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INTRODUCTION

The Specialist Meeting on Fuel and Clad Motion Diagnostics for

Fast Reactor Safety Test Facilities took place on 5-7 December 1977 in

Los Alamos, New Mexico. The meeting was sponsored by the U. S. Nuclear

Regulatory Commission (NRC), the U.S. Department of Energy (DOE) and
.

the Organization for Economic Cooperation and Development to facilitate

the exchange of technical information on the latest developments in
'

diagnostic techniques and to help define the necessary fuel motion di-

agnostic requirements for future safety test facilities.

Representatives from LASL, ANL, and Sandia attended as did repre-

sentatives from Oregon State University, the University of Washington

and the CABRI project.

This report contains only the papers contributed by Sandia. Because

the notification date of this meeting was late, many of the contributions

were in abstract form. Since the meeting, the authors have updated their

written contributions to include the information presented orally at the

meeting. The papers contained in this report, therefore represent the

accomplishments as of December 1977.

The first three papers address the topic of coded aperture imaging.

The first paper describes two experiments showing that fuel pins illumi-

nated by reactor radiation can be observed and that collimators can be

designed to give more-than-adequate signal-to-background ratios. The

second paper discusses the methods of analog and digital reconstruction

of pscudoholograms. The third paper treats imaging in large fuel pin

bundles. Both gamma radiation and fast neutrons are considered as

imaging sources.

The final two papers deal with alternative techniques for monitoring

fuel motion by addressing in-core fuel motion detection and flash x-

radiography. The paper on in-core fuel motion detection describes the

mathematical relr tionship between' detector response and fuel motion.
The paper on flas x-radiography defines the x-ray source required and

describes experiments which illustrate the problems of imaging fuel mo-

tion under conditions of poor geometry.

.
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CHAPTER 1

THE DEVELOPMENT OF A CODED APERTURE FUEL MOTION
DIAGNOSTICS SYSTEM FOR THE ACPR (UPGRADE)

J. G. Kelly and K. T. Stalker
Sandia Laboratories, Albuquerque, New Mexico

As part of Sandia Laboratories' program to study simulated core
,

disruptive accidents in reactor safety research, a fuel motion detection

system based on coded aperture imaging is being developed for the'

Annular Core Pulsed Reactor (ACPR).3,4,5 Although fuel motion has been
6

observed at the TREAT by the fast neutron hodoscope and with a Vidicon

pinhole camera technique, the coded aperture system offers a potential

for lower cost, higher spatial resolution, three dimensional imaging,

and higher frame rates at lower fluences than either of the other tech-

niques. At earlier conferences the imaging of fuel pin shaped fission

Y-ray sources has been reported, but until the experiments which will

be reported here were conducted, it was not known whether either of two

important questions could be properly answered. First, could a fuel

pin illuminated by a reactor be imaged with a coded aperture and an

active detector system with acceptable frame rates and spatial resolu-

tion? Second, could collimator and shield structures be fabricated for

the ACPR to provide acceptable signal-to-background ratios?

Both of these questions can now be answered in the affirmative be-

cause of the favorable experiments recently conducted at the Sandia

Pulsed Reactor (SPR-II) and at the ACPR. The techniques used for the

reconstruction of images will be presented in the next paper.8

Before these feasibility tests are discussed in detail, a review

of the coded aperture imaging technique will be given. This review will

be brief because the principles have been presented in literature. '

The main advantages for imaging a coded aperture as over a pin ~

hole aperture is that it can collect photons and locate their spatial

origin at a much higher rate. In addition, 3-dimensional information

can also be obtained. Figure 1.1 shows how this is accomplished with

a Fresnel zone plate. The y-ray fluxes from two positions on the ob-

ject are illustrated. For each, a Fresnel shadow pattern is impressed

onto the detector. The lateral position of the object ,oint determines-

the lateral position of the image point. Also depth information is

recorded because the size of the rings in the zone plate pattern is,

determined by the relative spacings between the object point, the

. .

*

1437 iI8



Z

/

', ,-
/'.

- 0) C ,_ - -

_ _ _ _ _ _ _ _ _*~ -

'~~, '

_ _ ' , -~~~~~.

''''''
-

(2) O = ,~
-g--

OBJECT PSEUDO-HOLOGRAM
POINTS ZONE

PLATE

PSEUDO -HOLOGRAM FORMATION FROM TWO-

OBJECT POINTS

DC LIGHT
=''w DIFFRACTED LIGHT

COHEREN T ---= ''

_''~~ 03LIGHT ~
,'~~,' '~.- ~_', -

,- ' .
,

PSEUDO- HOLOGRAMM ' ' '

,

' ' ,
-

IMAGE
POINTS

-

Figure 1.1. Method of Obtaining 3-Dimensional Information
Using a Fresnel Zone Plate.

4
Ltd

-LJ

-

#

. .



aperture and the detector plane (S and S2). The pseudohologram of anyy
object is therefore composed of a linear superposition of elementary

scaled Fresnel patterns.

If now a coherent laser beam is directed through a transparency of

the pseudohologram, each elementary zone plate pattern will act as a
,

diffraction lens. At some distance behind the film plane all of the

wavelets passing through the transmitting zones will be in phase at the
'

center of this elementary pattern. A bright spot will therefore appear

at that position. The spatial distribution of these focused points

traces cut the image. Superimposed on this image is an addition.tl back-

ground made up of undiffracted light passing through the pseudohologram

and light from other out-of-focus object points. A major portion of

the research in coded aperture imaging has been devoted to understanding,
quantifying and reducing these backgrounds.

The significant feature of this method is that by this two step

process a y-ray lens has effectively been created.

The code that has been primarily used for fuel rod studies at Sandia

Laboratories is shown in Figure 1.2. As in a Fresnel plate, the radii

of the zones are given by r = r 6 but for long thin objects the signal-y
to-noise ratio in the image is much better with this linear code. It

has the same radial resolution as a 1 mm wide pinhole but collects pho-

tons at 20 times the rate. The linear aperture made of Ta vanes was

used in both of the major feasibility tests that will now be discussed.

TRANSMITTING ZONE
} \

.4 cm =

~ ~

.90 cm

Figure 1.2. Code Used for Fuel hod Studies.
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The SpR-II Active Imaging Experiment was conducted to verify that

a fuel pin illuminated by neutrons could be imaged in the presence of

a reactor with an active detector system. The SpH-II is a short pulse,
2fast reactor of the Godiva type.9 The neutron burst lasts from 50 to

200 usec depending on whether moderating material is in the vicinity.

The 200 usec burst period corresponds approximately to the minimum frame

period of the fuel motion system. Rough estimates also indicated that

the signal intensity from the pin would be close to that expected during
,

one 200 usec frame period during the peak of a moderate ACPR burst.

Thus the test would be a good measure of system signal-to-background

ratio, gain and resolution.

Beside the reactor core, 20 percent enriched and 93 percent enriched

fuel pins were positioned as shown in Figure 1.3 and were observed by

a coded aperture and collimator mounted in the reactor shield wall. The

detectors were x-ray films and two types of active recording systems.

The first was an x-ray image intensifier optically coupled to a still

camera or to a framing camera. The second was a thin NaI scintillator
i

plate observed with an optical image intensifier and cameras. Although

the fuel pin pseudohologram was visible in all three detector arrange-

ments, only the x-ray film and the x-ray intensifier provided recon-

structable holograms. The spatial resolution provided by the NaI proved

to be too poor. Investigations at Los Alamos have indicated that a com-

mercial x-ray intensifier screen, Quanta II, has more sensitivity and

better spatial resolution than an equal thickness NeI.10 This and other
screens will also be tested for application in this fuel motion detec-

tion system.

A pseudohologram recorded on 35 mm film in the camera behind the

x-ray intensifier was inserted directly into the laser reconstruction

system and was also digitized for computer reconstruction. Both types

of reconstructions will be discussed in the next paper (Chapter 2).

Suffice it to say at this point that the fuel pin images are readily

discernable above background.

The exposures obtained however were of lower intensity and had a

poorer signal-to-noise ratio than had been expected. Subsequent in-

vestigation revealed that the polyethylene blocks placed on each side

of the pin to thermalize neutrons were actually borated, and the neu-

tron fluence was 20 times smaller than projected. The fact that ac-

ceptable images were obtained indicates that the coded aperture tech-

nique with active recording is very sensitive and will indeed be very

'
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useful in the fuel motion application. This will be the case if an

acceptable signal-to-noise ratio can be obtained at ACpR.

The Co111mation Test Module (CTM) Experiment at ACpR was designed

to determine whether the signal from a fuel pin placed in the central

test chamber could be seen above background. The answer was yes. ACpR

fuel rods were removed to form a slot through which a fuel pin in the

central test chamber could be viewed by the coded aperture and a double

tapered collimator that penetrated the external shield. A sketch of

this module is shown in Figure 1.4. This shield structure was very

limited in thickness and size because it had to be compatible with the

neutron radiography tube present in the reactor tank. There was also

no room for an active detector system in the very small detector region

available at that time. X-ray film was therefore used as a detector

and the reactor was operated at a low level steady-state mode to prevent

the test fuel pin from being damaged by fission heating. The UO2 p llets
in the pin were 0.5 cm in diameter and enriched to 20%. They were encased

in a close-fitting, stainless-steel tube with a 0.22 cm thick wall. A

fluted molybdenum spacer tube then centered in the pin in a 1.52 cm

O.D. by 1.27 cm I.D. inconel containment casing. The whole assembly

was held in a canister designed for prompt burst excursion experiments.

Except along the slot line of sight, the canister was lined with 3.1 cm

of polyethylene for neutron thermalization, and behind the pin a block

of 3.8 cm thick lead attenuated the scene background from the reactor

wall. A lead collimator penetrated the core where the removal of fuel

rods had left a gap about two rows wide. Outside the core, lay".s of

steel, a solution of NaBF and lead provided the bulk shielding. The4
view through the collimator is illustrated in Figure 1.5

Within and around the film chamber, a rather extensive set of

dosimetry and film measurements was made to characterize the radiatP

envi onment at the detector. During a steady-state run in which

100 MW see was generated in the reactor and about 500 cal / gram deposited

in the fuel pin, it was found that the radiation field at the film

plane consisted of a number of different components. There was a very

low energy photon component which exposed the film but which caused

almost no response in the thermoluminescent (TLD) dosimeters. This

background can be almost entirely eliminated if 0.125 mm of Ta is

placed on each side of the film. The Ta also acts as an intensifier

by increasing the effective sensitivity of the film to the higher energy

photon field by a factor of 2. There was a diffuse hard y-ray back-
,

ground of about 11 rads coming through the collinator. Superimposed

18
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on these backgrounds (when the fuel pin was in place) was a signal of

about 1.5 rads. The latter two of these higher energy components can

be seen in the film-recorded pseudoholograms that are shown in Figure

1.6. The two pictures are contact prints f the original x-ray film

exposure in which the diffuse background has been cut out below the

toe of the contact print film response. The dark band at the top is .

from y-ray scattering in the steel flange sketched in Figure 1.5. The

additional structure present when the fuel pin is in place is clearly

visible in Figure 1.6b.

FRONT COLLIMATOR

OPENING
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INCO?tL TUBF

|
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'
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-U
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'. M LPIN

.
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Figure 1.5. View Through the Collimator.

.

The densitometer traces taken across the x-ray films are shown in

Figure 1.7. The two lower scans were taken above the collimated beam

and show the chamber background, while the upper scans include the sig-

nal, scene background and the chamber background contributions. The
signal from the pin contributes only about 7% of the total exposure.

This may seem marginal, but this is just the kind of circumstance la
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which the advantages of coded aperture imaging exhibit themselves most

effectively. The reconstructed images which will be discussed in the

next paper indicate that from this type of data a signal- s-background

ratio in the final image may be as high as 10 to 1.

Some conclusions which are relevant for the final system can be

made on the basis of this experiment and are listed below:

1) Sheets of Ta pressed against the film act very effectively both

as low energy filters and as signal intensifiers.

2) A quality pseudohologram con be obtained on type AA x-ray film

in 4 minutes at 10 kW reactor power. This is approximately the same

exposure as would take place during a 500 cal / gram ACPR pulse in a 200

usec time period. This is without any signal amplification.

3) The lead shield behind the pin provides a significant reduction

in scene background.

4) Analysis has indicated that most of the chamber background is

produced by inelastic scattering of neutrons near the rear surface of

the lead shield. The background should be significantly reduced by the

addition of more water or polyethylene ahead of the lead shield.

5) A coded aperture with higher modulation in the finer zones will

be much more effective. An improved aperture is being made for the final

system.

The principal conclusion that can be drawn from this experiment is

that the required information about the fuel pin can be made available

outside the slot inithe reactor, core. In addition there are many

straightforward improvements which will be made in the final system
that will significantly improve the pseudohologram structure at the

detector plane. The primary remaining task is to properly engineer the

total fuel motion Coded Aperture Imaging Eystem (now known as CAIS) for

optimum performance.
,

1437 128

23



References

1. H. H. Barrett and F. A. Horrigan, Appl. Opt., 24, 2686 (1973).
2. H. H. Barrett, W. W. Stoner, D. T. Wilson, and G. D. Demeester,

Optical Eng. 13, 539 (1974).

3. J. G. Kelly and D. A. McArthu", Trans. Amer. Nucl. Soc., TANSAO 22
395 (1975).

4. J. G. Kelly and K. T. Stalker, Proc. Int. Conf. on Fast Reactor
and Related Physics, Chicago (1976). (In Print).

5. K. T. Stalker and J. G. Kelly, Proc. SPIE/SPSE Tech. Symp. on X-Ray
Imaging, 106-11, April (1977).

6. A. DeVolpi, R. J. Pecina, R. T. Daly, D. J. Travis, R. R. Stewart,
and E. A. Rhodes, Nucl. Tech. 27, 449 (1975).

7. G. J. Berzins and K. S. Han, Nucl. Sci., and Eng., to be published
(1977).

8. K. T. Stalker and J. G. Kelly, Contribution to the 3rd Annual Con-
ference on Fuel and Clad Motion Diagnostics, Los Alamos Scientific
Laboratory, 1977.

9. J. A. Snyder, SPR-IIA Experimenter's Manual, SC-M-69-289 Sandia
Laboratories, May 1969.

10. W. Stein, private communication.

i437 129

.

b

24



CHAPTEt; 2

ANALOG AND DIGITAL RECONSTRUCTIONS OF FUEL PIN IMAGES
RECORDED WITH THE PROTOTYPE ACPR (UPGRADE) FUEL MOTION

DIAGNOSTIC SYSTEM

K. T. Stalker and J. G. Kelly
Sandia Laboratories, Albuquerque, New Mexico

A coded aperture imaging system to provide time resolved images of

LMFBR fuel rods undergoing simualted core disruptive accidents is being

developed at Sandia Laboratories.1,2 The previous paper (Chapter 1)
described two experiments performed at the Sandia Pulsed Reactor (SPR-II)

and the Annular Core Pulsed Reactor (ACPR). The results of these experi-

ments demonstrated the feasibility of time resolved coded aperture im-

aging as a diagnostic tool in fuel motion measurement. This Chapter

will pre.3nt the imaging results of the SPR-II and ACPR experiments and

will discuss how the information was decoded from the coded image. The

results of two different methods of image reconstruction will be pre-

sented and the relative merits of both approaches will be discussed.

This discussion will first address an analog optical reconstruction

technique the apparatus for which is sketched in Figure 2.1. In this

technique the pseudohologram is placed in a converging beam of light

which causes the undiffracted background light to come to focus at a

different plane than the image. This allows an opaque beam stop, called

a d.c. stop, to increase the contrast in the reconstructed image by

blocking the undiffracted background light while allowirg the image to

be seen at the zone plate focal plane. Reconstructed images of the

SpH-II and ACpH experiment are shown in Figures 2.2 and 2.3 respectively.
.

The reconstructed images from the SPR-II experiment are shown in

Figure 2.2. The original pseudohologram was obtained using a 35 mm cam-

era to photograph the output phosphor of the x-ray image intensifier

(detector). This pseudohologram'was contact printed onto high contrast
film to improve its diffraction efficiency and then reconstructed using

the system previously described. Figure 2.2a shows the reconstructed

image of a single 93% enriched fuel pin within the field of view. Fig-

ure 2.2b shows the reconstructed image of two fuel pins, one 93% en-

riched and the other 20% enriched. The circular rings seen in these

reconstructions are caused by diffraction from the circular boundary

defined by the 20 mm diameter output phosphor of the x-ray image inten-

sifier. These unwanted fringes can be eliminated by apodizing the

25
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boundary region in the original pseudohologram. No d.c. stop was used

in this case because it seemed to increase t.be contrast of the unwanted

circular fringes and distract from the reconstructed image.

The reconstructed images from the ACPR experiment are shown in Fig-

ure 2.3. In this case the original pseudohologram obtained on radio-

graphic film was photoreduced onto high contrast film and then optically

reconstructed. Figure 2.3a shows the reconstructed image of the PBE

canister with a fuel pin in place while the PBE canister without the

fuel pin is shown in Figure 2.3b.

-* +- 0. 5 cm

LB 4
(a) WITH PIN (b) WiTHOUT PIN

Figure 2.3. Optical Reconstruction of an LMFBR Fuel
Pin Illuminated by Neutrons from the
Annular Core Pulsed Reactor. Figure
2.3a Shows Fuel Pin Image. Figure 2.3b
Shows Experimental Configuration With-
out the Fuel Pin in Place.

Figure 2.4 (a and b) are densitometer scans taken through a photographic

transparency of the '' pin in" and " pin out" reconstructions shown in

Figure 2.3. Comparing both the actual reconstructions in Figure 2.3

and the scans in Figure 2.4 reveals that there is some signal present

even when the fuel pin is not in the PBE canister. The fuel pin recon-

structions o f Figure 2.3a and the densitometer scan of Figure 2.4a are

indicative of a width and edge resolution on t he o rde r o f 2 mra. Actual

resolution tmbe rs could be obtained from the scans only after the care-

ful calibration of the film characteristics involved in all the photo-
'

graphic steps involved. Steps are currently being taken to accomplish

this. The " pin in" pictures also show some evidence of two lighter

P00R BRIGINAI. usi m"



bands on each side of the pin. These bands are just the right radii to

be associated with the edges of the inconel containment tube, but proof

is still required that these bands are actually caused by the steel.

Some of this structure may be caused by overshoot and oscillation in

the image intensity introduced by the d.c. filtering employed to in-

crease image contrast and reduce the undesired broad background illum-
ination. The actual origin of these bands is currently under investi-

gation.

--* +- 0. 5 cm

i

(a) WITH PIN (b) WITHOUT PIN

Figure 2.4. Densitometer Scans Through Photographic
Transparency of the " Pin-in" and " Pin-
out" Image Reconstructions Taken on
polaroid P/N 55 Film.

The second reconstruction technique which can be employed is digital

reconstruction. The steps in this process are outlined in Figure 2.5.

First the pseudohologram is digitized on a scanning microdensitometer
producing a two dimensional array of density values which are then con-
verted from density to input exposure energy using the characteristic

curve for the film used. Following this, the average value of each row

is calculated and subtracted from each value in the row. At this point

several algorithms may be employed to reconstruct the image. The one

used to produce the results shown in Figures 2.6 and 2.7 are computer

analogs of the Fresnel diffraction process which takes place in the

laser reconstruction technique. To implement this technique each array

value in a rew is multiplied by a quadratic phase factor and then Fast

29
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Figure 2.5. Block Diagram of Steps Required on
Digital Computer Reconstructions
of Jne Dimensional Coded Aperture
Images.
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Fourier transformed and the amplitude of the resuIt is then output. The

processing for these images is done row by row because the information

is only encoded in one dimension (along a scan row).

.
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Figure 2.7. Reconstructed Image after Renormalization
to Correct for Axial power Variation in
the Experimental Situation. (The recon-
struction with the Fuel pin in is on the
Left. The Background-Only Picture is on-
the Right.)

Figures 2.Ga and 2.Gb s h oy; the SpR II images obtained for the

single pir. and double pin experiment respectisely. The pseudohologram

of the single pin experiment was scanned using a 256 x 512 array. The

512 pixels in the vertical direction represent a 150 mm high field of

view at the fuel pin. The reconstruction in Figure 2.Ga shows only

the center 256 x 25G elements representing about a 75 mm section of

the fuel pin. The second reconstruction, Figure 2.Gb, was scanned

using a 512 x 512 array. The two fuel pins used in this experiment

can be seen in the center o f the reconstruction. The strong signals

P001 DRIGINAL , g,



to either side of the fuel pin images In 1oth Figures 2.6a and 2.6b are

due to leakage in the collimator structure used in the experiment.

Figure 2.7 is a reconstruction of the coded images obtained in the

ACPR experiments. The coded image shadowgrams were recorded on Kodak

Type M x-ray Film and were scanned in a 256 x 256 mm format with each

pixel being 0.385 mm high by 0.282 mm wide. The resultant reconstruc-.

tion represents a field of view of about 185 mm in the vertical direc-

tion. The " pin-in" image is shown on the left in Figure 2.7. Inspec-

tion of the " pin-in" image shows the bright fuel pin image oriented

vertically on a wider, less intense background area representing the

scattered radiation from the PBE container. The intense vertical region

in the center is caused by scattering from a steel flange which was pre-

sent on the particular P3E container used in this experiment. The re-

construction on the right is of the PBE container without the fuel pin

in place. This im.3e shows the flange region and some of the PBE con-

tainer, but the signal associated with the fuel pin is not present.

Figure 2.8 shows a radial scan from the region just above the

flange. The solid line represents this " pin-in" situation, while the

dashed line represents the " pin-out" experiments. Although it is

tempting to simply subtract the " pin-out" image from the " pin-in" image,

this has not been done to date because there is some uncertainty as to

the relative magnitude between the " pin-in" and " pin-out" reconstruc-

tions. This is primarily due to uncertainty in the input exposure-net

density characteristic used to change density to exposure values and

was caused by unexpected differences in development temperature in the

x-ray film processor used to develop the shadowgrams. Steps have been

taken to correct this and true background subtraction should be possible

in future experiments. An actual radial resolution of about 1.5 mm is

indicated by these scans.

Figure 2.9 shows the initial reconstructions obtained by following

the algorithm outlined previously1 Because there was variation in the

neutron and gamma fluence in the axial direction in the reactor as well

as collimator cut-off toward the top and bottom of the image, the fuel

pin image in Figure 2.9 appears to narrow at the top and bottom of the

picture. To reduce this effect in an effort to produce better images

and more accurate mass density mapping, the power profile along the

pin is divided out of the data values producing the normalized images

in Figure 2.7. The result of this procedure is that the images appear

to be more uniformly structured over the whole vertical field of view.

Figure 2.10 shows an axial scan which has been averaged radially over
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the tot al fuel pin width. The dashed line is before normalization; the

solid line is after normalization. Since the flange region was difficult

to treat and will not be present in the final experimental configuration,

no attempt at normalization was made in the flange region.
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Figure 2.9. Reconstructed Images from ACPR Experiment
(The Image on the Left Shows the Fuel Rod
Centered on the Background Radiation from
the Inconel Case and other Sources. The
Image on the Right is the Inconel Case
Alone.)

Some comparisons can be made,between the digital and analog re-

construction techniques. The biggest advantage of the optical analog

reconstruction is its speed. The reconstructed image is available

immediately after the pseudohologram is placed in the optical syat.em

and many different combinations of d.c. blocking filters may be tried

in rapid succession to optimize the image. The major disadvantage is

that precise quantitative data from the optical image requires careful

calibration of all steps of the photographic process. The digital re-

construction techniques offer a more linear reconstruction because the

total process from original pseudohologram to output is linear and does

P00R BRIGINAL nu ^* *
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not require the nonlinear contrast enhancement step usually present in

the analog reconstruction. Also, sophisticated background suppression

techniques such as iterative background subtraction can be easily ac-

complished in the computer. A further advantage is that codes other

than the Fresnel zone plate (such as the uniformly redundant array 4) may
be reconstructed by using matched filtering or inverse filtering techni-

ques. The disadvantage is that the digital reconstruction may take more

time because of the digitization and computing time required.

The initial feasibility experiments at SPR-II and ACPR have shown

that time :esolved coded aperture images can be obtained in a reactor

environment By using both analog and digital means the image informa-

tion has been extracted from pseudoholograms recorded at high background-

to. signal ratios. Valuable experience has been gained in these experi-

ments. Further improvement in both aperture design and reconstruction

techniques should enhance the performance of the coded aperture imaging

system even more.
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CHAPTER 3

THE POTENTIAL FOR USING CODED APERTURE IMAGING
FOR FUEL MOTION DETECTION MEASUREMENT IN THE STF

D. A. McArthur, J. A. Halbleib Sr., J. E. Morel, J. G. Kelly
Sandia Laboratories, Albuquerque, New Mexico

At Sandia Laboratories, coded aperture imaging of both neutrons

and y-rays is being investigated for fuel motion detection in STF as

part of the NRC Reactor Safety Research program. Based on work done

for the development of a fuel motion detection system for the ACpH

UPGRADE, coded aperture imaging of y-rays will be capable of producing
high-resolution images of at least up to seven fuel pins. However,

because of the short mean free path of y-rays in the test fuel, it is

not clear that y-ray imaging can provide useful information in the

large-bundle tests to be made in STF. Investigation of these questions

in detail has therefore commenced using y-ray transport codes. Alterna-

tively, fast neutrons have a somewhat longer mean free path than y-rays,

and it may be desirable to image with fast neutrons in the case of larger

fuel bundles. Discrimination against the large background signals from

y-rays and from low-energy neutrons (which have undergone considerable
scattering) is necessary in fast neutron imaging. Conceivably, the ad-

ditional sensitivity afforded by the coded aperture technique may allow

use of a relatively inefficient threshold neutron detector (such as fast

neutron induced fission in ~38U) to discriminate against these back; rounds,9

yet obtain useful images.

y-ray transport calculations have been performed for a slab test

fuel geometry which approximates a larger test fuel bundle (137 pins).

These calculations yield both the unco 111ded fission Y-ray flux from

the fuel, and the scattered gamma flux from the test fuel region and

containment. These y-ray fluxes have been used to calculate the ex-
,

pected s4gnals.in a realistic coded aperture imaging apparatus. By
,

varying the construction of the coded aperture apparatus the effects

of y-ray filters on the signals from various portions of the test region

can also be determined.

The y-ray calculations employed realistic material compositions

and detailed y-ray cross-sections available in state-of-the-art trans-

port codes. Only the scattering and absorption of fission y-rays

emitted by the test fuel were treated. Scattered y-rays from the driver

"
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reactor core and y-rays resulting from neutron capture in the test sec-

tion were neglected. For the initial fission y-ray spectrum emitted by

the test fuel, a measured spectrum for U fission was used.

A modified version of the Sandia Laboratories Monte Carlo transport
2code TIGER simulated transport within the test section, approximated

by the slab geometry of Figure 3.1. TIGER, which calculates the radia-

tion emitted from the slab geometry, was modified to tally separately

the point of origin of unscattered radiation, or the position of last

scatter for scattered radiation. This detailed spectral information

permits the calculation of coded aperture signal components originating

from deep within the fuel bundle, or from scattering in the containment.

Figure 3.2 shows the mockup of the coded aperture system which in-

cludes an optional y-ray filter, three zones of a circular zone plate

of arbitrary thickness and composition, and a detailed mockup of a typ-

ical commercially-available sodium iodide scintillator. Collimators

present in typical coded aperture systems restrict the angular range of

incident photons to that shown in Figure 3.2.

The coded aperture signals are proportional to the spatially-

modulated ccmponent of the energy deposition in the sodium iodide

scintillator. The point Y~ ray source represents the unscattered,

scattered, or total emission from any region of interest in the test

section slab geometry, where the radiation intensity and spectrum are

obtained from the TIGER calculations. Transport through the coded aper-

ture system to the scintillator is calculated with the Sandia Laborato-

ries code CYLTRAN.3 Several options in CYLTRAN were used to reduce
variance and minimize running time.

Figure 3.3 shows typical results from TIGER for an undisturbed

fuel region geometry. The photon emission decreases by about a factor

of ten in going from the row of fuel pins neares t the ceded aperture

system to the row farthest from,the system. Scattered radiation is an

important component of the emission from the test fuel, but is never

more than 30 percent of the total emission, and decreases in importance

for the deeper regions in the test fuel.

There is also a very large emission component resulting from scat-

tering in the steel containment walls. This radiation is corn literably

softer than the desirable radiation from the test fuel (average energy

~0.8 MeV versus ~1.5 - 2 MeV). Therefore a high-Z y-ray filter in

the coded aperture system should help discriminate against this scat-

tered component. Figure 3.4 shows the coded aperture signal calculated

40
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with CYLTRAN (for a Ta zone plate 1.27 cm thick), for either no filter

or a 7 mm Ta filter in the coded aperture system. The Ta filter atten-

uates the scattered component from the steel about twice as much ao it

does the desired signal from the fuel regions, thus increasing the rela-

tive magnitude of the desired signal.

The changes in photon emission and in the coded aperture signal re-

sulting from partial voiding of fuel from the test section have also

been calculated. To approximate voiding of a single fuel pin, all the

material was removed from one of the zones of the fuel region. TIGER

calculations show tnat y-ray emission from the voided region is par-

tially compensated by greater emission from those zones behind the

voided region, because there is now no attenuation in the voided region

(Figure 3.5). The scattered component from the steel containment also

decreases somewhat. Introducing a 7 mm Ta filter into the coded aper-

ture system also enhances the coded aperture signal change caused by

fuel voiding.

In summary, the calculated ccded aperture signal magnitudes are
4approximately as large as those observed by Kelly in a similar geometry

in the ACpR. Scattered radiation from the containment thickness assumed

here is large, but its magnitude can be reduced with a high-Z y-ray fil-

ter. The scattered radiation from the test fuel is a relatively small

component of the total emission except for those rows of fuel pins

nearest the coded aperture system. A high-Z filter in the coded aper-

ture system also enhances the signal change resulting from fuel voiding.

Future work in this area will include use of these codes to optimize

the coded aperture design, to study voiding of larger amounts of test

fuel, and to study loss of sodium and steel from the test fuel region.

A more accurate treatment of the scattering is also planned, through

the use of non-slab geometries in the test section. Finally, the ne-

glected components of capture-y radiation and scattered driver-reactor-

core radiation will be studied, although these components are not ex-

pected to be dominant based on preliminary experimental results of

Kelly, Experimental verification of the calculational results is also

plannec.

The neutron imaging work performed thus far is primarily experi-

mental and is intended to investigate the feasibility of developing a

coded aperture system which is sensitive primarily to neutrons with

energies ? 1 MeV. The most important potential problems appear to be

(1) development of coded apertures with high spatial resolution which

are able to modulate the fas; neutrons sufficiently and (2) development

45
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of a transient two-dimensional detector system which is insensitive to

y-rays and has a detection efficiency high enough to produce useful

images. If the coded aperture must be very thick to modulate the neu-

trans, it will have a narrow field of view, which is undesirable. Low-

angle scattering of neutrons from the sides of the coded aperture ele-

ments is also of concern. Therefore it is important to measure which-

coded aperture materials are optimum and how fine the structure in the

coded aperture can be made. For the transient detector, several systems

can be envisioned, but their feasibility depends on unknown parameters

such as the efficiency of light emission from scintillators irradiated

by fission fragments. Work is therefore being performed in both areas.

The initial fast noutron detection method chosen was fast-neutron-

induced fission in which is sensitive to neutrons with energies

2 1.5 MeV. Te elemina.e y-ray and alpha particle backgrounds during

fast neutron modulation experiments, the fission fragments have been

detected initially by the damage tracks they produce in Lexan plastic.

Figure 3.6 shows a typical fast neutron modulation experiment with
252the Sandia Laboratories Cf spontaneous fission source. Slabs of a

candidate neutron coded aperture material (such as steel, polyethylene

or tungsten) are placed between the source and the sheet of depleted

uranium in contact with the Lexan. Only fission fragments produce a

high enough ionization density in the Lexan to produce etch pits. The

Lexan is exposed in contact with the depleted uranium, and is then etched

in a caustic solution. The resulting etch pits are visible because they

scatter light, and the scattered light intensity is proportional to the

fast neutron fluence at that point on the detector.

Using the apparatus of Figure 3.6, clear fast-neutron shadows have

been observed for 2.5 cm thick slabs of materials such as polyethylene,

steel, and tungsten alloy, The widths of the slabs have been as small

as 3 mm, witnout any apparent loss of definition in the shadow cast by

the material. The degree of neut'ron modulation appears to agree rea-

sonably well with simple theory, The scattered light patterns are suf-

ficiently intense that they may be photographed. The photography should

lead to photoreduced images suitable for holographic reconstruction.

Future work in this area will emphasize the reconstruction of Cf

source images using coded apertures similar to those requirad for fast

reactor safety experiments, and development of transient detector con-

cepts. Much can be learned about the properties of neutron images
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with the static Lexan track detector, so this technology will also be

improved. Further, theoretical studies will be carried out on various

alternate threshold fast neutron detectors.

.
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CHAPTER 4

THE RELATION BETWEEN FUEL MOTION AND DETECTOR RESPONSE
FOR IN-CORE FUEL MOTION DETECTION SYSTEMS

P. J. McDaniel, S. A. Wright
Sandia Laboratories, Albuquerque, New Mexico

.

W. H. Scott, Jr.
Science Applications, Inc., La Jolla, California

The detection of fuel motion within test sections of reactors which

have no slots (SLSF, EBR-II, SCARABEE) requires the use of an in-core

fuel motion detection system. In-core systems can also be useful as

auxiliary fuel motion monitoring systems for reactor facilities which

do have slots. A supplementary in-core fuel motion detection system

would be especially useful for large-bundle tests, since self-shielding

effects may degrade the resolution of external viewing systems.

With support from the U. S. Nuclear Regulatory Commission, an ex-

perimental program is being conducted at Sandia to demonstrate the fea-

sibility of in-core fuel motion detection systems. This program has

two major developmental efforts. The first requires development of a

suitable set of detectors, and the second requires development of ana-

lytical methods which can determine fuel motion from detector signals.

An experimental verification of the detector operation and the ana-

lysis system will be provided by a series of static tests on 7 , 19 ,

and 37-pin fuel bundles placed in the center of the Sandia Pulsed Reactor

(SpR-III). Following these experiments, 1- and 7-pin dynamic tests will

be performed in Sandia's Annular Core Pulse Reactor (ACpR) during the

Prompt Burst Excursion (pBE) experiments.2 Figure 4.1 shows the 37-pin
test assembly to be placed in SpH-III. For various fuel configurations,

the fuel bundles will be pulsed by the reactor and the detector responses

measured. Actual fuel displacements from the unperturbed configuration

will be unfolded from the detectdr data. The unfolded fuel configura-

tion can be ev.r. pared with the known configuration to determine the ac-

curacy of the technique.

The detector development to date focuses on an intrinsically heated

fission-thermocouple type detector, 4 mm long and 1.5 mm in diameter.
238U in a U10Mo alloy,3 Thus the detectorsThe fissioning material is

are primarily sensitive to fast neutrons. The small size of the detec-

tors allows approximately 40-50 detectors to be placed in, and around,

the 37-pin test assembly, Additional types and sizes of detectors are
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also being considered. They include diamond semiconductor detectors,4
platinum self-powered detectors,5 and miniature fission chambers oper-
ating as self-powered detectors.

The development of analytical techniques requires relating detec-

tor responses to fuel motion. The change in the response of the de-

tector due to fuel movement is a result of two competing effects. When.

fuel is moved away from a detector, fewer neutrons reach the detector

due to a loss of source neutrons provided by the fuel. Iloweve r , in

opposition to this effect, more neutrons reach the detector due to a
238loss of shielding provided by the fuel. For a U detector located

in a fast reactor, the filst effect dominates. These two effects can

be treated by applying perturbation theory to the neutron transport

equation and its adjoint. The change in response of detector 1(AR )
1

due to a fuel movement within fuel volume j(V,) is given by tne equa-
' 'tion

c 6Es(T' +T) $ dT' dT dV (1)AR =

13 1

V T T'

- $ 6I dT dV
1 T

where

4 = The angular flux density solution to the transport equation.
*

$ = The adjoint angular flux densit for an adjoint source at
1

detector 1.

dT = An elemental volume in energy-angle phase space.

6E = The change in the neutron production in phase space di dues
to fuel movement in volume V (includes fission and scattering

sources).

6E = The change in neutron destruction in phase space dT due toT
fuel movement in volume V .

This equation can be put into a form better suited for fuel motion

detection by assuming that the changes in the macroscopic cross sections

are caused only by fuel density changes (6E = Apc). Thus

\ J7 1582
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.

AR =K Ap
13 13 j (2)

where

4[K o (T' + T) 4 dT' dT dV=

13 g
V T T

(3)
,

4 c (T) $6W1 T
j

op = The density change in volume V .
i

The term K is called the detector response kernel and is used to
threlate the i detector response to the fuel density changes in volume

V The total change in the detector response is obtained by summing.

AR ver all volumes.13

AR AR =EK ap=
g ij ij 3 (4)

This equation is known as the unfolding equation since AR is known
1through measurements, K is known through calculations, and Ap must1

3be determined.

To determine the detector response kernels, the forward and adjoint
fluxes must first be determined.

The complexity of the test-assembly geometry and the asymmetric
location of the detectors required calculating the angular flux den-
city and adjoint angular flux density in 3 dimensions. This is ac-
complished with the general Monte Carlo code MORSE. Figure 4.2 illus-

trates the magnitude of a detector response kernel for a point detector
located in the coolant channel next to a fuel pin. Notice that it is

2very local and falls off approximately as 1/r This result is sig-.

nificant, since it implies that the resolution of in-core fuel motion
detection systems can be quite good. However, it also implies that a

large number of detectors must be used, and they must be close to the
fuel if high resolution is to be achieved.

In addition to calculating the detector response changes using
the adjoint flux technique, the unperturbed detector response can also
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be calculated using adjoint fluxes. It is calculated as an integral

of the forward angular flux times the adjoint angular flux over a

coupling surface which encloces the test assembly. This technique is

more accurate than the simple activation integral based only on the

forward neutron flux density.

To demonstrate the validity of this technique for determining de-

tector responses, direct (forward) calculations of the detector re-

sponses were made for unperturbed and perturbed fuel geometries. The

same fuel geometries were then used to calculate detector responses

using the adjoint flux (perturbation) procedure. The model chosen for

this evaluation approximated the geometry of the 7-pin SpR-III experi-

ments. In this model 12 detectors were located between the center pin

and G outer pins. Twelve othe? detectors were located just outside

the outer row of pins. The detectors were located 20 mm apart axially.

Figure 4.3 shows a comparison of the detector outputs calculated by the
7direct method versus the perturbation method. In the perturbed geom-

etry, the top 150 mm portion of all 7 pins is displaced upward 80 mm.

The two curves represent the flux at the inner detector locations forr

the unperturbed and perturbed cases as calculated by the direct method.

The circles represent the unperturbed detector responses calculated by

coupling the forward and adjoint fluxes at a surface surrounding the

test assembly. The triangles represent the perturbed detector re-

sponses as calculated from perturbation theory. The agreement between

the perturbation procedure and the direct calculation is quite good.

Having confirmed the adequacy of .he response-kernel generation

technique, unfolding procedures were developed to invert the detector

response matrix (defined in equation 4). This procedure is based on

a singular value analysis of the response kernels and a limiting of the
0,11solution space for fuel movement to physically real possibilities.

Four types of information are available for the unfolding. The response

kernels and detector responses provide one set of information. An ad-

ditional set of information is available in terms of inequalities that

the fuel movement must satisfy. Non-negative fuel density is an ex-

ample of such an inequality. A third set of information is provided

by known physical laws. Conservation of mass is an example. The fourth

set of information takes the form of intuitive guesses as to the nature

of the fuel movement. These intuitive constraints require the fuel

motion to be not too different from some physical model of the motion.

In order to analyze the data that will be generated by the SpR-III

and ACpR experiments, two computer codes were written to calculate the
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necessary kernels and unfold the measured data. The code RHOpER gener-

ates the kernels from the results of forward and adjoint MORSE calcu-

lations; it was used in the preceding section to calculate detector

responses. The code MOVUN takes the kernels generated by RHOpER and

the experimental data, applies the given constraints, and unfolds the

measured fuel movement. It also provides an error estimate for the

unfolded fuel movement within each subvolume of the test assembly.
~

A number of sample problems were run to estimate the fuel movement

resolution possible with the in-core detectors and the RHOpER/MOVUN

analysis scheme. Simulated data was calculated by RHOpER and provided

to MOVUN. MOVUN perturbs these data with random errors having a gaus-

sian distribution with standard deviation equal to 2% of the unperturbed

signal. These data are then treated as experimental values. An exam-

ple of an unfolded result is provided in Figure 4.4 for the fuel move-

ment described in Figure 4.3. All 7 pins were lumped together radially

and then the upper part of the subassembly volume was divided into 12

axial bins. In the initial configuration, fuel occupied the lower 8

bins with a density of 1.0. The upper 4 bins were empty. The bottom

part of the subassembly (lower 100 mm of fuel) contained no detectors,

and therefore, it was not considered in the unfolding analysis. Fig-

ure 4.4a presents the final densities and Figure 4.4b presents the

density changes. The unfolded fuel distribution agrees quite well with

the actual distribution. The error estimates on the unfolded result

correspond to approximately a constant 30% of the initial fuel density

in each bin. For this problem each volume bin corresponds to approxi-

mately 45 g of fuel and the estimated error in each bin corresponds

to about 13 g o f fuel.

Similar sample problems were run to estimate the fuel mass resolu-

tion as a function of the signal-to-noise ratio (SNR). In these cal-

culations the SNR was varied from two to four. The fuel densities and

their standard deviations wer,e calculated for each volume bin, however,
10 volume bins were used instead of 12. Figure 4.5 shows the standard

deviation of the unfolded fuel mass in each volume bin. As expected

increased SNR's improve the resolution capabilities of the unfolding

techniques; in fact resolution appears to be inversely proportional

to the SNR. Te m 'imate the resolution capabilities of the SpH-III

experiments, the SNR's of the fission couple detectors were measured.

Assuming an average signal equal to 5% of background, the SNR for the

SpH-III; experiments.should be in the range of 5-10. Such high values
'

of SNR will provide excellent fuel mass resolution, probably on the

order of 5-10 g.
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The sample problems described in this report represent a complete

simulation of in-core fuel motion detection. It was shown how one can

generate accurate detector response-kernels using perturbation theory

and how simulated data for specific fuel perturbations could be unfolded

to determine the fuel distribution. A comparison of the unfolded fuel

distribution agreed very well with the actual fuel distribution and in-
* dicated that the resolution capabilities of the in-core fuel motion de-

te tion system for this small test assembly can be as small as 5-10 g.

In conclusion t'o points must be stressed. First, based on these

calculations, it appears that the resolution capabilities of in-core

fuel motion detection systems may be much better than anticipated.

Second, the method of analysis used here to generate detector response-

kernels and unfold data is in no way limited to in-core fuel motion

systems. In fact with little or no modifications to our codes, similar

sample problems could be performed for both coded-aperture systems and

hodoscope systems. The final conclusions regarding the feasibility of

in-core fuel motion detection systems however, must still await the

SpR-III and ACPR experiments.
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CHAPTER 5

FLASH X-RADIOGRAPHY FOR MATERIAL MOTION DETECTION

L. M. Choate, W. H. Buckalew, and L. D. posey
Sandia Laboratories, Albuquerque, New Mexico

The applicability of flash x-ray cinematography for the detection

of material motion during reactor safety experiments is being studied

at Sandia Laboratories. As part of this study, a comparison is being-

made between conventional radiographic and coded source radiographic

techniques. For the conventional radiographic technique, the effects

of photon buildup and photon scattering upon spatial and areal density

resolution capabilities in poor geometry situations are being evaluated.

Two particular methods of producing a coded radiographic source are

under investigation.

The determination of the requisite x-ray source needed to satisfy

experimental resolution requirements (spatial, temporal, and areal den-

sity) is of major importance. Consequently, the implications of the

recently established DOE /NRC " concensus" experimental requirements for

material motion detection upon system components (e.g., the bremsstrah-

lung source characteristics, active detection system performance capa-

bilities etc.) are being evaluated.

A significant part of the experimental program dealing with the

behavior of prototypic LMFDR fuel pin bundles under n.ild te severe

power transients is that of the observation of fuel / cladding / coolant

motion. The feasibility of using electron beam flash x-radiography as

a diagnostic tool for safety test facilities (refer to the schematic

representation of Figure 5.1) is presently under evaluation. A summary
of the objectives and approach of the flash x-radiography program is

presented in Figure 5.2.

Several areas on' major importance are:

a. Spatial and Areal Density Resolution Capabilities

Expesiments have been performed on a LINAC (5-10 MeV, < 1 mm

diameter focal spot) to evaluate the effects of photon buildap

upon spatial and areal density resolution capabilities in poor

geometry situation. A schematic representation of the experi-
,

ments<is shown in Figure 5.3 (except that the stainless steel

was removed). The source-to-object / object-to-image distances

were 2'.0 m/2.0 m with Type R x-ray film used as the detector.

*
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OBJECTIVES
.

Esaluate Feasibility of X-Ray Cinematography for

Material Motion Detection

Evaluate Hardware and Associated Techniques for Use

in a System of This Type

Determine Quantitative Performance Limitations of
This Type of System

APPROACH

Evaluate Resolution Degradation Resulting from

Photon Scattering and/or Buildup

Compare Conventional Radiography and Coded Source

Radiography Techniques for IIigh Intensity

Applications

Evaluate Active Detector System Components

Based Upon Above Results Identify Required

Bremsstrahlung Source Operating Characteristics

.

Figure 5.2. X-Ray Cinematography for Material
Motion Detection.

,
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TEST
TEST REACTORREACTOR TEST FUEL

CONTAINMENT CANISTER SAMPLE CANISTER CONTAINMENT
VESSEL ABSORBER ABSORBER VESSEL,
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' X-RAY
X-RAY \

~

*
ACTIVEr

BREMSSTRAHLUN h DETECTOR: r

, X-RAY SOURCE f 1
-

SYSTEMj -

3
4 y PHOT 0NS

.

[ O I I OI

Y Y

FAR-SI DE VOID NEAR-SI DE VOID
BUILDUP OR SCATTERED BUILDUP OR SCATTERED
PHOTON FLUX CONTAINS PHOTON FLUX MAY CONTAIN
LITTLE OR NO INFORMATION SOME INFORMATION
RELATIVE TO RELATIVE TO

SPATI AL AND AREAL DENSITY SPATI AL AND AREAL DENSITY
RESOLUTION CAPABILITIES RESOLUTION CAPABILITIES

-

Figure 5.3. Resolution-Geometry Dependence (Void Size,
y Void Location, Endpoint Energy).
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Figure 5.4 shows typical data in the form of optical density meas-

urements for these experiments, while Figure 5.5 shows the overall

results. In these measurements voids of varying geometry were in-

troduced on the near- and far-side of a simulated 271 pin bundle.

Resolution degradation was found to be more important at lower

end point energies and for smaller voided regions. The degrada-
.

tion in areal density resolution was found to be more pronounced

than for spatial resolution. These effects are found to be sig-

nificantly mitigated at higher endpoint energies as well as by

the presence of stainless steel which would comprise the contain-

ment structure walls for actual experimental situations. Work is

continuing to evaluate the effects of scattered photons upon reso-

lution capabilities. It is felt that resolution degradation should

pose no significant problem for the requisite x-ray source although

it could be important under severely distorted geometry situations.

b. Source Requirements and performance Estimates

In light of the recently established DOE /NRC " concensus" ex-

perimental requirements for material motion detection it is now

appropriate to further q2antify source requirements and system

performance based upon the best data available at present. For

the purposes of further discussion a base-line source was defined

with the following operating characteristics:

type - LINAC

energy - 30 MeV

current - 5 amp

pulse width - 1 usec

pulsing rate - 1000 pps

These are quite similar to the operating characteristics of a

machine proposed for this purpose by LASL. That source was es-

timated to cost in excess of 3 M$. Figure 5.6 shows the preci-

sion uncertainty (associated with a mass change of about 10%)

obtainable with a machine of this energy and pulse width for a
5

peak power of 10 W/g and resolution capabilities of type KK

x-ray film and a hypothetical detector system which can perform

5 times better than KK film (both in terms of signal and back-

ground sensitivity). Using the machine specified above and

these limits on detector system performance, the comparison of-

capabilities with requirements shown in Figure 5.7 was developed.

As can be seen from these data, most of the range of operating

conditions can be satisfied if precision uncertainties of 50 to

t -
,

'
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ENERGY (MeV) 5. 0 7. 5 10.0
'

NEAR-SIDE
2 2. 5 2. 4 2. 6

(gm/cm )

FAR-SI DE
2 6. 0 3. 7 3. 3

(gm/cm )

RATIO 0.40 0.65 0.80

(~ 14 gm/cm VOID FORMED BY ~1 mmSLIT)

2TOTAL % mICKNESS = 1% gm/cm
10.0 1. 0

1 FAR-SI DE
'

RATIO e
9. 0 _ _ 0. 9

'
8.0 O. 8

C
E 7. 0

_
0. 7

$ 9
6. 0 0.6Q3~ _ g xw

h 5. 0 _ _
0. 5

z
E 4. 0 _ _ 0. 4

Y A
y 3. 0

_ _ 0. 3A

E
2. 0 _ 0. 2

1. 0 1 - 1 I 0.1

5. 0 7. 5 10.0

LINAC ENERGY (MeV)

Figure 5.5. Threshold Areal Density Sensitivity (Various
Endpoint Energy and Void Locations).
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ACTIVE
TYPE KK X-RAY FILM

DETECTOR SYSTEM

PEAK POWER 10' WIG

LINAC CHARACTERISTICS

ENERGY 30 MeV

CURRENT 5A
PULSE WIDTH 1 SEC

BKG DOSE 0.1 R AD 0.02 RAD

i

i

PRECIS 10N UNCERTAINTY

ON APEX (76 GMICM ) +30%*

ACROSS Fl.ATS (41 GMICM ) t77% tl4%

* Exceeds 100%- and Therefore not Meaningful.

Figure 5.6. Precision Uncertainty Associated with 10 Percent Mass
Change in 127 Pin Bundle Using Type KK X-Ray Film cnd
a lIypothetical Active Detector System (5 Times as Sen-
sitive as Film and 5 Times Less Sensitive to BKG). Note:
System Nonlinearities not Considered in This Analysis.

.
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Figure 5.7. For Varying Test Assembly Size (# Pins) and
Associated Peak Transient Power the Estimated
Precision Uncertainty Range for a 10% Mass

-

Change is Presented. The Source is the LINAC
of Figure 5.6.
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100% for a 10% mass change are acceptable. Should the perform-

ance goals for the active detector system postulated above not

be realized then it would be necessary to increase the source

current and/or energy in order to even achieve these rather mod-

est mass change measurement capabilities. Therefore the possible

need for a high intensity electron accelerator still exists and
,

as a result, activity continues in the area of broad-area coded-

beam generation. This work has potential application in DOE /OMA

weapon effects experiments.
.

c. Conventional Radiography vs. Coded Source Radiography

For most applications conventional radiographic techniques

should be able to satisfy most of the resolution requirements for

:maller test bundles at most power densities. Extending present

LINAC and LIA technology should yield the requisite source. How-

ever, for larger test bundles and high power densities, the coded

source radiographic technique is necessary to achieve the required

intensity levels. This technique would require a development ef-

fort in REB technology to achieve the necessary multiple pulsing

capability. A comparison between the two radiographic techniques

is presented in Figure 5.8.

d. Coded Source Technique vs. Coded Aperture Technique

Studies have been underway to evaluate the applicability of

coded source radiography (electron modulation for producing de-

sired coded x-ray beam) and coded aperture radiography (photon

modulation for producing desired coded x-ray beam). Experiments

have been performed on the HERMES-II accelerator (10 MeV endpoint

energy, 130 kA, 50 ns FWHM, 50 k Rads (Si)/ pulse) for both tech-

niques.

Successful results have been obtained for the latter technique

with pseudoholograms having been produced for a number of te st objects

ranging from one to several m6ck fuel pins. Both positive and negative

apertures have been used with reconstructions of the test object images

presently underway. Only moderately successful results have been ob-

tained for the former case. Difficulty persists in eliminating unwanted

background bremsstrahlung production and in finding a coded convertor

design which survives successive pulses. A comparison of the source

coding tcchniques is presented in Figure 5.9. *

.
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CONVENTIONAL RADIOGRAPHY

ADVANTAGES:
1. Established technology.
2. Machine source requirements satisfied by near

state-of-the-art LINAC or LIA (some development
may be necessary).

.3. Good spatial, temporal, and areal density.

resolution capabilities; most resolution
requirements can be satisfied.

4. Does not require unfolding of acquired data.
5. Pre- and post-test diagnostic capability.

DISADVANTAGES:
1. Intensity limited; small focal spot requirement

limits available current.
2. No depth resolution.
3. Limits to bundle size and power densities for

which data can be accumulated.
4. Requires a slot through reactor.
5. Difficult to distinguish between fuel, cladding,

and coolant.

CODED SOURCE RADIOGRAPHY

ADVANTAGES:
1. Not intensity limited, broad beam allows high

current.
2. Some depth resolution (dependent upon systems

design).
3. Increased capability to bundle size and power

densities for which data can be accumulated.
4. Pre- and post-test diagnostic capability,

DISADVANTAGES:
1. New technology,
2. Machine source requirements necessitate advances

in REB technology (multiple pulsing requirements).
3. Poor to good spatial and areal density resolution

capabilities.
4. Requires unfolding of acquired data.
5. Resolution' capabilities may be limited to either

internal fuel motion or to surface fuel motion.
6. Requires a slot through reactor.
7. Difficult to distinguish between fuel, cladding

and coolant.

Figure 5.8. Electron Beam Flash X-Radiography Program
for Material Motion Studies.
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CODED APERTURE TECHNIQUE
'

-

E" 2ioC (Negative Source Shown Here)'

:= g Method: Photon Modulation to
", - * m Achieve Desired X-Ray

'

$
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J Modulation: Poor to Good
$ o w g Field of View: Poor to Goodw
O $ $8 O Advantages: Can achieve an

E U $ $ $ optimum design for particular

@ $ % experimental requirements,g N

bN easier techniqueD o <
3 N N Y 3 Disadvantages: Poor to good

j @ @ $ modulation and field of view

g g E z depending upon experiment

-- b ?*

i=i
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ELECTRONS X-RAY PHOTONS

I

CODED SOURCE TECHNIQUE_

D
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. Achieve Desired X-Ray
Sourceb.L $ uodulation: Good

Y$ Y D Field of View: Goodow
$" $ Advantages: Good modulation@ @ hy Z and field of view5 <
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Figure 5.9. Source Coding Techniques (Flash X-Ray Fuel
Motion Program).
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