside the reactor core, immersed in the shielding water. The sys

tem will be serviced and the data retrieved by raising it along guide rails 

to the top of the shield tank. 

Figure 3 shows a schematic drawing of a proposed imaging system. 

Two rows of fuel elements will be removed from the ACPR core to make 

a half-slot 7. 5 cm wide from the outer edge to the central cavity containing 

the test fuel pin. The shield water will be excluded from the slot by a 

thin-walled tank. The system will consist of a shielded enclosure contain

ing a collimator system with coded apertures (two shown), a phosphor de

tector, a mirror, a lens system, an image intensifier and a fast framing 

camera. The shield and collimator are designed to attenuate greatly all 

radiation from the ACPR core except that part of the core immediately be

hind the test fuel pins. The system field of view is 5 cm wide by 33 cm 

high at the test fuel pin. The test fuel pin casts shadows onto the phosphor, 

which converts the image information to light. This light is reflected out 

of the main radiation path by a mirror system and into a shielded side 

chamber which contains the image intensifier and camera. Estimates of 

the fission gamma intensity show that the test fuel pin brightness will be 

much greater than that of the ACPR reactor fuel elements, and that good 

framing camera film exposure should be obtainable with commercial image 

intensifiers for fission rates corresponding to the main pulse of actual 

ACPR tests. 

Feasibility Experiments 

The most important initial feasibility question was whether one could 

image broad, hard fission gamma ray spectra with high spatial resolution 

using thin zone plates (i. e., ~ O. 5 mm thick). Most of the earlier medical 
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imaging using coded apertures had been performed with isotopes which 

emitted narrow-line gamma ray spectra having peak energies of ~ 300 

keV.
3 

On the other hand, the fission gamma ray spectra of Cf
252

, Pu
239 

and U
235 

(which are all very similar) are continuous spectra extending up 

to 8 MeV, with average photon energies of about 1 MeV.
4 

Therefore spe

cial zone plates about 6 cm in diameter were constructed of dense, high-Z 

materials such as gold and tantalum. Figure 4 shows a zone plate with 

1 mm transverse resolution (at Sl = S2)' made of 0.25 mm thick gold elec

troplated onto both sides of a 0.05 mm thick fiberglass sheet. This zone 

plate is shown surrounded by a thin lead shield. Figure 5 shows a zone 

plate with 2. 5 mm transverse resolution (at Sl = S2)' made of tantalum 

rings varying in thickness from 0.6 cm at the center to 0.3 cm at the outer 

edge. These rings are cemented onto a phenolic backing plate. 

Figure 6 shows a typical experimental arrangement used for imaging 

of the fission gamma rays from a doubly encapsulated spontaneous fission 
252 

source of Cf . The detector used was Kodak AA x-ray film, and the 

distances Sl and S2 ranged from 8 to 100 cm. The Cf
252 

source was either 

imaged directly through its encapsulation, or through thicknesses of var

ious dense materials such as stainless steel placed either between the 

source and the zone plate or the z-one plate and the film. These interven

ing materials were chosen to simulate the thicknesses of stainless steel, 

sodium, and moderator which would be encountered in an actual LMFBR 

f 1 " t t F 2 d 12 mg Cf
252 

t" d ue pIn es. or '" mg an sources, exposure Imes range 

from 5 to 60 minutes, depending on the source size and the amount of in

tervening material. 

It should also be noted from Figure 6 that a significant fraction of 

the total film exposure comes from scattered Compton electrons and gamma 

rays which do not contain image information. These scattered backgrounds 

become more intense when thick slabs of material are placed between the 

source and the zone plate, and when Sl and S2 are small. There are sev

eral means which can be used to reduce these backgrounds, but even with 



them present, very good images of the Cf
252 

source have been obtained, 

making use of only""'" 10 percent exposure modulation on the film. 

Coupled electron-photon Monte Carlo calculations of the film energy 

deposition have been performed for the geometries of Figure 6. For 
252 

imaging of only the encapsulated Cf source, the calculated and mea-

sured film exposure variation of 10% (as mentioned above) agree within 

experimental uncertainty. 5 The calculation is much more difficult when 

thick materials are interposed between the source and the zone plate, be

cause many initial photon histories are required to calculate the scattered 

background contributions accurately. These calculations are continuing 

at the present time. 

F ' 7 h th t t d ' of a 12 mg Cf
252 

Igure sows e recons ruc e Image source 

which was imaged with,....., 1 mm transverse resolution using the gold zone 

plate of Figure 4. In the reconstructed image no attempt has been made 

to reduce the undiffracted laser light (the DC term), which causes an 

approximately uniform background. The Cf
252 

source is visible as a "bean 

shaped" bright spot about 1 mm X 3 mm in size, a little above the center of 

the picture. If the pseudohologram is moved within the reconstruction 

apparatus, only the bean-shaped spot moves, demonstrating that the back

ground is unrelated to the source image, and that broad, hard fission gamma 

ray sources can be imaged with high spatial resolution even with zone 

plates""'" 0.5 mm thick. Experiments were also performed to demonstrate 

the depth resolution capability of the zone plate, as described in the paper 
2 

by Hessel and Stalker. 

Figure 8 shows the reconstruction of the same Cf
252 

source imaged 

through 5 cm of stainless steel, using the zone plate of Figure 5. In this 

case the undiffracted background laser light was greatly reduced by placing 

a stop in the reconstruction apparatus. A thin sheet of tungsten was also 

placed directly over the x-ray film, to reduce soft scattered backgrounds 

and enhance the film exposure by converting some of the fission gamma 

rays to Compton electrons which then expose the film. The resolution is 
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limited by the zone plate resolution of about 2. 5 mm, but the oblong 

source size can still be discerned. Thus Figure 8 demonstrates clearly 

that even the scattering and absorption caused by 5 cm thick stainless 

steel walls do not seriously degrade the resolution of the reconstructed 

source image. 

The Fresnel zone plate coded aperture is best suited for the imaging 

of small-area source distributions
6 

(i. e., distributions with total areas 

~ 100 {) 2 for typical zone plates discussed here). For large-area disc

shaped distributions the noise begins to increase because zone plate 

shadows from different parts of the distribution overlap excessively. 

However, the linear nature of a typical fuel pin means that a Fresnel zone 

plate should retain a significant signal to noise advantage compared to a 

pinhole aperture even for very long fuel pins. Calculations indicate that 

an even more suitable coded aperture for fuel pin imaging could be a one

dimensional section of a Fresnel zone plate. 

To investigate experimentally the problems of imaging long fuel-pin

like objects, the following preliminary experiments have been performed. 

To simulate the broad-area fission-gamma source, the bremsstrahlung 

radiation from a pulsed electron accelerator (a 2. a MeV, 5 kA, 30 nsec 

Febetron 705) was used. Figure 9 shows Fresnel zone plate images of 

the "bare" x-ray source and the source masked with a 2 mm wide Pb slot 

collimator. To mock up a fuel pin, multiple exposures were also made, 

in which the film was moved a small distance between each shot. Figure 10 

shows the reconstructed image of a linear source Pd 2 cm long, which dis-
2 

plays good signal-to-noise with an object having an area of 20 {). Further 

experiments of this type are continuing. 

Finally, Figure 11 shows radiation dose measurements which have 

been made in the water outside the ACPR core, for typical ACPR pulse 

sizes. These experiments indicate that with only 5 to 13 cm of Pb and 

about 1 cm of Boral sheet, the background radiation from the ACPR core 

can be reduced to acceptable levels at the phosphor location. Further 



collimator design and experiments will be required to minimize the amount 

of background radiation which enters the system shielding through the 

coded aperture collimator. However, preliminary experiments with crude 

collimator arrangements on the Sandia SPR-II reactor have given encour

aging results. 

In summary, experiments at Sandia have shown for the first time 

that coded apertures can be used to image fission gamma sources, even 

though thick walls, with transverse spatial resolutions'" 1 mm, and depth 

resolutions of a few mm. It also appears that radiation noise backgrounds 

in a practical system can be reduced to acceptable levels, so that it appears 

feasible to develop a coded-aperture material motion system with high 

resolution and fast time response for the ACPR reactor. 

Much work remains to be done to develop such a system. This in

cludes final choice of the type of coded aperture, development of the 

collimator and shield box, choice of phosphor and image intensifier, mea

surement of radiation effects on the image intensifier, development of 

analog and digital reconstruction methods, and development of a wide 

dynamic sensitivity range for observation after the peak of the ACPR re

actor pulse. 

249 



250 

REFERENCES 

1. H. H. Barrett and F. A. Horrigan, Appl. Optics g, 2686 (1973). 

2. K. R. Hessel and K. T. Stalker, "Computer Reconstruction of 
Pseudoholograms Obtained from a Fission Gamma Source, II Sandia 
Laboratories, this conference. 

3. H. H. Barrett, J. Nucl. Med., 13, 382 (1972). 

4. V. V. Verbinski, H. Weber, and R. E. Sund, Phys. Rev. C, 7, 
pp 1173-1185 (March 1973). 

5. J. A. Halbleib and D. A. McArthur, unpublished calculations with 
the CYLTRAN code. 

6. H. H. Barrett and D. D. DeMeester, Appl. Optics.!1.., pp 1100-1109 
(May 1974). 



C5(s,"' .: ....... . 
; -, " ;>-. . 

. , / (21 , 
\.~()tLE( T 

POiNT-:, ZONE 
PLATE 

PSEUDO -HOLOGRAM FORMATION FROM TWO 
OBJECT POINTS 

DC LIGHT 

...... D!FFRACTED LIGHT 

Figure 1. Method of Obtaining Three-Dimensional Image 
of a Distributed Fission Gamma Ray Source 

Figure 2. Cutaway View of Sandia Laboratories Annular Core Pulse 

Reactor 

251 



ACPR CORE 

ACPR FUEL MOTION SYSTEM 

Figure 3. ACPR Fuel Motion System 
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Figure 9. Image of Slot Ma sked X-ray Source 

Figure 10. Reconstructed Image of a Linear Source,,", 2 cm Long 
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