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ABSTRACT

The relative merits of some candidate apertures for use in monitoring 
material motion in reactor transient tests to be conducted at the proposed 
Safety Test Facility are investigated. It is found that a hodoscope has 
the greatest probability of success in meeting established requirements, 
but that a pinhole or pinhole-hodoscope could be advantageous under cer
tain circumstances. A Fresnel zone plate-hodoscope is found to be less 
suitable, and the two-dimensional nonredundant pinhole arrays and Fresnel 
zone plates studied are found to be unsuitable. Although based in part on 
numerical calculations for fuel motion detection by neutron emission only, 
these conclusions are thought to be valid for material motion detection by 
Y-ray emission and flash x-radiography as well.

I . INTRODUCTION

The purpose of this study is to provide an evaluation of the comparative 
suitability of candidate imaging apertures for application in ex-core detection 
of fuel and clad motion during transient reactor tests at the proposed Safety 
Test Facility (STF). This study is based on theoretical considerations and on 
calculations and experimental data presently available. Primary emphasis is 
placed on detection of radiation emitted by the test fuel, since the consider
able development work and experience relating to the TREAT hodoscope in this 
area provide a relatively sound basis for extrapolation to STF. Results are 
also applied to flash x-radiography and clad motion detection. Hodoscope, 
pinhole, nonredundant pinhole (NRP), and Fresnel zone plate (FZP) apertures 
are considered, as are hybrid apertures acting as hodoscopes in the vertical 
(horizontal) direction and as pinholes or FZP's in the horizontal (vertical) 
direction. These apertures are compared in their potential for meeting 
established surveillance criteria without serious compromise of reactor 
facility design, while maintaining good operability and reliability, with 
reasonable time and cost for development.

Comparison is based mainly on fuel surveillance criteria (field of view 
and spatial, density, and time resolution) established for tests of the large 
fuel pin bundles, particularly the multi-subassembly (MS) bundle. A primary 
objective of STF is to study subassembly-to-subassembly propagation of fuel 
failures, and the MS criteria are more difficult to satisfy than those for 
smaller bundles. The number of image pixels to be resolved, the rate of 
density change to be detected, and the time resolution criteria are similar 
for all sizes of fuel bundles, but the large mass of material (fuel, steel, and 
sodium) in the MS bundle attenuates fuel motion signals greatly. The critical 
design parameters become more evident for the larger bundles, and a candidate 
system satisfying these surveillance criteria could be relatively easily

*Work performed under the auspices of the U.S. Energy Research and 
Development Administration. i



modified or redesigned to meet criteria for surveillance of smaller bundles. 
There is no need for separate development of a surveillance system for small 
bundles in STF,• Concentration of effort on candidate surveillance systems 
having the greatest probability of success in meeting the requirements should 
result in the Most satisfactory system for the least cost in the least amount 
of time. It is hoped that this study will provide guidance in this direction. 
Sketches of specific aperture designs compared may be found in the Appendix 
and additional comments are contained in the Addendum. (Corrections made to 
the text after presentation at the meeting are outlined in the Addendum. In 
particular, Table 2 has been altered.)

II. FIGURES OF MERIT

In order to determine how small a change in fuel (or clad) mass in a 
given volume can be detected in a given time interval, a figure of merit 
based on count statistics is needed for quantitative comparison of candidate 
surveillance systems. The number of counts N necessary to be accumulated by 
the system in a given resolved time interval from a given resolved space object 
pixel in order to detect a given fractional change in mass n = AM/M with 
a given probability must be determined. N will be the sum of the detected 
signal counts N_ and background counts N_ (including only the fraction which

O D
actually contributes to the decoded image) and the superimposed aperture 
background of the decoded image and will depend on the signal-to-background

ratio a = N /N„ ?.nd fractional change in signal y = AN /N (for given p) of 
S B  d o

the detected signal and the signal-to-noise ratio n and signal-to-decoded
background ratio p = (N„ + N_)/N_, of the decoded image. If the noise is

defined to be only that due to count statistical fluctuations, so that

n = [Ng/d+a- 1 ) ] 1 2̂ (the background is assumed to have neglibible uncertainty),

one obtains the following relationship for N and n,

N > B2 y-1(1 + p -1) (1 + a _1) [1 + 2y-1(1 + cf1)] = N , (1)

n > 3 {y_1[1 + 2y~1 (1 + a-1)]/(l + a"1)) 1/2 = nQ, (2)

as figures of merit, where 6 is a confidence factor (8=1 is a 68% confidence 
level, $=2 is a 95% confidence level). In deriving these equations it has 
been assumed that Np is accurately removed from the decoded image without

adding noise, which it is presumed can be done by digital computer decoding. 
(There is no need for real-time display of the decoded images, so it will be 
presumed throughout this analysis that images are decoded by computer, rather 
than by the less flexible and noisier optical means). Np arises because the 
decoded image is obtained by convoluting the detected image with an autocor
relation function which has a spatial extent large compared to a resolution 
element. The fraction of signal and background detected which contribute to 
N contain no information and can only contribute noise to the image (whether 
removed in the decoding process or not). For direct imaging apertures such 
as hodoscopes and pinholes, N = 0(p -+ <*>). The number of image signal counts
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detected per object pixel is given by

Ns = u es V so t/Q+p"1), (3)

where ui is the effective detection solid angle of the aperture, c is the
b

effective detector efficiency for the signal source, v is a resolved volume
element, S is the effective signal strength in neutrons/sec-unit volume, t

° -1 -1 
is a resolved time interval, and (1+p ) is the fraction of counts actually
decoded as signal. For planar (two-dimensional) detection, Ng is considered

to be summed over all volume elements behind the planar pixel. The word 
'effective’ as used here denotes appropriate averaging of processes over 
energy and space. The effective solid angle for coded apertures includes 
all imaging aperture elements. For an NRP aperture w would be the sum of 
all pinhole solid angles, and for an FZP aperture w would be the solid an
gle subtended by the FZP, multiplied by a transmission factor of 0.5. It is 
assumed that the signal arises from uncollided radiation. Equation 3 is of 
course a simplified approximation. Similarly,

N = a) e v B t(l+X)/(1+p-1), (4)
D D O

where Bq is the background from all radiation sources, Eg is the effective

detector efficiency for B , and A is a background enhancement factor to approxi
mately account for the penetration of 'opaque1 portions of the aperture by the 
background, which has a much larger spatial extent than the signal. For 
coded apertures, that portion of background enhancement occurring within 
the coded aperture structure (that is, excluding leakage arcund the aper
ture) is considered to contribute only to (that is, to p). The signal- 
to-noise ratio is thus

0 - [u e v S t/ (1+a 1) (1+p**1)]1^2 ,b o  (5)

the signal-to-background ratio is

a = e S J z  B (1+X) , (6)
D O  D O

and the total number of counts is

N = Ng+Ng+N^ = (i) Eg v Sq t (1+a ^) . (7)

It is necessary, but not sufficient, that Eq. (1) with N determined by 
Eq. (7) be satisfied, in order to provide a valid figure of merit. It is also 
necessary that ambient noise (such as electronic fluctuations and room radia
tion) and reactor background fluctuations (such as flux depression and power 
variations) not mask signal changes nor be mistaken for them. These effects, 
which are significant in a transient test, are not included in the preceding 
analysis, which considers only noise due to count statistics. (In this con
text it should be kept in mind that the signal-to-noisa ratio n as defined
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here does not include noise due to these effects or any other effects, other 
than count statistics). The system will be less susceptible to such effects 
if N„ is not small compared to N +N , or

u D 1)

% = [ c t'V 1 + a- 1  + p- 1 ]- 1 »  0, (8)

where ? = Ng/(Ng+ND) is the signal-to-total background ratio (£ = a for hodo-

scopes and pinholes). Other factors to consider are the potential reliability, 
operability, impact on STF design, and development time and cost.

nA
In comparing the merits of systems A to system B, the ratios —

nB
and are relevant. Everything else being equal, A would have more merit

than B if these ratios were greater than 1, provided A can accumulate at least 
counts per pixel in a resolved time interval without saturation. If the

first ratio is great than 1, but the second is less, A would still have more
merit than B, provided Eq. 8 is satisfied by A (again, everything else being
equal). For all cases considered in this study, n ./n K 1> s0 nA/nD is

* oA oB A B
sufficient. One measure of the relative impact on reactor design is the
ratio V./V of the respective volumes V. and V of the required viewing slots 

A  H A d

in the reactor core.

III. HODOSCOPES

A hodoscope aperture collimates the radiation from each object (test 
fuel) pixel into separate channels for detection at the end of the collima
tor. It provides uniform response over the field of view and is easily 
adapted to different horizontal and vertical fields of view and spatial res
olutions. It is limited in spatial resolution and solid angle per pixel by 
the necessity to provide enough material between channels to attenuate cross
channel radiation, but provides a relatively high signal-to-background ratio 
a by virtue of a negligible background enchancement factor X. The impact on 
test reactor facility design can be minimized by the flexibility to locate

1 2
and direct collimator channels in various way, ’ (different horizontal and

2
vertical cross-overs can be provided , for example).

The hodoscope at TREAT provides a well-balanced surveillance system for 
fuel motion detection and successfully provides data meeting TREAT transient

1 3
analysis requirements on a routine basis. 5 The desired TREAT spatial res
olution was easily achieved by use of 334 channels. Reactor source strength 
has been sufficient that adequate count rates are attained to meet test time 
resolution requirements despite the small solid angle per pixel (except in a 
few tests where post-scram fuel motion occurred).

The greatest problem in developing the TREAT hodoscope system was attain-
1 4

ment of an adequate signal-to-background ratio ’ a. The hodoscope is an ideal 
aperture for maximizing a, not only because of a negligible A, but also because 
its collimator slots mate well with a detection system consisting of individual



detectors, which are more easily optimized than position-sensitive detectors 
for a high cg/eB (obtained by energy discrimination and rejection of unwanted

radiation), while maintaining adequate signal efficiency e . Initial efforts,
u

directed at detection of Y-rays emitted by test fuel, were unsuccessful, re-

suiting in o«l for a single fuel pin in a skeleton capsule. With present 
Hornyak button fast-neutron detectors biased at ^1 MeV, a=3 is obtained for

neutrons emitted by a single pin in a thick transient test capsule1 , with 
-3

Gg^lO . It is expected that detection of fuel motion in an STF-MS test by

Y-ray emission would be considerably more difficult than by fast-neutron 
emission. Therefore, only the latter case is considered for the purpose of 
numerical calculations performed in this study. However, the corresponding 
results for Y-ray emission can be inferred to a large degree from those for 
neutron emission.

Calculations for STF^ indicate that a hodoscope fuel motion surveillance 
system can be built which will meet criteria established for MS tests as in-

_3
dicated in Table 1. A fast-neutron detector with eg=3xl0 and 3 MeV thres

hold (achievable using stilbene) is assumed. These calculations, which ac
curately predict current hodoscope data when extrapolated to TREAT (and 
thus are considered reliable, to some degree at least), indicate a=2.9 and 
that the fractional mass change would equal the associated fractional sig
nal change (p=AM/M^y^S/S) . Thus AK~80g sensitivity in Table 1 corresponds 
to Y~0*1 (M=800g for a planar pixel summed over depth). The fact that the 
sensitivity level in Table 1 can be met only at high reactor power levels 
indicates that it would be desirable to develop more efficient detectors.
Equation 8 is well satisfied, with signal-to-total background ratio £ =ot =2.9.

n rl
Also, we have from Eq. (1) with 3=1, N?N u=375 counts. For 0.1 msec resolu-

^ Ofl
tion a count rate of 3.75x10 is thus required, indicating a need for develop
ment of faster detectors and electronics. In order to cover the dynamic trans
ient power range, it may become necessary to provide two banks of detectors 
(one behind the other), a high efficiency system for low power and a low ef
ficiency system for high power. However, it is anticipated that evolutionary 
development will result in satisfactory detectors, that no technological break
throughs will be necessary.

The design of a hodoscope collimator meeting the criteria of Table 1 
is somewhat arbitrary. The smallest reactor slot volume and smallest con
tainment vessel entrance hole will be achieved by a vertical and horizontal 
cross-over point at the containment vessel inside edge, 2.5 m from the cen

ter of the test cansule.^ Assume the collimator has its front at s =5m
o

from the test capsule center and is s^=5m in length. This fills the con
tainment hole with a large dense object, recouping much of the lost con
tainment and shielding capability of the breeched containment vessel.
(This hodoscope design is presented as a reference because of its simple 
concept. A somewhat more sophisticated design would reduce the image dis
tortion caused by the vertical, channel divergence and provide a more suita

ble containment vessel breech."* This distortion is present in other aper
tures also). The slot dimension d. in direction j can be determined by the
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TABLE 1. HODOSCOPE FUEL MONITORING CAPABILITY FOR STF-MS TESTS

Requirement 

Field of View

Height 180 cm

Width 30 cm

Depth . 30 cm 

Channel Intervals (Spatial Resolution)

Height 5 cm

Width 2 cm

Depth 2 cm

Mass Resolution 80 g

Capability Criterion Achieveable

Desirable

Desirable

Desirable

Desirable

Desirable

Desirable

Better than Necessary 
Poorer than Desirable

Time Resolution 

30,000 MW 

3,000 MW

0 .1 msec 

1 .0 msec

Necessary

Necessary
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requirements of spatial resolution 6 . and uniform (geometric optic) response 
as ^

d « 6 /(1+s /s.). (9)
J J o i

which yields d =1.0 cm in the horizontal direction and d =2.5 cm in the ver- 
x y

tical direction. The solid angle subtended at the 1'ear of the collimator by
an object (test fuel) element is given by

to — d d /(s + s . ) 2 (10)
x y o i

for small solid angles, yielding wu~2.5xlO ^ sr. For this design, a particle
n

originating in the reactor must traverse over 2 m of material before it can 
cross from one channel into another, if it doesn't collide, so that channel 
cross-over radiation is negligible if the collimator is made of steel or

3
other dense material. The reactor half-slot volume is V =0.47 m .

H.

In order to obtain the three-dimensional (depth) resolution in Table 1, 
it is necessary to provide a second hodoscope at a different orientation, 
say 90°. Impact on the reactor design, hardware cost, and operability con
siderations will probably not allow more than two hodoscope slots. Since 
only two two-dimensional projection views are obtained of the three-dimen
sional object (test fuel), there is ambiguity in interpretion of three-di-

mensional fuel m o t i o n . H o w e v e r ,  by observation of the time evolution of 
the projections from the known initial configuration, application of physi
cal constraints, comparison with computer models, and use of a suitable re
construction algorithm, it is anticipated that a reasonably unambiguous 
three-dimensional fuel motion picture can be obtained.

Except for a need for some evolutionary detector development and devel
opment of three-dimensional reconstruction techniques, current TREAT hodoscope

1 2 
technology, including data collection , processing, and analysis applies di
rectly to the STF hodoscope. No other fuel-motion monitoring concept has been

demonstrated as a practical alternative in a realistic environment.
Since the STF hodoscope is closer to realization than other concepts, it is 
used in this study as a basis for comparison with systems based on other ap
ertures.

IV. POSITION-SENSITIVE DETECTORS

The proposed two STF hodoscopes each have 540 channels and 540 indivi
dual neutron detectors. Operation of the TREAT hodoscope, with ^400 neutron 
and Y-ray detectors, has shown that, with proper maintenance, a large number 
of detectors can be operated reliably. However, the different responses 
among individual detectors (which persist to some degree even when cali-

2
brated ) make analysis of the transient data somewhat more tedious and dif-

3
ficult. When the number of required detectors exceeds several thousand, 
however, hardware cost, operability, maintainability, and data analysis
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considerations dictate the use of position-sensitive detectors, to reduce 
the number of detectors needed. Likewise, if the pixels are close together 
in the detection plane, position-sensitive detectors must be used. These 
situations are often manifested for two-dimensional coded apertures.

A position-sensitive detection system could be installed on the hodo
scope, of course, but the hodoscope is well-suited to an array of individual 
detectors, which are much preferred. They are much easier to optimize 
for high Eg and a and rejection of unwanted radiation than position-sensi

tive detectors. For example, multi-wire proportional counters, inherently 
of low efficiency for high energy particles, must be deep to obtain large 
enough particle paths for higher efficiencies, but must be shallow for good 
spatial resolution. Scintillator-image intensifier systems are limited by 
opto-electronic conversion efficiency. Position-sensitive detection systems

generally do not allow pulse energy discrimination about 'vlÔ  cps, leaving 
only differential absorbers (which discriminate poorly at high energies and 
reduce efficiency) as possible discriminators at count rates necessary for
0.1 msec resolution in STF-MS tests. The detector also must accumulate 
enough counts to achieve adequate signal-to-noise ratio n for all pixels 
(not just one) and is subject to narrow gating time intervals (required for 
time-resolved readout).

LASL has tested the sensitivity of a plastic scintillator-image inten-
9

sifier neutron detection system under TREAT reactor transient conditions.
The system was placed behind the hodoscope detector array and was shielded 
from room background by lead bricks. During a 6000 MW transient, the signal 
obtained from hodoscope slots was comparable to detected room background.
No hodoscope slot image was observed for the 550 MW R9 transient. Since very 
few TREAT transients are conducted at such high power levels as 6000 MW, and 
since the power peak lasts only a short period compared to the total trans
ient time in such tests, this system, as it now stands, would be of little 
value at TREAT. The TREAT hodoscope system, which is capable of fuel motion 
detection at a few MW power (as well as at high power levels), is much more 
sensitive.

V. PINHOLES

A pinhole aperture produces an inverted image of the object by restrict
ing detection to that radiation which passes through a small pinhole, the 
size of which determines the spatial resolution. The volume of a cone sub
tended by the field of view must be devoid of material, which can provide a 
larger solid angle per pixel than the hodoscope (or higher spatial resolution) 
but at the same time produces a decreased signal-to-noise ratio a (due to 
larger background enhancement factor X), and there is no shielding or con
tainment capability in the breeched containment vessel. Since the relation
ship of an image pixel to an object pixel is fixed in space, a pinhole has 
less design flexibility than a hodoscope. Thus, a pinhole has greater po
tential impact on reactor design.

As with a hodoscope, an array of individual detectors can be used in this 
application since a large number of image pixels is not required. However, 
the pinhole is less well-matched to such an array. A pinhole of the same res
olution as a hodoscope is rectangular and produces a detection plane made up
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of contiguous rectangular pixels, rather than the well-separated pixels of 
hodoscope. A detector designed to mate to such a pixel will have reduced 
efficiency. In addition, the spatial resolution and signal-to-background 
ratio will be reduced by detection of radiation scattered from Che contigu
ous detection media of neighboring detectors. This effect would be accentu
ated in a second bank of detectors located behind the first (a second bank 
may be needed to cover the dynamic power range of specific transients). This 
effect can be reduced by shielding or partial collimation, which, however 
reduces the effective solid angle. High spatial resolution, unnecessary in 
this application, can only be attained at the expense of reduced signal-to- 
noise ratio per pixel (and resulting loss of effective time resolution) and 
would require the use of position-sensitive detectors, which would introduce 
the problems discussed in Sec. IV.

1. Basic Designs

The aperture design giving the smallest slot volume is one with the pin
hole at the edge of the core, providing an object-to-pinhole distance s =2.5 m.

3 0
The half-slot volume is 0.47 m (same as hodoscope). Choosing the detection
plane position to be the same as for the hodoscope gives a pinhole-to-image
distance s^=7.5 cm. This design will be referred to as PI. The pinhole size

is given by Eq. 9 as d =1.5 cm, d .,=3.75 cm, and the solid angle, given by
Xr 1 yr a.

u = d d I s' (1 1)
x y o

for small solid angles, is Wp^=9.0xl0 ^ sr, 36 times that for the hodoscope.

If one assumes that the background Bq is uniform across the 

aperture cross-section and that the detected signal is due only to un

collided radiation, the background enhancement factor X can be crudely es
timated for a given aperture design, with knowledge of the attenuation co
efficient for the background Bq. For an attenuation coefficient of 0.44

cm \  the estimate A^3.11 is obtained for design PI. This coefficient is 
the total tungsten cross-section for 1.5 MeV neutrons. For the TREAT hodo
scope, with 1 MeV biased Hornyak button detectors, the total neutron cross- 
section at 1.5 MeV has proved to be a reliable estimate of the signal-to- 
background ratio attenuation, both from experimental and calculational 
standpoints. Tungsten is the most favorable material for the pinhole inserts 
from an attenuation standpoint, and the neutron detectors are actually as
sumed to have a 3 MeV threshold, so this X value is probably a low estimate. 
The method used to estimate background enhancement does not take into account 
the increase in magnitude of angular reactor flux background with larger aper
ture acceptance angles. Thus background estimates (as they affect X and p) 
may be considerably higher than calculated for larger pinholes and coded 
apertures.

If the degradation eifect on the signal-to-background ratio a due to
detector mismatch (relative to the hodoscope) is ignored, Eq. 6 yields
0^0.71, provided the discrete hodoscope detectors are used, or £ /£ ^0.24

r i. H
for the relative signal-to-tof.al background ratios. If we assume the pinhole
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uses a discrete detector array and neglect the efficiency less due to detector 
mismatch relative to the hodoscope, Eq. 5 gives * 51. The e f f i c i e n c y

V ± H
loss due to mismatch may be considerable, but depends on the specific detector 
design and is difficult to estimate. Equation 1 yields NQpj=1193 required

counts per pixel for (requiring 1.19x10^ cps per pixel for 0.1 msec reso
lution) . If the detection system is basically count rate saturation limited,
then the hodoscope is a better choice, since N /N „>1. But if the attain-

O c l  On
able count rate turns out to be the critical parameter (which could happen if 
a current-mode detector is developed with adequate signal-to-background ratio, 
for example), then the.- PI design merits consideration. However, this design 
requires a large free-volume breech in the containment vessel and may not be 
acceptable from a safety standpoint (depth resolution requires two such aper
tures). The true relative merit of design PI cannot be fully assessed until 
detector mismatch performance degradation and background enchancement are de
termined accurately and the safety issue is resolved.

A smaller free-volume containment vessel breech can be obtained by lo
cating the pinhole farther from the reactor core center, say as s q = 5 m.

If one chooses a reasonable value for the detection plane position, say
s.=5 m, one obtains from Eq. 9 the pinhole dimensions d =1.0 cm, d =2.5 cm.
i x y

This design is denoted P2. Equation 11 then yields the solid angle

Up =1.0 x 10 5 sr, 4 times that for the hodoscope. The reactor core half-

slot volume is Vp^=0.79m , so Vp^/V =1.68. The estimate for X is 'id.01, so

that a'i'1.44 for Eq. 6, and From Eq. 5, r ^ / n ^ l .  79 and from

Equation 1, NQp2~590. The detection plane is only 0.3x1 .8 m, presenting a

fairly severe detector mismatch problem and possibly requiring position-sen
sitive detectors, Design PI seems better than P2 in comparison to a hodoscope.

2. Pinhole-Hodoscopes

It is possible to form hybrid pinhole-hodoscope aperture combinations 
which act like hodoscopes in one direction and pinholes in the orthogonal 
direction. These apertures are intermediate in their properties between a 
hodoscope and a pinhole, affording more design flexibility than a pinhole 
and less than a hodoscope, larger solid angle per pixel than a hodoscope and 
less than a pinhole, and a larger signal-to-background ratio than a pinhole 
and less than a hodoscope. Since the PI design seems to offer the best pos
sible alternative to the hodoscope, only combinations of the hodoscope and 
PI designs will be considered.

Consider a solid collimator having a vertical stack of slots, each 
with a pinhole cone in the horizontal direction and a narrow hodoscope 
channel in the vertical direction, the horizontal pinhole and the vertical 
channel cross-over both positioned at 2.5 m from the reactor center. The 
front section of the collimator, 2.5 m in length, consists only of a pin
hole in both the horizontal and vertical directions. The rear section, 5 m 
in length, is a complete pinhole-hodoscope collimator. This design is called
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PHI. The relevant dimensions are s ,=2.5 m, s.,='/.5 ir., s «5 m=s.„,
oPl xPl ’ oil iH

dx=1.5 cm, and d^=2.5 cm. The solid angle is given by

“PHI - l V S0Pll‘y <S0H+SiH>] <12)

as 1.50 x 10 sr. 1c is found that VD ,/V =1, A'^0,?1, nn[J1 /n„=2.26,
r n l  n r n l  H

N o P H 1 = 521, and f'PHl /̂ H V'°‘5 8 '

Consider a solid collimator similar to that preceding, but have a
horizontal stack of slots, each with a pinhole cone in the vertical
direction and a narrow hodoscope channel in the horizontal direction. The

relevant dimensions are the same as above, except d =1 .0 cm and d =3.75 cm.
x y

This is denoted the PH2 design. The slot volume, solid angle, and signal- 
to-noise ratio are the same as above, but 'V/l*70,

NoPH2~765, and ^PH2^H^0’37'

Design PHI appears superior to design PH2 in all respects. Like Pi, it 
deserves consideration as an alternative to the hodoscope if the detection 
system is not basically count rate saturation limited. Like PI, its relative 
merit cannot be fully assessed without a more accurate determination of de
tector mismatch and background effects.

VI. CODED APERTURES

Coded apertures are structured according to a predetermined code and 
produce a coded image which must be convoluted with an autocorrection func
tion determined by that code, in order to obtain an image which is a fac
simile of the object. Two coded apertures, nonredundant pinholes (NRP) and 
Fresnel zone plates (FZP), have been proposed as alternatives to hodoscopes 

2 Q—12.
for STF. ’ In comparison to a hodoscope, these apertures have many
properties in common with pinholes, but more accentuated. The requirement 
that the regions in front of and behind the aperture be free of material, 
such that each object point in the field of view can provide an unobstructed 
image of the structured aperture on the detection plane, requires a larger 
reactor slot and a larger containment vessel breech than a pinhole. Thus, 
coded apertures have less design flexibility and a greater impact on reactor 
design than pinholes, and even more so, than hodoscopes. Coded apertures 
can provide a larger solid angle per pixel (or higher spatial resolution) 
than pinholes, and even more so, than hodoscopes. But, at the same time, 
they produce more background than pinholes, and even more so, than hodoscopes, 
due t.o larger background enhancement \ and a considerable decoded background 

(due to image overlap, see Sec. II). Coded apertures require considerably

more detector resolution elements than pinholes (due to the larger aperture) 
and exhibit the same mismatch problem as pinholes when used with an array of 
individual deteccors. The use of position-sensitive detection systems with 
coded apertures in order to obtain high spatial resolution incurs the addi
tional disadvantages mentioned in Sec. IV.

Coded apertures possess two unique properties, potential artifacts in 
the decoded image and potential (tomographic) depth discrimination using a
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■single aperture, both resulting from the properties of the autocorrelation 
2 9-11

function. * The artifacts are caused by lateral and longitudinal nonuni-
fortaities in the autocorrelation function and the depth discrimination arises 
because the decoded images are formed having only a plane at a given depth 
in focus. Image artifacts can be reduced by using codes possessing more 
uniform autocorrelation functions, but only at the expense of reduced time

2 8-13
or spacinl resolution. ’ Whether depth resolution can be attained in
practice depends on the ability to distinguish the in-focus image from the 
superimposed out-of-focus images of the remaining pliines. This is poten
tially a difficult problem for test fuel images, which are of low contrast 
and contain little high spatial-frequency information (ie., no sharp edges). 
Currently difficulty is being experienced in distinguishing in-focus high-

2 8 11 13
contrast, sharp-edged images. ’ ’ ’

Current coded aperture imaging development efforts have so far not 
faced many of the problems associated with detection of fuel motion in

extended test assemblies in a realistic reactor environment.2****^ In this 
section, the suitability of coded apertures for this situation will be in
vestigated, while considering all monitoring criteria given in Table 1.
Since coded aoertures arc more similar to pinholes than to hodoscopes, they 
will be cofflpgfted to pinholes, as is common practice* and their comparison to 
hodoscopes will be inferred from the results of Sec. V.

1. NRP Apertures

FlLrst consider the two-dimensional NRP aperture, which consists of 
multiple pinhole* distributed so that the vector distance between any two 
pinholes occurs only once. The coded image is a superposition of pinhole 
images, ;ind che autocorrelation function is strongly peaked about the

9 11
origin, surrounded by a uniform hackground. T The decoded image is 
basically free of artifacts but contains additional background due to over
lap of the detected images. (In the .particular design considered here, each 
pinhole is required to cover the entire field of view, in order to maximize 
solid angle and tomographic capability). Its resolution is determined by 
the pinhole size and the detcctor system resolution. The spatial resolution 
is determined by Eq. 9, just as for a single pinhole. The effective solid 
angle per pixel for an aperture of n pinholes is ujigpsnup , where P is a pin

hole of the same resolution,, and the signal-to-decoded background ratio is 

Pjj£pcn(l-$)/mr where m is the total number of object pixels11 and <{> is the

average probability for transmission of detectable radiation through 'opaque' 
far Cions of the aperture (0<4<I) (true for n(n-l)»m»l and a uniform object].

The best advantage over a single pinhole is obtained by using as many 
pinholes as possible. However, not very many non-redundant pinholes can 
be fit, since the space is restricted due to the need for as small a re
actor slot and as small a containment breech as possible. By placing the 
aperture at the core edge (as for design PI), which is a close as possible 
to the object, the most pinholes can be used. The most effective NRP array 
would consist of an oblong distribution (extended in the vertical direction) 
of Pl-type pinholes, because, of the different horizontal and vertical field



of view and resolution requirements. It is estimated that an upper limit of 
27 such pinholes could be fit into a 0.3 x 1.8 m region, with a reactor

3
half-slot volume of ^1.27 m and an aperture thickness of ^4 cm (machining 
the pinhole cones of such an aperture, which would need to be thick to at
tenuate the high-energy radiation, would be difficult, but could probably 
be done). The containment breech free-volume would be considerably larger 
than even for the PI design, and may not be allowable.

The leakage (around the aperture) background enhancement factor is 
estimated to be A^^p M..32, and the background transmission (through the

aperture) is estimated as (^0.44. This is due to the close spacing of the 
pinholes and their necessary conical shape (collimation would reduce 41 but 
would also reduce w). Equation 6 yields a signal-to-background ratio 
aNRP<V' ' * ' From ^  it is found that n^p/np^O.99, indicating a marginal

loss in signal-to-noise ratio. This is due to the large aperture background 
N13(PNRp=0.028). From Eq. 8, the signal-to-total background ratio is 5^RpM).0154.

Equation 1 yields a required number of counts per pixel NQNRp^24,500 (requiring

a count rate of 2.45x10^ per pixel for 0.1 msec resolution, which is well be
yond the state-of-the-art), reflecting the large NRP background. The number of 
required detector resolution elements is ^2940, compared to 540 for PI. By 
every criterion, the PI pinhole design is considerably superior to this NRP 
design, which was chosen to accentuate NRP capability.

The depth resolution 6  ̂ of the NRP aperture is given approximately b y ^

6 = s ,/r., (13)
Z O i l

wher? 6^ is the resolution in lateral direction i (either vertical or hori

zontal), given by Eq. 9, and r^ is the median magnitude in direction i of

the radial position of the pinholes (as measured from the aperture center).
The smallest value of should occur in the vertical direction and with

r^ ^25 cm, one has 6^106^=50 cm for the above design, far larger than the

required 2 cm. If one solves Eq. 13 for rx, given ^ ^ 2  cm, one obtains

rx= sq=2.5 m, which is clearly unattainable and suggests that the use of two

apertures at right angles is the proper way to obtain the required depth 
resolution (as proposed for the hodoscope). The only way to decrease <5̂

significantly is to increase the lateral resolution by decreasing the 

pinhole size d^. One would have to decrease d^ by a factor of 25, increas

ing the total number of pixels to be resolved by the detection system to 
13,500 (requiring a position sensitive array with its inherent disadvantages) 
and decreasing the solid angle per pixel by a factor 25 (increasing the ef
fective time resolution interval by a factor of 25). Clearly the required 
depth resolution is unattainable by use of a single NRP aperture, if the 
remainder of the STF requirements are to be met.

2. FZP Apertures

An FZP aperture consists of a series of opaque concentric rings with 
thin 'transparent' rings in-between called Fresnel zones, the ith zone
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having radius i , so that the aperture possesses a high transmission

factor of 0.5. The coded image consists of overlapping zone shadows, one 
from each object pixel. The decoded amplitude image of a point source con
sists of a uniform (DC) component, a first diffraction order focal spot im
age of the point, a complementary first order divergent beam of negative 
focal length, and higher order diffraction patterns of decreasing intensity. 
The decoded image of an extended source is the intensity pattern produced 
by the amplitude sums of these patterns for each pixel. The recoverable 
image information is contained in the first diffraction order (the diver
gent beam image information can probably be utilized by computer digital
decoding). The DC component produces a relatively uniform, but high, back
ground, and the higher diffraction orders cause artifacts in the decoded

image.^-0»^,14 T ^ e  c0mp0nent may j,e remove^ by computer decoding, but 
not the artifacts.

The DC and higher diffraction order components can be removed by use of 
an off-axis FZP aperture and half-tone plate, rather than the on-axis FZP 
aperture described here, but the transmission factor is reduced by 0.5 and

the required spatial resolution is increased by a factor of 3 or more.^
The use of stops and other such devices to accomplish this purpose causes 
image distortion by removing the low spatial-frequency components from the

image.218*10,14 fuei motion imaging, these components, which determine 
the relative amount of regional fuel relocation, are important to retain.
The DC and higher diffraction order components can also be removed by using 
a sequence of 4 coded images, each from an FZP whose zones are 90° out-of-

12
phase with the next plate. One can envision performing time-resolved 
imaging by use of a rotating FZP made from 4 quadrants of 90° out-of-phase 

2 8
zones, ’ but the effective time resolution would be decreased by a factor 
of 4 or more, at ths very least, and probably would be severely limited 
by blurring, since the time required to perform a discrete quarter-turn 
of a heavy zone plate (including starting and stopping) is not likely to be 
made small compared to the 0.1 msec required time resolution. Also, the 
design of a rotation syste'n which would not obstruct image formation may be 
a problem.

The spatial resolution of an FZP is approximately the same as that of
a pinhole of diameter Ar , where Ar =r /2n is the width of the outer (and

n n n
smallest) zone, so that Eq. 9 (with d=Ar ) may be used to determine Ar .

n n
The best advantage of an FZP over a pinhole occurs when the largest number
of zones n is attained. This number is limited by the smallest Arn which

can be fabricated and still produce a thick enough zone plate (having small
collimation effect) for high contrast. Thus, the number of allowable zones
will be greatest if the FZP is placed at the core edge, where the FZP-object
distance s is smallest and the allowable zone plate radius r is greatest, 

o n
Take s =2.5 m and s =7.5 ai, as in the PI and NRP designs. Although the re- 

o i
quired vertical resolution is less than that in the horizontal direction, 
in order to satisfy STF-MS requirements one must choose the horizontal 
resolution requirement of 2 cm for the FZP, which yields Arn=1.5 cm. With

n = 9 zones, one has r^ = 27 cm, which requires a reactor half-slot volume
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°f Vj,"2P=l m an(2 a relatively large containment breech. Thus, it would

appear 9 zones (with an aperture thickness of ^4 cm) is an upper limit for 
the given Ar^. The number of detector resolution elements m^ required to

detect and resolve all zone plate shadows of the object is given by

2

3

nip = m^m +4n(mx+m )+4un (14)

where m^ (m^) i.s the number of resolved horizontal (vertical) image pixels,

yielding m=6148 for the case at hand (m =15, m r=90), considerably more than
x j

the number of image pixels m=mxmy=l350.

The pinhole with which the FZP should be compared is the PI design, but 
as is customary, first a comparison with a pinhole having the same resolution 
as the FZP in both horizontal and vertical directions (denoted P) will be 
made. The signal-to-decoded background ratio is on the average given by 
ths ratio of the first order diffraction signal intensity to that of the

2
DC component, or PF7P ~ / M  !-£ (true for a uniform object and m>>l).

\v) m
For the case at hand, and Pp2p'~0.00083, so the decoded background

will be a much larger proportion of the decoded image than in the NRP case. 
With an estimate of A ^ p ^ O ^  for the leakage background enhancement, one

finds ctFzpM..90 and from Eq. 8, Cpzp^5.43x10  ̂ for the signal-to-total back

ground ratio. The effective solid angle per pixel is given by
2

wFZP=^n llJp=648iOp relative to a pinhole of the same resolution, and from 

12q. 5, Hp2p/rlp=0.91 for relative signal-no-noise ratios, so the trans

mission gain is more than offset by the large DC component. Very few ad
ditional zones can be introduced to improve the performance of the FZP rel
ative to P, since r is fixed and a reduction in Ar (and a necessary 

n n
reduction in aperture thickness) will cause further deterioration in the 
image contrast due to background enhancement.

In comparing the FZP to the reference pinhole PI, one finds 
ilp^p/np^O.Sl, since (i)FZp=204ojp1. Equation 1 yields the number of required

counts per pixel as ^ p ^ p ^  »8 x 10^ (requiring 5.8 x 10^ cps for 0.1 msec

resolution!). If an off-axis FZP and half-tone plate were used, rather than 
the present on-axis FZP, in order to remove the artifacts and DC component 
in the image, the signal-to-noise ratio would be further reduced by 'fT, 3 
times more detector spatial resolution would be necessary (with 9 times more 
detector resolution elements), and the background enhancement would increase 
due to a 3 times smaller Ar^. The background swamps the signal to such an

extent that formation of an image of any kind is hardly possible. The FZP 
aperture is even worse than the NRP aperture in performance.

For completeness, consider the possibility of depth discrimination.
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The depth resolution 6 is given by
z

6 - 3s (1+s /s.V8n (15) 
z o o i

for an FZP. For 6 =2 cm, it is seen than n- 63, or Ar =0.2 cm (r =27 cm),
z n n

requiring 7 times more spatial resolution and a zone plate which would pro
vide so little contrast as to be useless-clearly an impossible situation.

3. FZP-Hodoscopes

One may construct hybrid apertures acting as FZP's in one direction and as
2 14

hodoscopes in the orthogonal direction, ’ in the hope of providing an aper
ture suited to the differing horizontal and vertical fields of view and res
olution requirements, while providing depth resolution from the same single 
aperture. Consider a solid collimator having a vertical stack of slots, each 
with an FZP cone in the horizontal direction and a narrow hodoscope channel 
in tha vertical direction, same as the PHI design described in Sec. V. 2 
except that the pinhole there is replaced by an FZP. This design will be 
called FH1. It is appropriate to compare FH1 with the PHI design.

The horizontal resolution requires Arn=1.5 cm, as before. If one chooses

n=7 zones, r =21 cm results (with an aperture thickness ^25 cm), giving a
n 3

reactor half-slot volume V_,u =0.79 m~ , so that V_U1 =1 .68 (the contain-
r n l  r HI  r t i l

ment breech is also larger). For the FH1 design, estimates of ,\ ^0.13 and
rrll

^0.046 were obtained for the background enhancement factors, leading to 
aFHi'''2*57 from Eq. 6 and CFH^0.072. For a one-dimensional FZP,

WFHl=s2n“PHl=1*UPHl and PFH1~ (~) or pFH1“° ‘ 103 (mx=15  ̂’ so that Eq* 5

gives nTJU1/nTJ„nS!1.22. The total number of detector elements required is 
r n l  r n l

mp=mv(mx+4n)=1548, compared to 540 for PHI. Equation 1 yields I',0py]'''/,285

(requiring 4.3xl07 cps for 0.1 msec resolution). To remove the image arti
facts and DC term, an off-axis FZP and half-tone plate could be used, but 
would, as mentioned before, decrease the signal-to-noise ratio by 'fT and 
increase the required detector resolution (and number of detector elements) 
by a factor of ^3.

For a one-dimensional FZP, the depth resolution Sz is given b y ^

<5 - s (1+s /s.)/2n. (.16)
z o o i

For 5 =2 cm, n=83 and Ar =0.12 cm (r =20 cm) are obtained, requiring 12.5 
z * n n

times more spatial resolution and a zone plate which could not produce
enough contrast to be useful. The PHI design is better than the FH1 design
and the depth resolution requirement cannot be met by a single FHl-type
aperture.

Finally, consider a solid collimator similar to that preceding, but

-16-



having a horizontal stack of slots, each with an T'ZP cone in the vertical
direction and a narrow hodoscope channel in the horizontal direction. This
design, denoted FH2, is like design PH2, with the pinholes replaced by
FZP's. If one chooses n=12, one has r =0.9 m (Ar =3.75 cm, aperture thick-

a  n n
ness 'vlC cm), VpH;1= 0.75 m , and VFH1 /VPH2=1*60* Further, uFH2=2AwpH2.

The number of detector elements necessary is 1260 compared to 540 for PH2.
With V'-O. 14 and <|>^0.113, one has aFH2^2.54, PFH2^0.04Q, £;fh2'v'0.0284 and

nFH2/,nPH2~1 '13' Further» one has NopH2^10,500 (requiring M.08 cps for 0.1 

msec resolution). Depth resolution would require 83 zones (Arn=0.6 cm), re

quiring 6.25 times more spatial resolution and again a zone plate which could 
not produce enough contrast to be useful. The PH2 design is superior to FH2 
and adequate depth resolution cannot be attained by a single FH2-typa aperture.

VII. CONCLUSION

A summary of the results of comparisons of aperture designs is given in 
Table 2. It is concluded that, of the aperture designs studied, a hodoscope 
is probably the most suitable aperture for detecting fuel motion by fast-neu
tron emission in STF-MS tests. This is not surprising, since the current 
TREAT hodoscope was chosen among several alternatives and dev*loped for a 
similar purpose. It is found, however, that if the detector system is not 
basically count rate saturation limited, a pinhole aperture (design PI) or 
a pinhole-hodoscope (design PHI) merits consideration as an alternative.
The two-dimensional FZP and NRP apertures are found to be unsuitable in this 
application. They would perform poorly in comparison to pinhole apertures of 
the same spatial resolution and would provide no significant depth resolution 
from a single aperture. This poor performance is basically due to restrictions 
in the size of the viewing slot allowed in the reactor core and containment 
vessel and the large background in the decoded image. A two-dimensional NRP 
or FZP aperture of the type studied can perform better than a pinhole of the

2
same resolution only if m <<n , where m is the number of pixels required to 
be resolved and n is the number of characteristic aperture elements (number 
of pinholer; or zones). This inequality ca'nnot be satisfied because n is re
stricted by the reactor geometry. This result holds true for small bundle 
tests as well as MS tests, since the number of required image pixels and 
necessary depth resolution are practically the same for both small bundle and 
MS tests. Apertures formed of one-dimensional FZP's and hodoscope channels 
would perform better than two-dimensional FZP's, but would still suffer sig
nificantly in comparison to pinhole-hodoscope apertures of the same type, in 
both small bundle and MS tests, and offer no practical depth resolution capa
bility for a single aperture.

These conclusions are based to a large extent on calculations for fuel 
motion monitoring by fast-neutron emission, rather than by Y-ray emission.

1-4
Previous experiments at TREAT indicated that fuel motion monitoring by 
Y-ray emission would be much more difficult than by neutron emission for 
tests at that facility. This was primarily due to the much smaller signal- 
to-background ratio achievable for y-rays emitted by fuel, a situation likely 
to be true also for STF. If one wishes to compare candidate apertures for 
fuel detection by y-ray emission, the same calculations as performed here 
for neutrons could be done for y-i'ays. Allowance would have to be made for
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TABLE 2. SUMMARY OF COMPARISONS OF APERTURES FOR STF-MS CRITERIA

Aperture V,m3 X P S ”D Co> cps n po 
r,H/ ^oH

H 0.47 0 CO 2.90 540 3.75 X 10 1

P 1 0.47 3.11 . CO 0.71 540 1.19 X 107 4.51

P2 0.79 1.01 oo 1.44 540 5.90 X io6 1.79

PHI 0.47 0.71 CO 1.70 540 5.21 X io6 2.26

PH2 0.47 1.70 CO 1.07 540 7.65 X 106 2.06

NRP 1.37 1.32 0.028 0.015 2940 2.45 X io8 4.46 .

FZP : 1.00 0.53 0.00083 5.43 x 10" 4 6148 5.81 X 109 2.30

FH1 0.79 0.13 0.103 0.072 1548 4.23 X lo' 2.76

FH2 0.75 0.14 0.040 0.028 1260 1.05 X

0
0oI—

1 2.33

H: hodoscope V: reactor half-slot volume

PI: pinhole 2.5 m from core center A: background enhancement factor

P2: pinhole 5 m from core center p: signal-to-decoded background racio

FH1: PI horizontally, H vertically £: signal-to-total background ratio

PH2: PI vertically, H horizontally V number of required resolved detection pixels

NRP: nonredundant pinhole C : required count rate per object pixel for 0.1 msec0
resolution

FZP: Fresnel zone plate

FH1: FZP horizontally, H vertically n: available signal-to-count noise ratio

FH2: FZP vertically, H horizontally V required signal-to-count noise ratio

In the above table, no allowance Is made for discrete detector mismatch of the other apertures in 
comparison to a hodoscope, nor for performance degradation caused by use of position-sensitive de
tectors (probably required by the two-dimensional NRP and FZP apertures). Decoding of the coded 
aperture images is assumed to be performed by the most efficient possible digital computer al
gorithms, but the above on-axis Fresnel zone plate apertures will produce image artifacts.



fuel y-ray source strength and detector efficiency, both higher than for 
neutrons, but the relative performance of candidate apertures (exclusive 
of detection systems) is not strongly sensitive to these parameters. The 
background enhancement factors would probably remain the saino oi-’»er of mag
nitude as for neutrons and even if reduced, would be compensatfcd ‘jo a large 
degree by increased sensitivity of detection capability to reduction of the 
already much lower signal-to-background ratio expected. Thus, it .is anti
cipated that the conclusions reached concerning the relative performance 
of candidate apertures will remain valid also for fuel detection by y-ray 
emission.

So far, clad monitoring has not been discussed. Experiments and tran
sients with the TREAT hodoscope indicate that clad blockages can be monitored 
by biasing a bank of Nal detectors (located behind the neutron detectors) to

2
high energies for detection of capture y-rays emitted from steel. However, 
the signal-to-background ratio achieved for a volume of steel equal to that 
of a fuel pin is only ^0.6, 5 times lower than that observed for fuel by the 
fast-neutron detectors. The situation much the same as for fuel detection 
by y-ray emission. Clad blockage monitoring would favor the hodoscope over 
the pinhole, because the hodoscope preserves the signal-to-background ratio.

The potential capability of flash x-radiography for monitoring material 
motion will not be discussed here, except insofar as the choice of aperture

2
is concerned, since it is discussed elsewhere. Because x-radiography util
izes detection of transmitted radiation, a large full slot through the reactor 
core is needed (2 slots for three-dimensional resolution), and only density 
variations can be detected. To distinguish fuel from sodium and steel, a 
system to detect neutrons emitted form the test fuel will probably be neces
sary, separate from the y-ray detection system, a situation for which the 
hodoscope is well-suited. The use of a coded aperture would enlarge the 
viewing slot considerably, possibly to the point of compromising the reactor's 
ability to drive test fuel (a coded source would be even worse in this re
spect) . The high energy y-rays used could cause a large background enhance
ment by penetration of coded apertures, and to a lesser extent, of pinholes.
The hodoscope may be the only feasible aperture for flash x-radiography ma
terial motion monitoring.

A table of hueristic probabilities of success of the studied apertures 
in meeting requirements in STF transient tests for fuel motion monitoring by 
detection cf emitted neutrons, for clad blockage monitoring by detection of 
emitted sceel capture y-rays, and for material motion monitoring by flash 
x-radiography, has been prepared (see Table 3). Of course, these probabilities 
are subject to rearrangement due to technological breakthroughs. Only relative 
probabilities should be considered to have validity, and the rankings down a 
column have more validity than those across a column. Down a column, the 
cost and time for development would be roughly inversely proportional to the 
probability of success. Across columns, the cost and time for development 
would be much greater for x-radiography, which requires development of expen
sive electron beam accelerators. The options available are somewhat mutually 
exclusive, since only one aperture can be used in the final system developed. 
For example, if one chose to concentrate effort only on apertures having a 
probability of success greater than 0.5 in the table, only the hodoscope 
would be a candidate for flash x-radiography (a second detection system for
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TABLE 3. PROBABILITY OF SUCCESS OF CANDIDATE APERTURES FOR
MEETING MATERIAL MOTION MONITORING REQUIREMENTS FOR 
STF TRANSIENT REACTOR TESTS.

Aperture
Fuel Motion 

(neutron emission)
Clad Blockage 

(Y-ray emission)
Flash Radiography 

(Y-ray transmission)

Hodoscope 0.9 0.7 0.6

Pinhole-Hodoscope 0.8 0.6 0.3

Pinhole 0.7 0.5 0.2

FZP-Hodoscope 0.5 0.3 0.1

NRP 0.2 0.1 0.02

FZP 0.1 0.05 0.01
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neutrons emitted by fuel would be developed) and only the hodoscope and 
pinhole-hodoscope would be candidates for emissive material motion monitoring 
(fuel and clad blockage). Engineering and design problems have not been fac
tored into Table 3. It is presumed (perhaps unwarrantedly) that such problems 
(such as repetitive pulsing of high energy, high current electron beam accel
erators, for example) will be solved within a suitable time and cost frame
work. Those factors are more uncertain for non-hodoscope type systems, for 
which no precedent exists.

The uncertainty having the greatest effect in the calculations used in 
arriving at the above conclusions is ir. the amount of background introduced 
in the detected image by penetration and scattering of radiation in specific 
aperture designs (characterized in this study by the background enhancement 
factor X). By coincidence (since the apertures having the greatest signal 
transmission also have the greatest and most, difficult-to-estimate back
ground transmission, nnd since the apertures having greatest transmission 
were found least probable to succeed), the uncertainty in this background 
for specific apertures is roughly inversely proportional to the probabilities 
given in Table 3. However, the conclusions remain valid under a wide enough 
range of background enhancemeut factors that they are thought to be above 
this uncertainty. But for a more refined analysis of feasibility and for 
development of specific aperture designs, accurate calculations of this 
effect are needed, supported by experimental results.

The specific aperture designs compared were chosen to accentuate the 
capabilities of the aperture types under consideration, without regard to 
the detection system. The capabilities of a specific aperture design may 
be compromised by redesign for a specific detection system. In particular, 
decreasing the aperture-detection plane distance to accommodate a single 
position-sensitive detection system (such as a scintillator-image intensi
fier) requires a reduction in the characteristic aperture resolution element. 
This produces a count rate reduction in the case of pinhole and NRP aper
tures (due to reduced solid angle) and a background enhancement in the case 
of FZP apertures (due to reduced aperture thickness). This is in addition 
to potential problems mentioned in Sec. IV which are incurred by use of posi
tion-sensitive detectors. The present study is a first attempt to compare 
possible ex-core imaging systems for STF, with effort directed at defining 
important parameters for different types of apertures, rather than extensive 
analytic calculations. Only a limited range of aperture types was studied 
and detection systems were only a secondary consideration. As conception 
and development of various specific integral material motion detection 
systems proceed, it will be useful to compare their characteristics in a 
similar manner as done in this study, with more exact calculations and a 
more extensive and more common experimental base.

-21-



REFERENCES

1. A. DeVolpi, R. J. Pecina, R. T. Daly, D. J. Travis, R. R. Stewart and
E. A. Rhodes, "Fast Neutron Hodoscope at TREAT:Development and Operation," 
Nuclear Technology 27, pp. 449-487 (1975).

2. Transactions of the Information Exchange Meeting on Fuel and Clad Motion 
Diagnostics in LMFBR Safety Test Facilities, Albuquerque, N.M., November 
1976 (to be published).

3. A. DeVolpi, R. R. Stewart, J. P. Regis, G. S. Stanford and E. A. Rhodes, 
"Fast Neutron Hodoscope at TREAT : Data Processing, Analysis, and Results," 
Nuclear Technology 3£, pp. 398-421 (1976).

4. L. A. Beach, A. G. Pieper, and M. P. Young, Gamma-Ray Scanning Techniques 
for Fast Breeder Reactor Safety Studies, NRL Report 5625, July 1961 (AEC 
Research and Development Report COO-273).

5. Material Monitoring Assessment for SAREF, Interim Report:Fuel Motion 
Monitoring for Large Test Sections, ANL (13 Sep. 1975).

6. Image Processing for 2-D and 3-D Reconstruction from Projections:Theory 
and Practice in Lledicine and the Physical Sciences. 4-7 August 1975 
(Optical Society of America Technical Digest).

7. L. T. Chang, B. MacDonald, and V. Perez-Mendez, Axial Tomography and 
Three Dimensional Image Reconstruction, LBL-3872 (November 1975).

8. Fast Reactor Safety Research Program Quarterly Report (Oct.-Dec. 1975) 
SAND-76-0157.

9. K. S. Han, G. J. Berzins, and W. H. Roach, A Proposed Coded Aperture 
Imaging System for LMFBR Safety Experiments. LA-6208-P (January 1976) 
and Appendix (May 1976).

10. H. Barrett and F. A. Horrigan, "Fresnel Zone Plate Imaging of Gamma 
Rays; Theory," Applied Optics 12, p. 2686 (November 1973).

11. L. T. Chang, B. MacDonald, and V. Perez-Mendez, "Coded Aperture Imaging 
Using Multiple Pinhole Arrays and Multiwire Proportional Chamber 
Detector," IEEE Transactions on Nuclear Science, NS-22, p. 374 
(February 1975).

12. S. Houle and M. L. G. Joy, On-Axis Multiple Fresnel Zone-Plate Coded 
Apertures, Univ. of Toronto Institute of Biomedical Engineering Report 
No. 16 (February 1975).

13. H. H. Barrett, D. T. Wilson, G. D. DeMeester, and H. Scharfman, "Fresnel 
Zone Plate Imaging in Radiology and Nuclear Medicine," Optical Engineering
12, p. 8 (Jan./Feb. 1973).

14. Fast Reactor Safety Research Program Quarterly Report (Jan.-Mar. 1976) 
SAND-76-0273.

-22-



APPENDIX

EVALUATION OF EX-CORE IMAGING APERTURES FOR STF

On the following pages, sketches are shown of the nine specific concep
tual aperture designs compared in the text.
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Fig. I. Conceptual design of hodoscope aperture for STF-MS transients. Each collimator slot is 1.0 cm
wide and 2.5 cm high.
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Fig. 2. Conceptual design of ?1 pinhole aperture for STF-MS transients. Rectangular piiiliole is 1.5 om
wide and 3.75 cm high.
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Fig. 3. Conceptual deplgr. of P2 pinhole aperture for STF-MS transients. Rectangular Mahole is 1.0 cm
wide and 2.5 CO high.
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Fig. A. Conceptual design of FH1 pinhole-hodoscope aperture for STF-MS transients. Pinhole is 1.5 cm
wide and collimator slots are 2.5 cm high.
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Fig. 5. Conceptual design of PH2 pinhole-hodoscope aperture for STF-MS transients. Pinhole is 3.75 cm
high and collimator slots are 1.0 cm wide.
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Fig. 6. Conceptual design of two-dimensional NRP aperture for STF-MS transients. There are 27 rectangular
pinholes, each 1.5 cm wide and 3.75 cm high. For clarity, only 6 pinholes are shown.
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F ig .  7 . Conceptual design of two-dimensional FZP aperture for STF-MS transients. Width of outer zone is
1.5 cm.
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Fig. 8. Conceptual design of FH1 FZP-hodoscope aperture for STF-MS transients. Outer zone is 1.5 cm wide
and collimator slots are 2.5 cm high.



A IL  Di*\£*jS|OH $ 

IN KEtERS
UrrK.au, to «cA te )

R H S  VIEW

SlJ>£ V I E W

Fig. 9. Conceptual design of FH2 FZP-hodoscope aperture for STF-MS transients. Outer zone is 3.75 cm high
and collimator slots are 1.0 cm wide.



ADDENDUM

EVALUATION OF EX-CORE IMAGING APERTURES FOR STF

Following comments received from Z. Akcasu and H. Barrett after presenta
tion of this paper at the meeting, corrections have been nuide to the manu
script text. In particular, the signal-to-noise ratio n has been redefined, 
the portion of the background enhancement factor X due to transmission 
through coded apertures has been redefined in terms of an average probability 
of transmission <p, which affects the signal to decoded background ratio p, 
and errors in calculation of X have been corrected, resulting in altered 
entries in Table 2 of the text. In regard to comments received concerning 
the limiting value of X, it should be noted that Eqs. 3, A, and 6 of the text
are approximations valid for m>>l and X<<(m-1)(1+a ) , where a =£_,S /c„Bn H b o  D O
is the signal-to-background ratio for a 'perfect' (hodoscope) collimator.
These inequalities are well-satisfied in the X calculations of the text.
A more exact formulation shows that for a simple pinhole imaging a uniform 
object, the observed signal and background counts are given by

Ns = ojesvSot[l-X/(m-l) (l+aH) ] (Al)

and

Nfi » ajeBvBot{l+[l+cxH/(l-m"1)]X/(l+aH)}, (A2)

where m is the number of object pixels and 0<X<(m-1)(1+a ). For X=0, the— — h.
aperture is perfectly opaque and no background enhancement is present. For
X=(m-l)(l+a ), the aperture is completely open, so that an image cannot be H
formed, and N =0 and N = mu)vt(epS + e_B ).b D b O D O

These corrections do not alter the basic conclusions reached in the 
text regarding the specific apertures considered in the investigation.
However, it was learned at the meeting that the type of NRP aperture being 
proposed by Berzins, Han, and Roach of LASL is not or the NRP type considered 
in this study. Their NRP aperture would consist of multiple narrow partially- 
collimating pinholes of the type described in their paper, "Preliminary 
Report on the Pinex at TREAT", each of which would cover a small region of 
the overall field of view. This is in contrast to the NRP design of this 
study, which consists of wide pinholes, each covering the entire field of 
view. Their NRP aperture should yield much less image background but also 
a much smaller effective solid angle. Its characteristics may lie between 
those of a hodoscope and an NRP aperture of the types considered in this 
investigation (each having the same resolution as the LASL aperture).
Although the results of this study do not directly apply to the LASL NRP 
aperture, the techniques used are applicable and it would be interesting 
to find how their aperture compares with the others considered. However, 
the LASL computer reconstruction of images from their aperture appears to 
be complex and time-consuming, so that values for X, <)>, and p may be 
difficult to obtain.
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