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PREFACE

1 :
Many central issues and lines of assurance in fc.st r e a d e r  safely 

studies depend upon the characterization of fuel and claci mot ions: the 
liming* rales* and direction of movement. Transient test reactors are being 
and will be used to simulate abnormal reactor conditions. Direct surveillance 
of material motion (the transport properties of fuel., structure* and coolant) 
has become recognized as an integral requirement for instrumental ion of 
transient safety lests.

finalytical models under development must take into account a number 
of state variables* as well as a large three-dimensional time-dependent 
material-transport matrix. Thermodynamic properties required for code 
input can be sampled from pressure* flow.- and temperature instrumentation 
installed in tust capsules. Finally* the residue from a transient experiment 
can be examined; such radiographic and metallurgical data is indespensible 
in establishing the experiment outcome and ether supporting information.

But the question remains* whan does the fuel rod bundle get trans
formed and transported from its initial intact condition to the final 
confiquration observable in the postmortem? Both analysis and existing 
experimental data indicate that many complex stages intervene from begin
ning to end. Since it is theoretically possible for temporary states of 
compaction to be reached during various nodes of fuel and cladding relocation, 
there can be no substitute for direct observation of the stages leading to 
the ultimate disposition of core materials.

The surveillance of fuel motion during reactor safety experinvents 
fulfills three types of objectives: direct tims-resolved information 
on the actual test progress ion; guidance or calibration of analytical 
models; and interpretation and validation of test instrumentation in 
terms of fuel and clad motion.

The ongoing ERBA program to provide in-pile experiments and facilities 
required for resolution of tho Key fast-breeder safety issues includes 
prcqrcjmriWt ic consideration of experiment objectives in terms of material motion 
surveil icsnco. The capabilities which can be attributed to both new and modified 
fccilties are a function of available diagnostic techniques. Thus* material 
motion results one! developments which have taKen place to date weigh heavily in 
theconceptual phases of facility design. Of course* the greatest reliance must 
be placed on already-established techniques.

It is with these considerations that two exchange meetings on 
reactor diagnostics have been held. The first was a year ago at Albuquerque*
NH* under the auspices of Sandia Lat-oratories. Tnis second technical 
exchange has been limed specifically to taKe advantage of the contiguous 
ANS/EMS meeting cn Fast Reactor Safety* but more generally to provide 
timely assessment of the development status of various candidate
techniques for application in the multi-facility SAREF program---with
particular regard to the STF concept design.

Approximately 50 specialists gathered at Chicago for this meeting. 
Individuals were present representing interests in model development 
and use* hardware and system development* experiment application and 
operation* and supporting agencies. The attendees were drawn from seven 
United States laboratories* four overseas laboratories* five universities* 
and two government agencies. The topical areas covered included diagnostic 
roquiroments* techniques for fuel motion detection* and developmental concepts
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for clad and sodiurc detection. In addition, some attention wc.s paid to in-situ 
radiography and out-^i'-pile diagnostics. The four major methods of fuel 
motion monitoring being evaluated are the hodoscope (which has over a decade of 
operational experience) and the new untested developments in cod^d apertures, 
flash x-radiography, and in-core detectors.

In examining these transactions, it should become clear to the reader 
that there are a wide variety of complex technqiques being considered for 
application in material motion surveillance. Two of the main problems 
associated with the adoption of nuclear methods from other fields are the 
high-radiation background of the reactor and the brevity of the transient 
profile. Furthermore* the additional complication and expense of very large 
test assemblies in STF place strong demands on demonstrating dependability 
as well as satisfactory space and time resolution.

Regarding these transactions, the papers are reproduced as received 
at the meeting from the authors. In the interest of timely publication, a 
limited amount of time was allowed for authors to submit addenda or errata 
for attachment to the original papers. IJhere possible, corrections have 
been made directly on the original manuscript.

The original program contained 19 invited papers and two scheduled summaries. 
Three additional contributions were provided at the meeting. Almost all authors 
were able to distribute preprints of their papers to the list of expected 
participants in advance of the meeting, thereby enabling attendees to focus on 
informed discussion. The cooperation of authors in distributing the advance 
preprints and in bringing the original text to the meeting is appreciated.

Reduced turnaround time also resulted from the use of a new text-processing 
program capability developed on the PDP-11 facilities of the Hodoscope Group.
All pages of these Transactions that appear in this typeface are hard-copy 
outputs of the CRT terminal-oriented word-editing system.

The cover illustration is a selected sequence of images resulting from 
computer reconstruction of adjusted TREAT hodoscope data on single-pin 
transient test R3.
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ONGOING EXPERIMENTS ---  DIAGNOSTICS REQUIREMENTS

C. E. Dickerraan

Argonne National Laboratory 

Argonne, Illinois 60439, U.S.A.

ABSTRACT

This paper will review the fuel motion diagnostics needs for ongoing 

LMFBR safety experiments over approximately the next five years. It will 

center the discussion on TREAT, and will not present specific requirements 

for future fuel motion tests in CABRI or the Annular Core Pulse Reactor.
However, these comments certainly have implications for experiments in these 
facilities, also. Brief comments on the direction in which clad motion diag
nostics requirements are expected to develop will also be presented.

INTRODUCTION

The period of time to be covered is one in which the scope of the TREAT 

experimental program will broaden beyond the single to seven-pin level of 

today which is directed toward the early movements that affect initial reacti
vity changes in hypothetical LMFBR accidents. Studies will be begun of 
extended fuel motion in many fuel "channels," in order to provide data needed 

to resolve safety issues on the degree of whole core involvement, recriticality, 
and early stages of post accident movement.

It should be noted that the ongoing TREAT requirements are those for an 

existing program with well-developed fuel motion diagnostic capabilities.
Thus, these requirements are neither targets nor design specifications; 

rather, they are real experimental needs developed through analysis of infor
mation needs, and they are typical of requirements developed in the past to 
guide TREAT instrumentation development.*

Unique Capabilities Required

The need to understand and predict fuel motion in hypothetical LMFBR 

accidents results in requirements for basic and unique in-pile fuel detection 

capabilites. These are summarized below:

Unique Fuel Motion Detection Needs

1. Capability to detect fuel uniquely with discrimination against 

structure, coolant, and experiment containment.

2. Capability to be sensitive to entire amount of fuel within region 

viewed by a single channel without self-shielding.
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3. Capability to detect fuel distribution as unique distributions, at 
least in one horizontal plane.

4. Capability to detect fuel distribution over a wide range in power 

levels, from initial test phase (to establish initial conditions) 
through fuel motion at power levels programmed to simulate accident 
conditions, and at the end to determine final distributions (post
scran! if possible).

5. Capability to read out fuel distributions as a function of time 

with sufficient time resolution to describe the movements as they 
occur, rather than isolated "snapshots".

Items 1-5 are well met by the TREAT neutron hodosr.ope. There is some 

overlap. For example, the use of a system with neutron detection and threshold 
energy discrimination to satisfy the first, also satisfies the second. It 

should also be noted that the first also implies a relative freedom in choice 
of experimental conditions such as use of sodium coolant, choice of apparatus 

configuration, wall thicknesses, materials*, etc. Items 1-5 are adequate 
scope for guiding or validating fuel motion analyses performed to assess the 

consequences of hypothetical LMFBR accidents. However, the need to obtain 
phenomenological data for detailed modelling df fuel behavior can lead Co 

another requirement:

6. Capability to determine detailed modes of fuel breakup/motion, e.g. 
dust cloud, swelling, jets, etc.

This particular requirement leads to photographic experiments. There is an 

inherent conflict between 2. (needed for fuel motion data) and 6. (needed for 
phenomenological data) which results in a need for two different diagnostic 
systems. At this time, we have no proven techniques which permit 6 to be met 
for samples run in a sodium environment. However, for tests in which the 
conditions imposed by photographic systems are acceptable, a hodoscope system 
can be run in parallel. Photographic system requirements will not be discussed 

•further in this paper.

Requirements 

1; Sources

Civen the basic requirements presented above, specific and numerical 

requirements can be established to meet specific information needs. Analyses 
provide guidance on the sequences of events which will be produced by a given 
set of hypothetical LMFBR accident conditions. Given a sequence, analyses

*0f course, if additional fuel materials are incorporated into the test 

section for experimental reasons, the detectors cannot distinguish between 
test fuel and additional fuel, and this causes a loss in signal to background 
ratio. TREAT tests FI and F 2 *’3 for example, did incorporate additional fuel 
to flatten radial temperature distributions, with the result that the signal 
to background in those two single pin tests was intermediate between that for 

a single-pin and that for the central-pin in a cluster of seven pins.
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will then provide guidance on the quantities of fuel whose movement is needed 
to play a significant role in the accident (e.g., to shut down the reactor by 

dispersal in higher pcwer "lead" subassemblies). Analysis can also supply 
the velocities or, more accurately, the distances and time intervals v/hich 
are required if the fuel movements predicted are to be significant. Calcula
tions of quantities and velocities are also obtained, but the actual numerical 

values are model-dependent and can change significantly with various choices 
of physically-reasonable parameters. The actual experimental data provide 
sequence data which may not match the analytical predictions. Thus, there is 
feedback between data and analysis in the case of safety issue requirements 
which should be continually reviewed.

Calculations of Fast Fuel Test Reactor and Clinch River Breeder Reactor 
hypothetical accidents** are the principal source of current specific require
ments. These requirements will, be presented in the following categories: 
sensitivity, temporal, spatial and post transient considerations.

2. Sensitivity

One major factor that serves to mitigate consequences of hypothetical 
LMFIiR accidents is incoherence - events do not occur simultaneously throughout 
the core. Thus, in general, tiie amount of material needed to be dispersed to 
terminate a transient and shut down the reactor well subcritical is restricted 
to a limited number of subassemblies. Thus the fraction of fuel moving in 
the subassemblies affected, may be more than an order of magnitude larger than 
a fraction of fuel moving expressed relative to the total amount of fuel in 
the core.

Fuel Movement Involving Sodium Vaporization

Extensive analytical* and experimental work7 is underway to characterize 
fuel dispersal involving sodium vaporization. Traditionally such events were 
treated as transient overpower (TOP) accident phenomena, but they can also 
arise in tranbient undercooling-driven-overpower (TUCOP) accidents. This 
includes the case of fuel failure after boiling'3 as well as prior to boiling.^ 
Reactivity changes arise due tc fuel motion in the fuel channels and within 
the fuel pins. Calculations indicate that typical reactivity ramp hypothetical 
accidents in an FTR-like reactor can be terminated, and the reactor driven 
well sub-critical, by a total movement of the order of 20 g per pin (^10% of 
the fuel) occurring in a few lead subassemblies. This movement is calculated 
to occur within a time interval <100 m s . 10 For motions of this type to be 
characterized, a sensitivity to changes over a few cm of axial length of one 
g or less per pin is needed in order to follow the fuel as it moves from the 
failure site within coolant channels, within each pin toward the failure site 
and is dispersed above the top cf the initial fuel stach. For a typical 

seven-pin experiment, viewed with 5 vertical columns, ^his implies that we 
wish to detect clearly and unambiguously amounts fuel <7 g per horizontal 
row, or <1.4 g^individual channel. For 61 pins (10 columns), this implies 

<61 g/row, or <6 g/channel. Individual channel data are needed as well as row- 
integrated data (which may be particularly useful11 for comparison of experiment

*Cf. Refs. 5 and 6.
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with the single channel movement models currently available5’6) in order to 
check the effects of bundle incoherence effects, as well as to test for the 
possible existence of local events or test section boundary anomalies. Fig. 1 
illustrates what is actually encountered. Shown is the distribution of 
fuel, per unit of axial length, for the total of seven oxide fuel pins with 
fuel stacks initially 34 cm long, run in test E8.11 Hodoscope data were 
integrated over all five vertical columns to obtain one axial distribution 
curve for each time interval, for convenience in comparison against PLUTO I5 
calculation output. The relatively large time intervals (M.0 ms or more) were 
found to be adequate to characterize the changes in distribution. Note that 
averaging 5 channels into one at each axial node enhances sensitivity. Further 
improvement is obtained by integrating over longer time intervals than the 
readout, intervals whenever it is justified. This test used a sodium flow 

setting scaled down r.o match the short fuel stack to obtain realistic axial 
temperatures at the time of failure.. Other tests with higher flows may be 
expected to produce significantly more (and faster) axial movements.

For LMFBR designs with substantial local positive sodium void coefficients 

of reactivity, the positive reactivity changes associated with voiding must 
be folded into the analyses of fuel (and c.lad) motion-induced reactivity 
changes. In general, this effect raises the magnitudes of fuel whose motion 
has significant effects, so that the above comments on fuel sensitivity still 
apply. The time intervals of interest may be significantly reduced, however, 
as will be discussed briefly below.

Movement After Channel Voiding

Movements associated with events occurring after channel voiding can 
occur for a wide range of power levels. For an FTR-like reactor, this motion 
is calculated to occur at transient undercooling (TUC) accident power levels2 , 
that is, at one to a few times nominal power3 , and the magnitudes of fuel 
whose movement is significant is comparable to those of the cases discussed 

above. For dispersals at ''dOO times nominal power12, however, the expected 
(and significant) movement is, to first order, characterized by a "front
like" movement of the end of the fuel. For current pin designs, a single pin 
experiment would have a change of 0 to ^2 g/cm length as the "front" moved 

completely through a channel. ^This implies that one should clearly and 
unambiguously detect a^change <1 g/channel.* For seven pins (five channels 
ner row) this implies <1.4 g/channel. For 61 pins (10 columns) this implies 
<6 g/channel. Complex motions have been predicted (as fuel ends dropping, 
central sections dispersing upward/downward through end "stubs", etc.) and 
some complex motions have been detected (local fuel "eructations") within a 
completely disrupted fuel region. The above sensitivities appear to be 
adequate to characterize them.

*Two channel heights are available at TREAT, one of about 2 cm and one 

of about 3.5 cm. See below. The former would view a change of 0 to 4 g/channel 
as the front moved through, the latter, 0 to 7 g/channel.
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Comments on Transition Phase Experiments

"Transition phase" experiments are planned to study the core behavior 
after a core disruptive hypothetical LMFBR accident, as the core boils up 

under a continued decay heating and disperses to its final configuration.
During this time, the cort; debris is well-subcritical, and there is concern 
over whether or not the core material could in some fashion compact enough lo 
cause recriticality. For the development of this accident phase* sensitivity 
adequate to follow continued dispersal of the reverse of the initial dispersal 
is needed. That is, it appears that sensitivity adequate to follow the 
accident dispersal phase should be adequate for study of the development of 
the subsequent dispersal phase.

3. Temporal Resolution

Sensitivity and time interval are related, since the longer the time 

over which counts are integrated, the greater becomes the statistical precision 

with which the fuel quantity is measured per channel. In advance of a test it 
is necessary to determine a time interval for hodoscope data readout which is 

equal to that needed to detect the movements of material quantitities (sensi
tivity requix*ements) which represent the anticipated (or significant) motions.

If the data indicate that longer intervals are sufficent, then counting data 
can be accumulated over two or more time intervals to obtain better statistics 
and enhance the quality of data.

Fuel Movement Involving Sodium Vaporization

For typical TOP case calculations the most significant movements appear 
to occur over a time interval 'v20 ms; and movements <̂5 ms appear to be adequate. 

On this basis, readout intervals ^2 ms are required. The number of intervals 
over which counting data are integrated should be determined after initial 
data analysis. For a voiding reactivity-driven power burst, a bur'st duration 
of about 5 ms has been calculated.^ Here, a readout interval ”vl ms is required 

to follow the dispersal which terminates the burst. For the somewhat longer 
bursts studied with TREAT, therefore, 1-2 ms readout intervals would be adequate.

Movement after Channel Voiding - Existing Data

Existing data indicate that movements occurring at power levels ^  normal 
or a few times normal can be characterized adequately with time intervals 
significantly longer than those for the dispersal by vaporizing sodium. Fuel 

fall or acceleration under a few g can adequately be characterized - for the 
distances of interest - by time intervals >10 ms. So this class of phenomena 

is also covered by the 2-3 ms readout interval. At high power levels, for 
example ^100 times normal like the case under study in the EOS tests, the time 
scales of significant fuel movements require readout intervals of 1-2 ms.
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Comments on Transition Phase Experiments

Some guidance on time intervals needed to follow the development of a 
transition phase dispersal is provided by the "eructuations" detected in 
tests L2, L3 and L4, 3 and the "slow" dispersal detected in E7.14 For these 
events, intervals of 10-20 ms are quite adequate. However, shorter readout 
intervals ^ a few ms would be desirable initially, since data can be integrated 
over as many readout intervals as desired, based on the initial analyses of 
the hodoscope data. One recent15 calculation of the upper surface height of 
a boiling pool of fuel and steel, has predicted height increases of about 1 
cm occurring over a time span of about 100 ms (4000°K fuel) to about 500 ms 
(3100aK fuel). To follow this type of event, which rcight be run at sample 
power ^5-207, of nominal, time intervals ^ of 20 ms appear to be quite adequate, 
and integration of data over much longer intervals may be justified once 
actual data are available for guidance.

4. Spatial

Spatial resolution is desirable on as fine a scale as possible, to 
aysist in defining specific phenomena and refining calculational models.
Very fine spatial subdivision of a hodoscope system is not feasible, because 
the resulting counting statistics would be inadequate. Thus it is necessary 
to ascertain the. spatial subdivision actually needed to follow fuel movements 
for LMFBR accident analyses. ' The typical "cell" for movement is that defined 
by a single fuel pin and the channel around it. A horizontal subdivision 
comparable to this "cell" diameter is needed to check single channel fuel 
motion calculation predictions, and to check for possible incoherence ac’-'ss 
the pins of a test cluster, or to check for possible boundary effects, in 
some cases,...it is actually desirable to integrate data over several channels 
on the same, vertical position to check analytical results.11 Vertical node 
separation ^2 cm is. normally quite adequate for the reactivity calculations. 
Vertical subdivision of the hodoscope adequate to provide dai.a with vertical 
resolution 2 cm is required.

Spatial dimensions of the hodoscope channels are set by the collimators, 
which were designed on the basis of the above requirements. Current fuel 
designs have centerline to centerline fuel separations of about 0.7 cm or 
larger. The original hodoscope collimator views elements 0.38 cm wide by 
2.25 cm high at the core center. The new collimator views- elements 0.67 cm 
by 3.45 cm. Finer spatial subdivision of fuel motion data to one half or 
less the element separation can be obtained by unfolding spatial distributions.

Axial coverage is provided with the new collimator adequate to view 91 
cm fuel stacks plus an additional 30 cm for extended fuel motion above and 
below the fuel. Radial coverage is adequate for a 61 pin cluster, or a 61 
pin core within a 91 pin bundle.15

5. Post Transient Considerations

Post transient fuel motions are a special case. Originally, it was 
expected that no significant post-transient capability could be developed. 
However, the hodoscope as developed has a wide dynamic range which can be 
further exploited by integrating count data over many collection intervals to
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build up statistics for low countratu post-scram events in TREAT experiments.

The need to accumulate counts over much longer intervals than during the 
transient somewhat restricts post-scram fuel motion data requirements to 
"slow" motions such as the following: post-scram collapse under gravity of 
molten samples, determination of the frozen stable post-experiment configuration 
for a test in which the removal of test apparatus from the reactor could 
result in collapse of fragile columunar remains slow dispersal continuing 

after scram, and gross identification of fuel "eructation'' events occurring 
after scram.

Post-experiment in-situ radiography may be regarded as a special case of 

post-scram diagnostics. Its basic requirement is determination of the frozen, 
stable, post-experiment configuration prior to movement of the test apparatus. 

Performance of such scans must be planned carefully and in general may require 
that the. loop sodium remain molten until completion of the scan. The TREAT 
power level necessary to obtain a good scan in a reasonable operating time 
may be high enough that frozen test section sodium could be melted, particularly 
in a test resulting in complete or partial flow channel blockages. In such a 
case, cycles of freezing and thawing of sodium trapped in fuel fragments 
could cause disturbance to the fuel.

Discussion

1. Fuel Motion

General requirements can be identified for a wide range of fuel motion 

experiments. Sensitivity is basically a function of the size of test bundle.
It ranges from a single pin value of one gram of fuel per hodoscope channel 
up to 6 g/channel for 61 pin test bundles. Data readout intervals are typically 
set small, and then count data are averaged over as many collection intervals 
as the preliminary velocity data permit in order to enhance the quality of 
the motion data. Intervals down to 1-2 ms may be employed, although data may 

be integrated over intervals of 20 ms or longer.

It must be emphasized that the requirements are those being developed 

for TREAT experiments which are being guided by mechanistic analyses of the 
physical phenomena expected to be present in hypothetical LMFBR accidents, 
analyses of which in turn have been guided by previous TREAT data. Some use 
has been made of the real incoherences existing in real reactors. More 
detailed treatments of incoherences within subassemblies and from subassembly 
to subassembly would be expected to migitate these accidents and broaden the 

time spans of interest.

Application of the above requirements to other test reactors must be 

done carefully, with due attention to the actual phenomena to be studied.
For example, if one wishes to study LMFBR accident termination by post
failure fuel dispersal in "lead" subassembly in initially sodium-filled 

channels, using a short period reactor, it may be possible to obtain the 

required sample energy at failure only in a power burst with a few ms duration. 
However, the essential "lead" subassembly post failure movements which must 

be followed in order to guide or verify analyses of the shutdown may occur 
over ^50 ms. In this case, therefore, requirements for "post burst" fuel 
motion detection are as important as those at transient power levels.
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2. Cladding Motion

Development of cladding motion capabilities and requirements is still in 
a relatively early stage. Initial calculations18 of steel blockages at the 
top of the fuel tended to greatly overpredict the amounts of steel (the 
blockages actually found in post-mortem examination were a few mm in thickness).* 
It appears to be difficult, if not impossible, to consider detection of thin, 
planar, channel steel blockages. Gross loss or gain of steel in lead subassem
blies in amounts comparable to the fuel sensitivity will provide finer "reso
lution" than that for fuel, when reactivity effects on the LMFBR are compared. 
Finally, filling of sodium channels with steel and the subsequent movement of 
gross channel inlet blockages during the early post-accident movement phases 
are phenomena which should be followed by clad diagnostics capabilities.
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[’AST RFACTOR SAFETY EXPERIMENT NEEDS

AND MEASUREMENT REQUIREMENTS*

M. (!. Stevenson 
Reactor Safety and Technology Division

I.os Alamos Scientific Laboratory 
University of California 

Los Alamos, New Mexico 87545, U.S.A.

ABSTRACT

The usefulness of in-reactor fast reactor safety experiments 
depends strongly on the quality and quantity of data which can be 
obtained to extend our knowledge of phenomena and Co allow detailed 
comparison with theoretical models. It is imperative that the dc-sign 
of new safety research facilities optimizes data acquisition pos
sibilities within the constraints of other experiment requirements.
This is most important in relation to fuel and cladding motion dia- 
gnostics.

The experiment needs related to fast reactor core disruptive accident ana
lysis which have been identified in recent studies, such as Ref. 1, are exten
sive. The key issues and the accident areas to which they relate are summarized 
in Table I. The accident phenomenology areas and the related experiments are 
bound closely together, and for a successful program to be achieved must be 
directed towards resolving the key issues.

it is obvious from Table I that the key issues and related phenomenology 
all involve fuel motion and most involve steel motion. Complex computer codes 
are being developed to analyze fuel/steel motion in disrupted geometries [2], 
Achieving experimental verification of a code such as SIMMER will be difficult.
A reasonable procedure is to develop and verify the detailed modeling as much 
as possible through laboratory experiments using simulant materials. This must 
then bo followed by proof-testing using the reactor materials in in-reactor ex
periments. Although this is an involved process, it could be simpler than with 
a loss complex code since there are less restrictive assumptions. Further, a 
m o re detailed code allows a greater capability to extrapolate from one experi

ment to another and, finally, to reactor conditions.

In any case, verification oi analysis methods does ultimately require in
pile experiments, since fission hi.a1. ing is the best, if not only, way to achieve 
proper thermal conditions using actual n.:ictor materials in a reasonable-sized 
experiment. Further, the usefulness of the I’xperimcnts in terms of code vali
dation depends on tiie quality of the data obtained. Since a final check on the 
analysis validity is with material motions, the monitoring of these motions, 
i.e., "visual" data, is essential.

*Work performed under the auspices of the U. S. Nuclvar Regulatory Commission.
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TABLE I

KEY ISSUES PHENOMENOLOGY AREAS

1) Fuel pin and subassembly 
disruption thresholds

2) Accident fission energetics 
and neutronic shutdown

3) Primary systen Jamage 
thresholds

4) Core material retention

5) Accident products
transport and release

Fuel pin behavior
Fuel/steel motion within a subassembly 
Subassembly thermomechanical response

Early fuel dispersal
Fuel/steel/sodium dynamics under burst 

conditions 
Fuel/steel boilup
Fuel/steel plugging/meltout/recriticality 
Molten/boiling region dynamics

Thermal energy/work energy partition 
System boundary thermomechanieal responses

Post-shutdown heat removal
Molten material meltout
System and core materials interactions

Post-shutdown core material transport 
Primary system leakage 
Secondary system retention

We now describe what we believe aro good targets for fuel motion moniLoring 
resolutions in various experiments. Table II shows examples of small bundle 
experiments oriented towards single-pin behavior. In these experiments we wish 
to investigate the transition from pin geometry to either an early shutdown and 
cooled configuration or to a disrupted subassembly situation. Of particular 
interest is detailed fuel motion near the time or fuel pin failure. We wish to 
resolve fuel motion to the extent that initial expulsion into the coolant chan
nels and motion inside the fuel pin can be determined. This leads to a desired 
radial resolution of about 1 mm. In a rapid TOP-FCl wo ner.Q t" know the spread 
in fuel failure times and this leads to a time resolution of 1. ms. Time re
solutions for slower transients probably do not need to be p'nortar than 10 ms 
unless detailed resolution of the ejection process cannot be achieved through 
ou t-of-pile■experiments.

In larger experiments, the spatial fuel density resolution requirements 
are much less stringent since we are no longer interested in single-pin detail 
but in gross fuel and steel motion. Table III indicates the kind of information 
needed for typical subassembly-scale experiments. It is convenient in this case 
to express resolution requirements in terms of a mass motion, i.e., a mass 
moving through a distance. We have listed here a requirement of distinguishing 
the motion of a fuel mass of 10 - 100 g moving through a radial distance of 1 
cm and an axial distance of 10 cm in a time of 10 ms.

This requirement can be viewed in several different ways. If we consider 
an FTR-sized subassembly, we can envision that, with overcooling of the outer 
two pin rows and with a power gradient across the subassembly, we might wish to 
resolve fuel motion down to groups of about 20-40 pin.3. If we wish to detect 
density variations of 10% along an axial resolution element of 10 cm, then we 
need resolution of about 400 g-cm. Relating this to reactivity feedback and 
assuming an average axial fuel worth gradient we get a resolution of about 0.1 
to 0.2c/subassembly- If we assume that groups of 10-20 subassemblies behave 
reasonably coherently, then these numbers translate to a resolution of a few 
cents in the whole core accident calculation. Thus, if we can acquire fuel



TABLE II 

SMALL BUNDLE EXPERIMENTS

EXPERIMENT: Pin failure and fuel motion (TOP)

KEY ISSUES: Loss of pin integrity

Neutronic shutdpWn process 

Post sliutdowr- cooling 

PHENOMENA OF INTEREST: Pin failure time, location, and mode

Internal fuel motion 

Fuel expulsion and motion in channel 

Fuel sweepout, plugging, re-entry 

Coolability 

VISUAL DATA REQUIREMENTS: 1 mm radial

10 mm axial 

10-50 ms time

EXPERIMENT Rapid TOP-FCI

UEY ISSUES: Fission energetics

Neutronic shutdown process 

Energy conversion (system damage) 

PHENOMENA OF INTEREST: Pin failure conditions

Coherence of failure 

Internal fuel motion 

Fuel-coolant mixing 

VISUAL DATA REQUIREMENTS: 1 mm radial

10 mm axial

1 ms time



TABLE III 

SUBASSEMBLY EXPERIMENTS

EXPERIMENT: Fuel/steel motion during LOF-induced TOP

KEY ISSUES: Fission energetics

Neutronic shutdown process 

Subassembly failure threshold 

Post-shutdown cooling 

PHENOMENA OF INTEREST: Pin failure conditions

Fuel/steel expulsion, plugging, removal 

Fuel/steel re-entry dynamics 

Can failure 

Melting attack 

VISUAL DATA REQUIREMENTS: 100-1000 g-cm axial

10-100 g~cm radial

10 ms time

EXPERIMENT: Fuel/steel boilup

KEY ISSUES: Fission energetics

Neutronic shutdown process 

Subassembly failure threshold 

Post shutdown cooling 

PHENOMENA OF INTEREST: Initiation of motion

Fuel/steel dispersive motion 

Plugging, axial melting attack 

Can failure 

VISUAL DATA REQUIREMENTS: 500 g-cm axial

100 g-cm radial 

10-50 ms time



TABLE IV

MULTI-SUBASSEMBLY EXPERIMENTS

EXPERIMENT: Transition to molten region

Fission energetics 

KEY QUESTIONS: Neutronic shutdown process

Subassembly failure threshold 

Post shutdown cooling 

PHENOMENA OF INTEREST: Initiation of motion

Can failure

Gross axial fuel motion 

Plugging, axial melting attack 

' Radial fuel motion 

VISUAL DATA REQUIREMENTS: 1000 g-cm axial

100 g-cm radial 

10-50 ms time

motion data with a density resolution as noted, and if these agree with numer
ical models, then the reactivity history for the accident should be accurate 
within a few cents provided that the neutronics calculations are accurate also.

Table IV indicates that the resolution for multi-subassembly experiments 
needs to be on the same level. This is based on an interest in the transition 
from subassembly geometry to a molten region. Thus, fuel motion between sub- 
assemblies as they fail is of interest, and this requires tight resolution.

Achieving high resolution fuel motion information is difficult and 
obviously adds considerable expense to the experimental program. It is a nec
essary part of the program, however, since it is required for the development 
and verification of models sufficiently detailed to permit extrapolation to 

the reactor accident conditions.
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ABSTRACT

This paper summarizes the results of recent studies leading 
to recommendations on experiments and test facility requirements 
for fast breeder reactor safety.

The role of in-pile experiments in support of the resolution 
of fast breeder reactor safety and litcensing issues has been 
re-examined, with emphasis on key safety issues. Experiment 
needs have been related to the specific characteristics of these 
safety issues and to realistic requirements for additional test 
facility capabilities which can be achieved and utilized within 
the next ten years. It is found that those safety issues related 
to the energetics of core disruptive accidents have the largest 
impact on new facility and diagnostic requirements. Emphasis has 
been placed upon maximum utilization of existing facilities and 
minimum requirements for new facilities. This evaluation has 
recommended that the essential elements of the Safety Research 
Experiment Facilities (SAREF) required for resolution of key issues 
include; a new Safety Test Facility, STF, major modifications 
to the EBR II facility, improvement in TREAT capabilities, and 
the existing Sodium Loop Safety Facility.

Of the above, the new STF will play the largest role in experi

ments related to these key accident energetics safety issues and 
correspondingly requires the best state of the art in material motion 
diagnostic capabilities.

INTRODUCTION

In spite of significant progress in recent years, the current efforts in 
fast breeder reactor safety continues to focus on several key issues. The 
list is finite but significant. Most, but not all, of the key FBR safety 
issues address the consequences of core disruptive accidents (CDAs). This is 
the case, because it is only through consideration of CDAs that the concerns 

for public health and safety arise. While it is believed that the consequences
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of CDAs can be safely accomodated in current reactor designs, sufficient proof 
for the supporting arguments is difficult to define and more difficult to 

achieve. Accordingly, there is diverse opinion on the resolution required 

prior to the introduction of commercial FBRs. Some would exclude CDAs from 

licensing considerations on the weight of reliability arguments. Others would 

impose unrealistic conditions upon plant design. Neither extreme is likely to 
be an acceptable solution.. Yet it is clear that not all of the legitimate 

concerns regarding Fast Reactor Safety are fully satisfied and accepted by the 
public. It must be assumed, on the basis of past progress that these concerns 

can be satisfactorily resolved on a reasonable time scale.
Resolution and public (Regulatory) acceptance will require continued 

analysis and experiments. Up to now, in-pile tests have played a key role in 

the safety analysis in support of FFTF and CRBR, especially in areas of fuel 
behavior and fuel-sodium interactions. In-pile experiments have tended to 
support the arguments for non-energetic termination of CDAs. However, there 
are several reasons why these encouraging results can be improved for the 

benefit of commercial FBRs: (1) Non-Prototypic Effects - All tests possess, 
to some extent, non-prototypic features associated with either sample size, 
thermal hydraulics, and fuel conditions which are questioned in the licensing 
process. (2) Facility Limitations -• Conditions may be postulated in the 
course of CDA analysis which require phenomenological verification of fuel 

behavior under conditions which are not within the test capabilities of 

current facilities. (3) Application of Results - FBR safety is a continuing 
effort. Safety analysis adequate for a prototype or demonstration reactor 
may, in many instances, not require the same level of verification needed for 

a larger number of commercial reactors. These factors lead to a thorough re

examination of key safety issues, experiments, and facility requirements,
(SAREF), deemed necessary to provide public, acceptance of the premise that 
adequate levels of safety can be provided in commercial FBRs [1].

SAFETY ISSUES

Unresolved safety issues are the basis for the extensive international 
research and development program in the area of FBR safety. What constitutes 
a safety issue is very strongly related to current Regulatory processes.
Since these processes are not internationally uniform, there will be an expected 

lack of international agreement on the relative importance of various safety 
issues. What constitutes resolution of a safety issue is the result of 
technical judgment rendered, after technical evaluations in both 

Development and Regulatory activities. Resolution by full-scale destructive 
testing is neither desirable or practical in areas related to hypothetical 

CDAs. Therefore resolution of safety issues proceeds at a slow pace and with 

relatively small scale experiments.
Ten key FBR safety issues are identified in Table 1 in which a relation 

to four lines of assurance [2.3 for public health and safety is also indicated. 
The safety issues are discussed in terms of their current status and the role 
of additional in-pile experiments in their further resolution in Refs., 1,

3, 4.
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TABLE I

TEN KEY FUR SAFETY ISSUES AND THEIR RELATION TO 
LTN’ES OF ASSURANCE FOR PUBLIC HEALTH AND SAFETY.

PREVENT ACCIDENTS 6. Accident Energetics 
Consequences of

1. 
2 .

Fuel Behavior
Fuel Failure Propagation 7.

Recriticality.

Accident Energetics 
Consequences of

LIMIT CORE DAMAGE
Molten Fuel-Coola.nt 
Interactions

3. Subassembly-to-Subassembly 
Fault Propagation 
Extent of Core Damage

8.

9.

System Structural Response 

Post Accident Heat Removal

from Whole Core Accident 
Initiators ATTENUATE RADIOLOGICAL PRODUCT0

PRIMARY SYSTEM CONTAINMENT 10. Source Term for Radiological 
Consequence Evaluation

5. Accident Energetics 
Consequences of Large 
Positive. Sodium Void 
Reactivity Worth

From the previous considerations Ref, [1], it is found that the accident 
energetics consequence safety issues strongly influence the choice of the 
essential elements of SAREF. This is found by comparing the generic experiment 
characteristic related to the various safety issues, with current and practical 
considerations of new or modified facility capabilities. Briefly stated, it 
is found that experiment characteristics related to the needs for prototypic 
fuel in a prototypic environment, large sample size and short-period, high- 
energy transient operation, play the largest role in facility capability 
evaluation. It is also noted that these characteristics are not necessarily 
related to the same tests or safety issues.

IN-PILE EXPERIMENT CHARACTERISTICS

Characteristics of specific in-pile experiments include power-time require
ments for the sample irradiation, sample fuel condition, sample fuel size, 
diagnostic requirements and the thermal-hydraulic-neutronic environment of the 
sample. The various experiment characteristics related to the preceeding 
safety issues can be summarized in four broad, experiment types.

Type I experiments can be characterized by a combined emphasis on steady 
state and transient irradiation of prototypic fuel in a prototypic thermal- 
hydraulic and neutronic environment. Sample size is of secondary importance. 
Transients to the fuel failure threshold and beyond are included but fcxtremely 
severe high-power high-ramp-rate transients are not necessarily included in
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this experiment type. These characteristics are typical of the in-pile 

experiments which can improve understanding of Fuel Behavior and provide the 
necessary verification of the behavior of blockages and instrumentation and 
detection related to Fuel Failure Propagation. Test characteristics of this 

type are also associated with the issue of the Exteat of Core Damage from 

Whole Core Accident Initiators, particularly to the potential of fuel sweep 
out as a shut down mechanism for mild transient overpower accident initiation.

It should also be noted that on-line fuel-motion detection while useful in 
some instances is less significant than posttest examination for these test 

types. This is in contrast to the emphasis in the next category.

Type II experiments c a n b e  characterized by an emphasis on transient 
irradiation of prototypic fuel in which details of post failure fuel motion 
must be observed. Sample size is of secondary importance but fuel motion 
diagnostic capability is essential. The severity of the irradiation can range 
from transients simulating ramp rates from slightly less than l$/sec to greater 

than 50$/sec at failure. These are important test characteristics related to 
the Accident Energetics Consequences of a Large Positive Sodium Void Coeffi
cient and to the early fuel motion aspects of the Recriticality issues. The 

extremely severe transients are relevant only to the former. A prototypic 

thermal hydraulic environment for the sample fuel is also important. In most 
cases there will be only limited interest in posttest examination.

Type III experiments can be characterized by a quasi-steady type of irra

diation with emphasis on large, generally multi-subassembly, sample sizes. 
Disrupted fuel behavior information is the essential test objective. This is 

an important characteristic of tests related to the Recriticality safety issue 

concerning the behavior of disrupted boiling fuel-steel mixtures. Fuel motion 

diagnostic capability is also important but the level of resolution required 
is not as fine as that required in the previous type of experiments. In this 

type there is no strong need for pre-irradiated or Pu-bearing fuel samples.
These are also characteristic of tests related to Post Accident Heat Removal 
and Subassembly-to-Subassembly Fault Propagation safety issues. Although the 
physical configuration of the sample fuel will be different for specific 

tests, these general characteristics which have the greatest impact on facility 

utilization are common.

Type IV experiments can be characterized by emphasis upon severe transient 

burst irradiation of a large sample, (up to the subassembly size), in which 
prototypic fuel may or may not be required. However, fuel motion diagnostic 
capabilities need not be emphasized. Resolution of thermal-mechanical inter
actions and the extent of transport of fuel beyond the active core would be 
essentiai. These are characteristics of tests related to the Accident Ener
getics Consequences of Fuel Coolant Interactions and Radiological Consequence 

Evaluation safety issues.

Material motion diagnostic capabilities are essential requirements for 

experiments of the Type II and Type III above. As will be illustrated, 
experiments of the Type II, place the most severe demands on diagnostic 

capabilities in terms of resolution, (fuel mass, time scale). Experiments of 

the Type III have only modest resolution requirements but, because of sample 

size considerations place the largest demands upon wide area spacial resolution.

-4-



FACILITIES

In the choice of test facilities for SAREF, emphasis was given to exist
ing nnd proposed F.RPA facilities including reasonable modifications to enhance 

their capability. These are the Transient: Reactor Test (TREAT) facility, the 
Experimental Breeder Reactor II (EBR-TT), the Engineering Test Reactor (ETR) 
and associated Sodium Loop Safety Facility (SLSF) . In addition a Safety-Tost- 
Facilily (STF) concept with TREAT-like operating characteristics which signifi
cantly exceeds the present TREAT capabilities and special-purpose test (SPT) 
reactors such as the Dispersive Mechanisms Test (FMT) reactor [1] have been 
considered. In the evaluation of needed capability consideration was also 
given to other relevant facilities, such as, th'̂  Power Burst Facility (PBF), 
the Annular (lore Pulseu Reactor (ACPR), the Fast Flux Test Facility (FFT7), 
and a proposed PHOFBUS/UHTREX facility at Los Alamos.

From the standpoint of utility to the U.S. LMFBR program, certain para
meters were selected upon which to evaluate the degree to which the various 
facilities considered would, individually or collectively, be able to meet the 
experiment objectives. The most important characteristics appear to be the 
timely availability to the program, the capability to meet the test-fuel 
energy-deposition requirements for the experiments needed (including power
time histories, and power-rise periods), the largest pin-bundle size that 
could be tested within the envelope of energy requirements, the ability to 
accomodate appropriate fuel element and test vehicle designs, and the sensi
tivity of fuel-motion-monitoring instrumentation that presently exists at the 
facility or that can be feasibly installed.

The selection process fi] has led to the choice of the facilities indicated 
iti Table IT along with their summary characteristics.

Table III illustrates the breath of capability provided by these selected 

facilities to execute experiments in support of all areas included in the 
identified safety issues of Table 1.

The new Safety Test Facility is expected to provide the most important 
extension of safety experiment performance capability in the areas of short 
period burst capability and accomodation of large sample size. The transient 
capability encompasses and extends the current TREAT and TREAT Upgrade capabili
ties. The principal mission for STF will be to extend and provide unique test 
data for large sample behavior of disrupted fuel and post failure fuel motion 
data under ultra high ramp rate transients.

TREAT has been and continues to be the "work horse." in pile test facility 
for the U.S. LMFBR safety program. Hence, the major consideration of the 
TREAT Upgrade effort is the provision of an advanced test vehicle to accomodate 
prototypic pre-irradiated fuel. This vehicle can permit extended testing, 
within the limits of TREAT transient capability, for the purpose of obtaining 
data on the behavior of post failure fuel motion under transient overpower and 
loss of flow conditions.

EBR II Mod will provide capability for extensive testing of prototypic 
fuel elements under overpower and loss of flow conditions following extended 
normal and off normal steady state operation. Effects of preconditioning on 
transient fuel behavior can also be studied as well as instrumentation and 
detection methods and new fuel element design parameters. While transient 
bursts equivalent to 20$/sec ramp rates appear feasible such tests will likely 
be limited in this facility to a small number of tests where fuel preconditioning
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TABLE II

TEST FACILITY ELEMENT OF SAREF

FACILITY CHARACTERISTICS

Safety Test Facility 
(STF)

TREAT Upgrade

Transient test facility. Provides shaped 
transients with burst capability to 1 msec 
minimum period. Provides fast neutron 

spectrum in test sample. Accomodates small, 
bundle to multi-subassembly test vehicles. 
Equipped with high resolution fast neutron 
hodoscope for fuel motion detection.

Current transient operating mode unchanged. 
Can provide shaped transients with burst 
capability of 40 msec with preheat 23 msec 

without preheat. Replacement of some fuel 
elements will provide limited spectrum hard

ening for sample fuel with spectrum peaking 
between 10 and 1000 ev. The principle new 
feature is an advanced test vehicle to 

accomodate a minimum of 37 pr-'irradiated 
full length pins with prototypic thermal- 
hvdraulics.

3. EBR II Safety Research
Modification

(EBR II Mod)

A. Sodium Loop Safety Facility 

(SLSF)

Steady state plus transient capability 
with new 1.22 m high active core. Transient 
capability includes controlled transients 
of intermediate severity ("^.5 sec period) 
and natural bursts approaching 1 msec with 
energy deposition of 1600 to 1800 j/g 
above steady state in fully enriched 
fuel samples. Will have "coarse" resolu

tion in-vessel hodoscope for fuel motion 
detection. Test vehicle accomodates up to 

91 advanced oxide fuel pins.

Maintain existing capabilities. Steady 

state operation, with SLSF test vehicle 
providing flow transient capability. 

Accomodates 61 full length FTR type pins.
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TABLE III

ILLUSTRATION OF SAREF FACILITY UTILIZATION

SAFETY ISSUE

SAREF FACILITY EXPERIMENT TYPE (see Table 1)

STF TYPE TI, TYPE IT.I, TYPE IV lc 3+ 5+
- 4- 
b 7+ 9+ 10+

TREAT Upgrade TYPE II but limited to 

shaped transient periods 
>4G ms

1’ 4+ 5+ 6+

EBR II Mod TYPE I v J
1+ 2 o 4° 5°

SLSF TYPE I
4- «f*
2 3 4° 6° 9+

•k
It is possible that EBR-11 Mod wil] have sufficient transient capability to

execute a limited number of burst type experiments in which fuel precondition
ing effects are emphasized as test requirements.

“Capability to provide supporting or follow an experiments.

+Capability to provide substantial experiments in support of safety issues.

is the major parameter. Severe burst experiments generally require fine 

resolution fuel motion detection to obtain meaningful data. The EBR II Mod 

facility will be equipped with only course resolution in-core detectors.

The Sodium Loop Safety Facility has recently become an operational facility. 
The SLSF is expected to continue operation in the SAREF program providing 

steady state capability for blockage propagation tests of fuel release detection 
threshold, loss of flow tests, limited subassembly-to-subassembly propagation 

tests and some post accident heat removal phenomenological tests. This 

facility is expected to continue operation until the availability of the EBR

II Mod facility which will largely superceed the SLSF capabilities. In a 

similar manner STF will largely superceed the TREAT Upgrade capabilities.

DIAGNOSTIC REQUIREMENTS

In the consideration of experiment diagnostic requirements related to 
material motion an evaluation is made of the relative importance of the three 

basic LMFBR core materials; sodium coolant, stainless steel clad and structure 
and fuel. The motion of these three materials in postulated accident conditions 
has reactivity effects of significance to the continuing accident sequence.

As these effects become potentially more severe both in magnitude and time, 
the requirements for experiment verification of accident analysis models becomes 
more urgent. At the same time there is the additional consideration that 
the role of in-pile experiments is of necessity, largely one of phenomenological 

verification rather than integral sequence verification. This is because in 
all cases the test reactor condtions only approximate accident, sequence conditions 

and can not - with only limited exceptions - reproduce or anticipate r.he 
corresponding reactivity effects of the material motions under investigation. 

Nevertheless, it is very likely that in the long run it is preferable to 
understand through eocperiments and analysis, the generic behavior of core 

materials, leading to the accident analysis codes, the proper function of 
accident sequence synthesis.
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Coolant motion - Knowledge of sodium coolant voiding by itself is well understood 
in comparison with knowledge of clad and fuel dynamics. Coupled fuel and 

coolant dynamics under transient overpower conditions becomes more complex. 
However, in relation to experiment diagnostic requirements, coolant motions 
can be reliably inferred from instrumentation such as flow meters and conductivity 

probes without imposing a significant requirement upon more sophisticated 

"hodoscope" type techniques.

Clad motion - Cladding motion is of moderate importance in certain loss of 
flow accident sequences. In many cases however, it is the combined effect of 

fuel and clad motions which tend to dominate uncertainties in reactivity 
effects in accident analysis. For this reason, the resolution of clad motion 
by itself should probably not be over emphasized.

Fuel motion - The resolution of fuel motion under a wide range of transient 

conditions dominates the diagnostics requirements particularly in a recommended 

new facility such as STF. This can be illustrated by two examples

The first example illustrates the diagnostic resolution required in 
experiments related to the safety issue - Accident Energetics Consequences 

of a Large Positive Sodium Voiding Reactivity. In a reactor whose size 

and core configuration are such that sodium voiding has a positive reactivity 
feedback effect, the safety question is whether or not overpower conditions 

induced or enhanced by sodium voiding during the initiating phase of an unpro

tected accident can lead to prompt criticality at high power and at high 

reactivity ramp rates. The conditions of prompt criticality induces a 

hydrodynamic core disassembly for which the work potential is difficult to 

bound because of strong sensitivity to the ramp rate at disassembly.

Mechanistic analysis of unprotected whole-core loss-of-flow accidents in 
a large reactor also indicates that sodium voiding alone does not induce 

energetic hydrodynamic core disassembly. Sodium voiding in a large core 
leads to high power levels and near-prompt-critical conditions. Fuel failure 

and disruption under these conditions can either terminate the ramp driven 

by sodium voiding or accelerate the ramp, driving the core to energy levels 
required for hydrodynamic disassembly. Sodium voiding may be adding reactivity 

at 20$/s to 40$/s; however, Doppler effects and axial expansion limit the 

net ramp rate to the order of 10$/s at fuel failure. The key point is 
whether fuel failing under these conditions is always expanding in such a 
way as to overcome the reactivity addition of continued sodium voiding, or 
whether adverse fuel motion either inside the fuel pin or within coolant 

channels can increase the reactivity, thus augmenting the driving ramp rate 

to prompt-burst conditions. The physical characteristics of the problem 
are illustrated in a conceptual manner in Fig. 1.

Fuel failure into unvoided channels will induce a higher voiding rate than 

that associated with normal boiling in the intact geometry. If the sodium 
voids faster than the fuel expands and further if there is fuel motion inside 
the fuel pin directed toward the core midplane, Fxjl' 1-c ,then the 10 to 25$/sec 

ramp rate can be substantially augmented to the 50 to /Li$/sec range. However, 

if fuel and sodium expand or leave the core region at nearly the same rate,

Fig. 1-d ,and if the fuel failure mode is such that there is no significant
internal fuel motion directed toward the midplane, the driving ramp rate

may be terminated or, at the least, does not substantially increase in severity.
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Fig. 1. Illustration of fuel motion possibilities as a consequence 

of large positive sodium void coefficient.
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Fuel motion diagnostic capability sufficient to differentiate between these 
twc different modes of fuel dynamic behavior is required. This is the most 

demanding example of fine resolution diagnostic capability.

The second example is related to the safety issue of Accident Energetics 

Consequences of Recriticality. Figure 2 illustrates the postulated real time 
behavior of fuel steel mixtures in the absence of strong reactivity ramp rates 
The illustration suggests a sequence leading to the monotonic expansion of the 

fuel-steel mixture. Is this realistic? Is other behavior possible? Scaling 
considerations indicate that the sample size must be as large as practical to 
minimize non-prototypic effects. As a result the field of view must be largo 

and extend beyond the active length of the sample fuel structure. Hov^ver, 
coarse resolution, of the order of tens of grams of material, is adequate.

These are two diverse illustrations of the more important diagnostic 
requirements related to SAREF and the key safety issues. The enhancement 
of diagnostic capabilities in other facilities is also included 

in the SAREF program - TREAT, SLSF, EBR II,but the larger STF is the dominant 
facility and correspondingly should be the focus of the best "state of the 

art" fuel motion diagnostic capability.
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(a )  CLAD SLOSHING AND (b )  FUEL BREAKUP 
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FUEL DISFERSAL AND 
FLUIDIZATION

Fig. 2. Illustration of large scale extended fuel motion phenomena.
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Fuel - and Clad-Motion Diagnostics:
Licensing Needs

This paper addresses the current state of uncertainty with respect to fuel 
and clad motion during a hypothetical core-disruptive accident in a liquid metal 
fast breeder reactor as it relates to licensing needs. It should be noted that 
this paper does not represent an official position of the U.S. Nuclear Regulatory 
Commission, but rather, represents, in part, opinions end conclusions of its 
contractors. Particular attention is given, of course, to the needs for an assess
ment of the course of events during a hypothetical core-disruptive accident in the 
Clinch River Breeder Reactor. However, some of the issues discussed here are 
likely to be relevant to larger breeder reactors as well.

The issues addressed here are related to the needs associated with analyses 
of the loss-of-flow (LOF) accident, without scram and the transient overpower 
(TOP) accident, without scram.

During the initial phase of an accident, a better understanding of the motion 
of fuel is needed in order to understand the reactivity feedback effects as they 
relate to subsequent events in the accident path.

In particular, for the LOF accident, the role of axial fuel expansion as’”a 
negative feedback mechanism needs to be understood. The present hodoscope arrange
ment in TREAT cannot provide adequate information on axial fuel expansion. Further, 
since the experimental work to date has concentrated on near steady state behavior, 
with slow power transients, experiments that more nearly simulate the LOF accident 
conditions are clearly warranted.

For the initial phase of the TOP accident, the role of intra-pin fuel motion 
for low ramp reactivity rates (<10£/sec) requires further understanding. The 
motion of molten fuel within the pins is an important factor in determining the 
dynamics of fuel-pin failure and consequent ejection of fuel and fission product 
gases into the coolant channels. The' degree of pressurization of the central 
portion of the fuel pin by fission product gases that are released from the fuel 
matrix as a result of the transient overheating of the fuel, is dependent upon the 
movement of molten fuel within the pins during this transient. The latter will, 
in turn, effect the location and timing of fuel pin failure, as well as the length 
of the clad rip.

Of course, in addition to the characterization of the transient state dynamics, 
there is also the need to better characterize the steady state fuel behavior.
This includes the phenomena of fuel restructuring, fission-gas release, fuel 
cracking, fuel swelling and irradiation effects on fuel physical properties.

In the event of extended fuel and clad motion that may be associated with a 
hydraulic sweepout of core materials in the coolant channels or a hydrodynamic 
disassembly of parts of the core or a more gradual meltdown of parts of the core 
(and the associated ideas connected with the "transition phase" and the "transition 
to the transition phase"), there are several issues and phenomena that may be 
brought closer to resolution as a result of relevant experimental information.



In connection with clad and/or fuel blockage formation in the core or axial 
blankets, as a result of motion in voided (LOF and TOP accident scenarios) and 
nori-voided (TOP scenarios) coolant channels, prototypic experimental information 
is needed. Information that can shed light on the range of validity of phenomeno
logical models (e.g., bulk freezing models and conduction models) would be useful 
to analytical efforts. For TOP accident scenarios, the key issues that need reso
lution with respect to plugging and fuel plateout are the location of plugs, the 
potential for cooling the plugs, the blocked subassemblies and the core as a 
whole, the potential for FCIs as the coolant reenters and contacts the plugs and 
the potential for fuel recompaction.

Mechanisms for fuel dispersal, such as fission product gas release or the 
wetting of solid fuel by molten steel, have received attention in the experimental 
literature, but further information is needed in order to obtain a clearer under
standing of these phenomena as they relate to the analyses of hypothetical core- 
disruptive accidents.

Clad relocation is also dependent on the wetting phenomena as well as the 
hydraulic conditions (pressure drop across the core) in the coolant channel (parti
cularly for LOF accident). Clearly, experiments under relevant accident conditions 
would provide useful information to the resolution of these issues.

In connection with boil.ing or molten pools of core materials (that are 
relevant to the transition phase'and the post-accident heat removal phase), there 
is a need to have a better understanding of heat transfer processes in multi-phase, 
multi-component systems. These heat transfer processes are basic to an understand
ing of the coupled neutronic-hydrodynamic problem that must be addressed in an 
analysis of molten or boiling pools.

A particular problem, that has received much recent attention, is the dynamic 
evolution of a crust of fuel that may be formed on stainless steel structures.
Since the thermal conductivity of UOp is an order of magnitude smaller than that 
of stainless steel, the formation of a fuel crust (either stable or unstable) is 
important to the heat transfer processes at the boundaries of a disrupted-core 
pool.

For the post-accident heat removal phase, some of the issues raised above 
(particularly transient freezing phenomena) apply as well. In addition to these, 
a clearer understanding of the redistribution of core materials in the upper 
sodium plenum, the lower sodium plenum and the primary heat transport system is 
needed.

In summary, this paper has attempted to discuss some of the issues associated 
with fuel and clad motion in relation to the assessment of hypothetical core-disrup
tive accidents by the U.S. Nuclear Regulatory Commission and its contractors. 
Elaborations of some of the concerns related to these issues are given in the 
references cited below. These references also contain discussions of and references 
to the pertinent literature in this area.
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Summary on Diagnostic Requirements

D. Rose 

Argonne National Laboratory

The whole family of diagnostic tools for material motion detection 

needs to be exploited to maximize the results obtained from the iti-piie 

experiments —  some of which, needless to say, can be very expensive and 

represent very major investments in time and people resources.

In considering the spectrum of potential tools or techniques - we 

should view these in two categories — (1) possible basic techniques or 

(2) complementary techniques that supplement the first.

The long history of use behind the hodoscope for fuel motion detection 

and its projected extension for potential clad motion detection, constitute 

the basis for using it as the "reference" tool.

Facility designs should provide a maximum of flexibility to incorporate 

other techniques, should their development attain a level of substantiation 

that justifies their use — again, either as a basic technique or in a 

supplementary way.

This is particularly true of the STF — as a new facility with 

fewer physical constraints on its design — as contrasted with modified 

facilities.

In somewhat more specific terms: in addition to the measurement of 

fuel and clad motion during the actual course of the experiment, we 

should not lose sighc of the additional capability required — ideally 

with the self-same instrumentation, if not, with supplementary instrumen

tation — for:



(1) Pretest characterization of the test assemblies.

(2) Posttest results definition through "radiography" (for want 

of a better term) - either "transmission" or "auto".

Capability for in-situ radiography is highly desirable, to minimize 

any potential changes in test results that might come about from moving 

the test vehicles subsequently. The next best is to accomplish the 

posttest radiography in the immediate vicinity of the test facility.

Clearly the basic criteria center on resolution requirements — 

both spatial and temporal, but also on field of view achievable. 

Resolution requirements should be coupled closely with the specific 

experiments:

(1) The smaller tests are generally phenomenological and will 

require finer resolution to obtain the detailed information 

required.

Fortunately it is possible to achieve higher resolution with 

the fewer test pins.

(2) The larger tests are generally confirmatory in nature and are 

less demanding in their resolution requirements.

One should also consider variations in resolution requirements an a 

function of subdivided field of view for the la7:ge test assemblies.

Finally, we should not forget other instrumentation that may be 

internal to the test sections and which should be exploited to the 

fullest —  within the limitation of not unduly perturbing the experiment 

itself or the experiment hardware design.
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PERFORMANCE REVIEW — NEUTRON HODOSCOPE AT TREAT
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ABSTRACT

The current fuel-motion-detection capabilities of the neutron hodorcopes 

at TREAT are outlined and discussed, including such topics as spatial and 
fuel-density resolution, dynamic range, and corrections for detector dead 
time and supralinearity. Capabilities and analytical techniques are illus

trated with examples from several of the power-transient experiments that 

have been run in the TREAT reactor.

INTRODUCTION

The original AML fast-neutron hodoscope has been producing fuel-motion 
data for test transients at the TREAT reactor since 1965, at first with a 
limited complement of 50 channels, expanded in 1969 to a capability for 334 
channels/’9 Each operational channel contains a neutron detector behind a 
collimating slot in a steel block, arranged as shown in Figs. 1 and 2.

The operational field of view of the original (,!51-cm") hodoscope is ap
proximately 470 mm tall by 50 mm wide at the test element— adequate to 
encompass a 7-pin bundle of test fuel with a height of 343 mm (13.5 in). 
Recently the 51-crn collimator was removed from the north face of TREAT (to 
be installed soon at the south face), and at the north face was installed 
a new ("122-cm") collimator^ with a viewing area 1220 ran tall, to accom

modate 914-mm (36 in.) fuel pins. The instrumented width of the viewing 
area for neutron detection is 33 mm at present, and EiOts ar? provided 
to double that width if the need arises. For the remainder oi this re
port, all remarks will apply to the original collimator, unles:-; otherwise 
stated.

SPATIAL RESOLUTION

The term "spatial resolution," as applied to an instrument like the 
hodoscope, is susceptible to a number of differing definitions: (I) In 
the traditional meaning of "resolving power" as used in optics, implying 

the ability to distinguish a dip between two peaks, the resolving ;iower of 
the hodoscope is equal to twice the interchannel distance. In that sense, 
for the 51-cm collimator the spatial resolving power is 7.2 mm horx.'<yiutally 
and 45 mm vertically (see Table 1, which gives some of the important dimen
sions for both the 51-cm collimator and the 122-cin collimator). (2) The 
spatial resolution of the hodoscope can be considered to be the FWHM i;r the 

response function of a single channel. In this case, the resolving poc/ar
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TABLE 1. COLLIMATOR DATA

Collimator

5i-cm 122-cm

Channel size

Vertical 14.4 mm 8.9 mm
Horizontal 2.4 mm 2.4 mm

Channel separation at reactor center

Vertical 22.5 mm 34.5 mm
Horizontal 3.6 mm 6.6 inm

Rows of channels

Total 23 36
Instrumented for neutrons 21 36

Columns of channels

Total 15 10
Instrumented for neutrons 13 5

Field of view (maximum')

Vertical 510 mm 1220 mm
Horizontal 57 nan 66 mm

Collimator

Length .?.. 59 mm 1.81 m
Distance from reactor center 2.79 m 2.46 m

Motion resolution (see text)

Vertical 2 mm 5 mm (est.)
Horizontal 0.2 mm 0.5 mm (est
Mass: good conditions 0.4 g 1 g (est.)

best conditions 0.05 g 0.1 g (est.
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of the 51-cm hodoscope is approximately equal to the channel separation:
3.6 mm horizontally and 22.5 mm vertically. We choose to call this the 
"static resolution" of the hodoscope. (3) The primary purpose of the 

hodoscope, however, is to analyze for displacements of test fuel, so that 
the ability to identify the motion of small amounts of fuel— or, equiva
lently, the small movements of large amounts of test fuel— is important.
Under good conditions, counting-rate changes of 5% or less can be both 
statistically significant and otherwise credible. One way for such a 
change to arise is for the edge of a region of fuel to be displaced by a 

small amount. With the 51-cm hodoscope, displacements of intact fuel pel
lets by as little as 0.2 mm horizontally and 2 mm vertically have been ob
served (good statistics and a well defined edge). This is referred to as 
the "motion resolution" of the hodoscope. In terms of fuel quantity, this 
translates to the displacement of ^0.4 g of fuel by more than 3.6 mm hori

zontally or 22.5 mm vertically, for a seven-pin bundle. If only a single 
pin is being tested, if there is good signal-to-background (little nearby 
material that can obscure neutrons from the test fuel or scatter reactor 
neutrons into the hodoscope), if the reactor power is not changing rapidly, 
and if the counting statistics are adequate, the limits to the observable 
fuel motion might be an order of magnitude smaller. For the 122-cm collima
tor, the various detection limits are expected to be about twice as large as 
for the 51-cm instrument.

DYNAMIC RANGE

The fast-neutron detectors used to date have been "Hornyak button" 
scintillators.1 It has been found feasible to use these detectors at 
counting rates approaching 106 /s, although at such rates the corrections 
for deadtime and supralinear response become large. Data-collection in

tervals range from 1.5 ms to 12 ms or more, depending on the experiment.
At the time the system was developed, the most satisfactory way to record 
the large quantities of data (336 channels each with up to 2 12 counts per 

collection interval, leading to data-eollection rates of ^ 3  x 10^ b.its/s) was 

to display the sealer contents in binary form on a bank of neon lamps and pho
tograph the array on high-speed film as the transient proceeded. The photo

graphic method, however, has presented problems with variable image quality 
(stemming from a number of causes), and a system based on high-speed, multi
head, magnetic-disk recording is being developed.

The Hornyak detectors have virtually no background rate that is inde
pendent of reactor power, because of their very low gamma sensitivity. Thus, 

the primary limitation in low-level counting is statistical— altough elec
trical noise from control-rod relays, etc., has sometimes been troublesome 
at very low counting rates. For some transients, meaningful hodoscope data 

have been accumulated for several seconds following reactor shutdown, albeit 
at considerably degraded time resolution.

DENSITY RESOLUTION

The ability to observe changes in the amount of fuel viewed by a 

channel depends on counting rate, signal-to-background ratio, required 

time resolution, and spatial extent of the change— that is, a one-channel 
change of borderline statistical reliability will be viewed with more cre
dence if neighboring channels exhibit a correlated change. In the trar.sient- 

overpower test E8, for example, fuel-quantity changes in 3 ms of the order
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of 0.5 g/channel were significant if they occurred in a cluster of 4 or 5 

channels or more. Near the time of peak power, an observed one-channel 
change of 0.36 g had a 50% chance of being merely a statistical fluctua

tion.

In tests to date, the background counting rate (in channels that were 

not viewing fuel) has typically been 1/4 to 1/2 of the rate in channels 
that viewed the center of a 7-pin bundle.

DEM) TIME AND SUPRALINEARIT7

For reasons not fully understood, but probably related to the pileup 

of many low-amplitude gamma-ray pulses, the counting rate from the Hornyak 

detectors has been found to be supralinear with reactor power— that is, the 
counting rate tends to rise and fall more rapidly than the fission rate in 
the fuel under observation. 1c has been found that placing a few cm of 
lead in front of the detectors tends to reduce the problem somewhat, either 

by preferentially attenuating the gamma rays or by reducing the overall 

pulse rate. Some supralinearity remains, however (variable from channel 

to channel). A computer code has been developed to determine correction 
parameters, making use of the data that accumulate as the power rises but 

before fuel motion begins.

It has also been found that the effective dead time varies from channel 

to channel, so that for optimum results the dead times of many chanels need 

individual adjustment. Both the dead-time and supralinearity corrections 

can be derived concurrently from the same pre-motion data, and the procedure 
has given good results, at least in those transients where appreciable fuel 

motion did not occur much before peak power was readied (as in the TOP tests 

E7 and E8). The magnitude of the corrections needed is indicated by Fig. 3, 

which shows the average counting rate for the entire detector array as a 

function of time over the excursion portion of the E8 test. For individual 

scalers, some of the corrections would be  greater than the averages shown, 

and some less. The effective dead times, for instance, ranged from less 

than 0.5 vis to greater than 5 ys.

ANALYSIS TECHNIQUES

One of the principal tools for interpreting the hodoscope data is the 

"differential hodograph," an example of which appears in Fig. 4. Such a 
representation shows, not the amount of fuel, but the change in the amount 

of fuel that occurred during a certain time interval. In the case of Fig.
4, the changes occurred between 26.6 s and the reference time of 7.5 s. A 

solid circle indicates an increase in the amount of fuel (i.e. in the power- 

normalized counting rate) in a hodoscope channel, and an open circle a de

crease. The larger the symbol, the greater the change: the smallest ones 
represent a change of ^0.5 g, and the largest "v5 g. Conversion from power- 

normalized counting rate R/P to grams comes simply from subtracting the 

background R/P (average in channels that do not observe test fuel) from 

the average (corrected) R/P in the central channels. When combined with 
the knowledge that a central channel views n--S £ of fuel (7-pin bundle), 

the result is a factor that converts change in R/P to grams.
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Examples drawn from several of the TREAT power-transient experiments 
will now be given, to illustrate some of the methods used.in analyzing the 
hodoscope data, and the type of results obtained.

TRANSIENT L 4 ^ 3*

Test LU was a loff-of-flow (LOF) experiment in which a 7 -pin fuel b u n 

dle was preheated at 60 MW for 2 s, and then irradiated at a steady power 
of 34 MW  (0.39 MW/m) as the sodium flow rate was cut off. After the coolant 
flow had ceased, the fuel melted, slumped, and then underwent an "eructation" 

in which some molten fuel was rapidly dispersed by vaporizing stainless steel. 

Figure 4 is a differential hodograph that shows the situation in the test 
chamber shortly before the eructation, Fig. 5, the configuration after the 

eructation, and Fig. 6, the net change that occurred during the eructation. 

(Figure 6 is, in effect, the difference between Figs. 4 and 5). It could 
be inferred from Fig. 6 that vapor generation at two different levels in 
the test chamber perhaps occurred coherently, leading to rapid compaction 

of molten fuel near the midplane. Examination of the event with greater 
time resolution, however, reveals that this was not the case -- that rapid 
fuel expulsion from the lower region occurred first, with, in fact, some 
doubt that the upper deficit was caused by vaporizing steel at all. The 
change that took place during the initial 20 ms of the eructation is shown in 
Fig. 7* Steel vaporizing below the midplane was forcing molten fuel upward.

The ability of the hodoscope to accumulate data following reactor shut

down is illustrated by Fig. 8, which shows a post-scram change that occurred 
in L 4 . Scram was at 30.2 s. To produce the differential hodograph of Fig.
8, the hodoscope data were averaged for the two half-second intervals 30.6- 

31.1 s and 31.6-32.1 s. The result- supports pressure- and flow-sensor indi
cations that a sudden event occurred at 31.3 s, by showing that a new upward 

fuel motion did occur at about that time.

TRANSIENT E 7 ^

Test E7 was a transient-overpower (TCP) experiment, in which a 7-pin bundle 

was preheated for 2 s at 150 MW, and then subjected to a 3$/s ramp to a 
peak power of 2450 MW. The FWHM of the power peak was about 280 ms. Fuel 
motion began a little before peak power, and by the end of the test 

there had been considerable melting and repositioning of fuel, although 
there were no sudden relocations of large quantities of fuel. The most 
rapid fuel motion occurred at 7.72 s, with the power half-way down from 

the peak. The change that occurred in the 140-ms interval bracketing this 

motion are shown in Fig, 9. Prominent features in this picture are the ac
cumulation of fuel on the pump side at Rows 7-12; th eloss of fuel from the 
upper left and lower portions of the original fuel zone; and the small in

creases in fuel content extending 100 mm or more below the bottom of the 

original test fuel region.

TRANSIENT H 5 (5)

The fuel motions in TOP test H5 were small. The ramp rate was 50<?/s, 
and the excursion was abruptly ended at a power of 600 MW, at which time 

pin failure was just beginning. Figure 10 shows the intermediate state of 
the motion. In the post-test examination of the pin remains, it was found

-8-
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that little fuel had been lost from the central (irradiated) pin. However, 
there were central "gun barrel" voids in five of the six (fresh) peripheral 
pins, the result of central melting with downward flow and some expulsion. 
Particles of fresh fuel were found above the fuel zone, between the pins.
The fuel motion depicted in Fig. 10 is deduced to be a combination of: (a) 
pin bowing; (b) cluster deformation, leading to a net horizontal movement 
away from the pump; (c) expulsion of solit2 oxide particles from the irra
diated pin and molten fuel from the fresh pins; (d) upward movement of 
some of the expelled material; (e) flow of molten fuel within the hotter 
pins; and (f) possibly some levitation within cladding of the upper half of 
some of the fuel columns by expanding gas.

TRANSIENT HUT5-3A^')

An alternative and sometimes useful way to present the hodoscope data 
is in the form of graphs of detector response vs time. To emphasize the 
fuel-motion effects rather than power changes, the quantity plotted is 
usually the power-normalized counting rate R/P, where R is the observed 
counting rate in a scaler or group of scalers (corrected for dead time 
and supralinearity), and P is proportional to the reactor power. In analy
zing HEDL shot HUT5-3A, the data were analyzed on the basis of row-averaged 
and column-averaged R/P curves.

HUT5-3A was a single-pin test with a 50c/s reactivity ramp that was 
terminated by scram shortly after fuel motion began. The fuel pin was 
surrounded by NaK, nickel, stainless steel, and graphite to a total thick
ness of ^75 mm (see Fig. 11). The hodoscope total signal-to-background 
ratio was ^2, as shown in Fig. 12. Of particular interest was the vertical 
component of the fuel motion. Figure 13 shows the vertical motion in the 
top five rows of channels during a selected 350-ms interval encompassing 
the principal fuel motion. Changes of ^200 mg in the amount of fuel in a 
row can be discerned above the statistics. In this test, the 343-mm fuel 
column extended from Row 3 to Row 18 in the hodoscope field. The error 
bars indicate an 85% confidence level. By 12.7 s, the power is low and 
the statistics have become poor.

TRANSIENT E8^

TREAT test E8 was a TOP experiment with seven pins, in which a 2.2-s 
preheat plateau preceded a power burst to 2525 Ml'/. Considerable fuel re
location occurred. The excursion portion of the power curve is shown in 
Fig. 3. Differential holographs covering the time of initial fuel motion 
are given in Fig. 14. Interpretation of these diagrams is as for the ones 
of Fig.4 et seq., the difference in appearance stemming from the fact that 
Fig. 14 was generated by computer. Small amounts (order of a few grams) of 
fuel can be seen to have left the right side of the original fuel cluster, 
to appear in a thin dispersion above the fuel region.

Figure 15 shows the changes in axial distribution of the test fuel over 
the course of the transient.
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Fig. 11. Radial cross-section of 1IEDL capsule at TREAT core midplnne. 
Dimensions in millimeters.
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• Fuel Region

--- Preheat plateau

Fig. 15. Axial Fuel-Quantity Profiles in Transient £8. The data for each row 
are averages over Cols. 5 - 13. Time runs from top to bottom. The 
times given are the midpoints of the averaging intervals, which arc 
not all of the 6ome duration. To convert the mass scale to grams 
per mm of axial height, divide by 22.5 mm/row.
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TRANSIENT L5W

In test L5, a rapid power excursion was initiated when the cladding 
had reached its melting point, after sodium flow was shut off. The 51-cm 
collimator observed a bundle of three 854-nun fuel pins, which extended both 
above and below the viewing .area. During the transient several changes in 
the total amount of fuel viewed were recorded as the pins expanded, buckled, 
and underwent local voiding. Those changes can be seen in Fig. 16.

The interpretation of the fuel changes in the various time spans indi
cated in Fig. 16 is given in Table 2. Those deductions are based, not only 
on the overall fuel-mass changes, but also on a more detailed look at the 
hodoscope data and loop-instrument readings as correlated with calculational 
predictions.

TABLE 2. SCENARIO FOR TEST L5

Time Spans

No. Time,s Fuel Motion

I 3.0 10.0 Stable, no fuel movement.

II 11.0 - 11.9 Apparent influx of fuel.

III 11.9 - 12.5 Abrupt outflux of fuel due to localized voiding, 
then a balance of fuel outflux to influx.

IV 12.5 - 13.0 Further localized voiding followed by a gradual 
net influx of fuel.

V 13.0 - 13.5 Localized voiding slows, effecting a net balance 
of fuel influx to outflux.

VI 13.5 - 13.7 Localized voiding halts with increased fuel mass 
collected above and near the midplane of 
the fuel column.

VII 13.7 - 13.8 Axial voiding of fuel column; the major fuel 
motion is dispersive and upward.

VIII 13.8 - 14.4 Large accumulation of fuel in the upper region 
above the initial fuel midplane.
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SUMMARY

A fast-neutron hodoscope has been operational at the TREAT reactor 
since 1965. In 1969, the number of detector channels was expanded from 
50 to 334, with a field of view capable of including a bundle of 343-mm 
fuel pins. Recently a new collimator has been installed to encompass 
full-length 914-mm fuel. Since there has been only limited experience 
with the new collimator to date, the discussion concerns primarily the 
original, "51-cm" collimator.

Under good conditions, the hodoscope has been able to resolve fuel- 
boundary motions of as little as 0.2 mm horizontally and 2 mm vertically; 
with a seven-pin fuel bundle, displacements of 400 mg of fuel (70% enriched) 
can be detected. With a single fuel pin, a change of as little as 50 mg, 
under the best conditions, can be statistically significant. For fast 
transients, data-collection intervals as short as 1.5 ms can be used.
At the low-counting-rate end of the scale, meaningful hodoscope data have 
been accumulated, with degraded time resolution, for several seconds fol
lowing reactor shutdown.

At the higher counting rates, many channels require individual dead
time corrections, and most must be individually adjusted for supralinearity—  
the tendency for the coun4. ing rate to increase more rapidly than the fission 
rate in the observe! fuel. At high reactor powers, the counting-rate cor
rections can be large, leading to a reduction in the observed rate by 75% 
or more, depending on the channel. Counting rates up to 106/s have yielded 
useful results.

Examples drawn from various TREAT tests illustrate identification of 
fuel-motion phenomena such as: gross slumping (L4); lateral motion through 
the flow-tube wall (L4 and E7); the beginning of a rapid fuel dispersal 
("eructation") driven by vaporizing stainless steel, and the net relocation 
due to that event (L4); transport of gram-quantities of fuel below the fuel 
zone (E7) and above it (H5 and E8); initial loss of small amounts of fuel 
from near the midplane (E8) ; changes in total amount of viewed fuel as the 
pins expanded, buckled, and underwent local voiding (L5); small vertical 
motions in a single-pin test (HUT5-3A); and changes in axial fuel distri
bution in a TOP test involving extensive fuel relocation (E8).
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ADDENDUM 1.

NORMALIZATION OF HODOSCOPE DATA 
AND CONSERVATION OF FUEL MASS

Examination of the differential hodographs for L4 reveals an apparent gain 
in the total amount of test fuel as the transient proceeded. Some of the 
possible reasons are discussed in Appendix I of Ref. 3. wherein the following 
candidate explanations were considered: (1) decreased scattering of high-energy 
neutrons as the sodium voided from Ihe test region; (2) diminished self
shielding in the tost fuel as it spread over a larger region; (3) 
supralinearity in the response of some of the hodoscope channels; (4) an 
increase in the efficiency of some of the channels as the transient progressed. 
The overall conclusion was that the first throe possibilities were not able to 
account for the magnitude of the observed effect in L4* although each might 
have bean maKing a small contribution.

In the case of Item 2* for instance* it has been calculated that a uniform 
dispersal of the test fuel over the test cavity could cause as much as a 20” 
increase in calibration factor (and hence in fission rate), if the fuel were 
highly enriched and there were no thermal-neutron filtering. However* this was 
ruled out as the? cause of the L4 drift by the observation that a similar drift 
occurred in the calibration test* L4-1. wherein there was no fuel dispersal 
(nor sodium voiding). Further* there was no obvious lime correlation between 
changes in array-average counting rate and fuel dispersal in L4-2. Thus ue are 
left* by default* with the postulate that something was causing the efficiency 
of some (not all) of the channels to change with time as the reactor power was 
held approximately constant.

Two possible causes of such an effect come to mind: (a) an increase in 
intense* low-energy qamma bacKground as the fission products accumulated in the 
test region* leading to increased ambient light level in the HornyaK 
scintillators* with consequent acceptance by the discriminators of lowei—  
energy pulses* and .(b) increase in phot omul t ipl ier gain or dark current* or 
both* under the high-pulse-rate conditions. The latter effect* in particular* 
is likely to be highly variable from channet to channel, and such variation 
was* in fact* present.

Complete resolution of this phenomenon* while interesting per se* is not 
central to the analysis of fuel motion in TREAT transients. The reason the 
problem is not central is that it disappears (in first approximation) if the 
counting rates in the hodoscope channels are appropriatellj normalized —  
specifically* by building into the reference power curve a time drift that is 
proportional to the increase in overall (pouei— normalized) counting rate. If 
no more than small amounts of fuel are lost from the field of view of Ihe 
hodoscope, the simples*, way to dn this is to relate the observed counting rate 
in each scaler to the average counting rate for the whole array. If a 
significant amount of fuel does loavo the field of view., then a synthetic 
curve c«n be constructed with sufficient accuracy frsmsnfhsriRg that or a:)
in c:n observed chcncjo is adequate).

The second-order effect that remains after such compensation is the 
channel-to-chcnne! variability. Because of this variability* a change in 
obcsrvrcl counting rate in c<ny cne channel is viewed with low credence unless 
supported by co.-rolci!.rd changes in adjacent channels.
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The L4 test (Figs. 4 - 8 )  and the !!5 test (Fig. 19V us*9 analyzed before 
the ability to maKe supralinearity corrections and to rwrrojJ ize to the array 
average had been implemented. Since then, extensive ftas been done to
generate the corrections for supralinearity and dead time that ore mentioned in 
the body of this report and described in more detail in fldden^ui' 3. A reuorK 
of the L4 and H5 data now would lead to differential hodographs lliut would come 
considerably closer to conserving fuel mass, as they should.

fin additional cause of apparent non-conservation* in any representation 
1iKe a differential hodograph should be Kept in mind: In constructing such a 
figure. it is necessary to establish a threshold belou which a counting-rate 
change is considered to be zero for purposes of the diagram. This moans, for 
instance, that if a small amount of fuel —  say 0.15 g —  were to leave each 30 
channels and become concentrated elsewhere in a group of 10 channels, the 
resulting differential hodograph uould show increases in those 10 channels, 
with no indication whatever of where the fuel came from. This applies* of 
course, to data from any fuel-motion sensor —  not only to hodoscope data.

There is still another factor pertaining to perceived degree of fuel 
conservation that applies not only to a neutron hodoscope. but to any other 
method that maKes use of radiation emitted by the fissioning fuel —  namely, 
axial gradients in neutron flux, due to the natural bucKling of the reactor 
flux and to any flux-shaping methods that might be used in setting up the test. 
The result of these gradients is that, as fuel moves into a region of lower 
flux (e.g.. as it moves upward into the shadow of a boron flux-shaping collar), 
some of it will tend to disappear, as far as the detecting instrument is 
concerned. In analyzing hodoscope data, it has been our practice to increase 
the channel-efficiency corrections as a function of distance from the midplane, 
by requiring•that the background rate be independent of axial position. It is 
recognized, however, that this does not necessarily lead to proper compensation 
for the effects of flux-shaping collars, although it should compensate for 
reactor bUcKling. The best we can say is that there have been no obvicus 
problems, and that agreement between hodoscope observations and post-mortem 
examinations for such regions has generally been good.

The various normalizations and supralinearity compensations have been 
quite adequate to date for analysis of TREAT exporiments. l-.’e anticipate, 
however, that more sophisticated models will eventually be developed.- to 
assist in refining the connection between experimental data and fuel-density 
changes.



ADDENDUM 2.

ON THE DETECTION OF SMALL MASS CHANGES

In the sections on spatial and density resolution in the body of this 
report/ it is mentioned that counting-rate changes corresponding to mass 
changes of about 0.4 g (with a 7-pin fuel cluster) tend to be statistically 
significant. To avoid confusion, us would like to emphasize that this 
definitely does not mean that large mass changes can be measured with a 
precision of ±0.4 g. Uhat perhaps should have been said is that mass changes, 
in the case of a ?~pin fuel bundle, can typically be measured with a precision 
of ±20% or ±0.4 g per channel, whichever is greater.

For example, three pins in a line contain approximately 8 g of fuel within 
the viewing area of a single hodoscope channel. Loss of 0.4 g from such a 
channel (5Y. loss) would typically result in a statistically significant change 
in counting rate, with perhaps a 50# confidence level. Note that here the 
probable error in the observed change is greater than 2QK —  amounting, in 
fact, to ±100?i. On the other hand, loss of a total of 20 g of fuel from a 
cluster of five channels would be measured with a precision of about 20% (±4 g).

For further clarification, see the "rule of thumb" expressed in the "Ex- 
Vehicle Instrumentation" section of Rot'. 9.

ADDENDUM 3.

DEADTIME AND SUPRALINEAR ITV CORRECTIONS

The Hornyak-button detecting channels of the hodoscope exhibit a nonlinear 
response to changes in reactor power, the extent of the nonlinearity being 
highly variable from channel to channel. Detailed examination of this 
nonlinearity has led to the conclusion that it is probably caused by pileup of 
small gamma and neutron pulses, and that the nonlinear increment is 
proportional to the square of the counting rate Co that would be observed in 
the absence of the ncnlinsarity. This model can be expressed by

Cm / Cl - Cm &) = Co + A Co2.

where Cm is the measured counting rate before deadtime corrections, A is a 
constant that is a measure of the supralinearity of the detector response, 
and 0 is an adjusted deadtime correction.

Under the assumption that Co is proportional to the reactor power, the 
optimum values of A and 0 are determined with the aid of the computer code 
SUPRA, For a given value of 0. SUPRA determines A by a least-squares fitting 
procedure. The parameter 0 is iterated to achieve an approximately flat plot 
of A as a function of reactor power P for high values of P (with the fit 
terminated prior to fuel motion). Uhile 0 appears as a deadtime in the 
formula, it does not necessarily physically represent a deadtime. Rather, it 
is used in conjunction wity A to provide a two-parameter supralinearity 
correction: On occasion, negative values of 6 are needed for best fit to the 
data. This is interpreted to moan that factors in addition to those loading 
to the quadratic dependence mentioned above may be important.

The values of ft and PJ found by this procedure are used in the final 
processing of the hcdoscope data.
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ABSTRACT

Modifications and tests performed on the hodoscope system at TREAT 
since the last Information Exchange Meeting are reviewed. The major 
effort has been spent in correcting minor deficiencies and in improving 
and upgrading the performance and reliability of a successful time- 
resolved fuel detection system.

INTRODUCTION

Observation of time-resolved fuel redistribution in a reactor en
vironment is a difficult problem that requires an overall system design 
which is not only sensitive to fuel motion but also capable of reliably 
storing, processing and analysing the large volume of data produced in a 
transient test. The fast-neutron hodoscope at TREAT1’2 has demonstrated 
one type of approach which has been successful in solving many of the 
inherent problems in detecting fuel motion. While the main reason for 
the success of this system has been due to the use of fast fission neu
trons as a signature of fuel, a second reason is due to the modular na
ture of the hodoscope system. This modularity allows for rather signi
ficant changes in a particular subsystem without producing a major 
impact on the overall system. In addition, modifications to the system 
can be performed quickly and relatively cheaply. The present hodoscope 
system is divided into the subsystems of: collimation, detection, pulse 
processing and storage, support, data processing and data analysis. The 
present paper presents a review of the major efforts undertaken by the 
hodoscope group at Argonne since the last technical exchange meeting.^’4 
Most of this work represents improvements, upgrading and correction of 
minor deficiencies.

122—cm COLLIMATOR

Installation of the new collimator at the north face of the TREAT 
reactor has been completed. The collimator has a field of view at the 
object plane of 6.6 cm in width and 122 cm in height. The vertical size 
was chosen to permit coverage of fuel dispersal above and below the

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

**idaho Facilities
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activc zones of 91 cm FTR fuel pins. The viewing width corresponds to 
the dimensions of a 61-pin FTR bundlo. The viewing area is divided into 
a 10 x 36 array or. rectangles each of which have a horizontal spacing of
0.66 cm and a vertical spacing of 3.45 cm. In order to provide this 
coverage as well as meet physical constraints, the collimator channels 
are "cross-focussed,” that is, the image is inverted with respect to 
both the vertical and horizontal axeii of symmetry in the object plane.

Figure 1 shows a sketch of the collimator and the associated sup
port structure. The collimator section is commoted of front and rear 
collimators. The front collimator serves to reduce background and to 
minimize the cross-over of neutrons between the collin-.iti.ng channels in 
the rear collimator. The support structure is pivoted anc allows the 
hodoscope to be scanned across the object plane. Such scanning is 
useful in testing detectors, positioning the hodoscops on the center of 
the test capsule and in special applications such as in-situ radiography. 
Both the scanning drive and position indicator have been improved in the 
new facility and the rear of the collimator can be easily rotated to any 
desired position. The positional accuracy of the rear collimator is 
approximately 0.025 mm.

The lead filter array at the rear of the collimator allows the in
sertion of up to 7.6 cm of lead, in 1.3 cm steps, between the collimator 
and the neutron detectors. The lead is used to reduce the count rate at 
high reactor powers and to reduce the supralinear response of the neutron 
detectors.

The source positioner accurately positions a 24.5 Ci PuBe(a,n) 
source in front of the neutron detectors. This source is used to test 
the individual channel response, and to calibrate the various detectors.
The source positioner is controlled by a small microprocessor which 
automatically positions the source and records the detector count rate.

Finally, the various gaps between the front collimator, rear col
limator and the biological shield have been filled with stepped concrete 
blocks. This shield design has considerably reduced the leakage radia
tion and has provided safer access to the working area near the hodoscope.

By May 1976, the 122-cm collimator had been installed, tested, and 
successfully used in five transient tests. Figure 2 shows the results 
from a horizontal scan of an R-series test pin (14% enriched UO2). The 
signal-to-background (S/B) ratio is 2.9 which is consistent with the re
sults obtained using the old 51*-cm collimator. This indicates that the 
reduction of the minimum path length for radiation from one channel 
crossing over to an adjacent channel (from 150 cm to 100 cm) had only a 
minimal effect on the S/B ratio.

Because of the larger viewing span of the new collimator, the area 
observed by each individual channel has increased by about 2.7 times 
over the area in the original collimator. It is estimated that this 
increase will raise the minimum amount of fuel movement observed
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per channel to 1/8 to 1/4 g for single pin tests and to 1 to 2 g for 7- 
pin tests. Transient results analysed to date indicate that this pro
vides adequate resolution.

The successful performance of the 122-cm collimator, which differs 
significantly in design from the 51-cm collimator, adds confidence in 
scaling up hodoscope techniques to other safety test facilities.

51-cm COLLIMATOR

The old 51-cm collimator has been moved to the south face of the 
TREAT reactor. The necessary electronic and mechanical connections are 
in progress and the complete system is expected to be operational by 
early November. The collimator covers a viewing area of 5.7 cm in width 
by 51 cm in length. The object plane is divided into a 15 x 23 array of 
detectors each viewing a 0.38 x 2.25 cm rectangle. The detection system 
and electronic processing and storage systems will be shared with the 
122-cm collimator. Present plans are to use the 51-cm collimator for 
those tests in which the smaller detector spacing is most desirable and 
in which the covetage of a full 91-cm fuel pin is not necessary. In 
addition, tl:". 5i-cm collimator will soon have a fission detector array^ 
which will allow better data collection at high (>10,000 MW) power 
tests.

DETECTION

Work has beep, in progress to improve the understanding of the 
response of the present detectors in a reactor environment and to im
prove and upgrade the defection system performance. Tests at the Fast 
Neutron Generator Facility at Argonne have measured the efficiency of 
the Hornyak button (fast neutron) detectors as a function of energy5 .
The results sh&w that the present Hornyak button detector has an effi
ciency of (1 .5 ± 0 .2) x 10 3 when integrated over a neutron fission 
spec trim. The effective neutron thiashold of the Hornyak button, using 
the present discriminator threshold, is VL.0 MeV and the efficiency of 
the button is constant above a few MeV.

Efficiency measurements ware also made on the prototype fission 
array shown in Fig. 3. The results indicate that low count rates pre
viously measured at the TREAT reactor were probably due to misalign
ment7 . A fission detectcr support to allow for panning of the array in 
order to maximize the count rate has been designed. The array will have 
31 channels and will be able to provide fuel detection capability over 
the three central columns of the 51-cm hodoscope. The necessary elec
tronics for the array has been completed and the coating of the fissile 
plates to a thickness of 2.5 mg/cnr of Np23702 has been accomplished. 
Intentions are to use this array in the equation-of-state (EOS) experi
ments which are scheduled for late this fall.

Wor has also progressed on extending the hodoscope detection capa
bility to other materials such as steel and sodium. The steel detection 
results using high energy capture gamma rays have been encouraging and a 
gamma detection array has been constructed and tested in a transient 
tostfl. The detection of sodium via the 473 KeV capture gamma ray has
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Fig. 3. Cutaway View of 31-Channel 
Fission Counter Array.
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been studied and the results appear negative. The overwhelming compe
tition from annihilation gamma rays as well as fission gamma rays pro
duces a signal-to-background ratio which appears to be too small to 
permit a time-resolved detection capability.

ELECTRONIC DATA PROCESSING AND STORAGE

The design and implementation of the magnetic recording system is 
progressing. The system will use a high-speed head-per-track disk as 
the basic storage medium. The minimum collection interval of the system 
is 0.6 ms. Present plans are to have both the disk and camera storage 
systems operate simultaneously in order to provide redundancy.

A multi-channel fan-out system has been designed to split the 
linear output of the detectors to both the disk and camera scaler sys
tems. In addition, the system r.an be multiplexed by a microprocessor to 
allow the measurement of a particular scaler count rate. •

SUPPORT FACILITIES

Design work is in progress to minimize the radiation hazard from 
the use of the 24.5 Ci calibration source and from steady state reactor 
operation at 80 KW. A special storage cell is being designed which will 
allow remote handling of the source. In addition, portable shielding 
blocks will be placed completely around the hodoscope.

A considerable effort has also been made to insure the reliable 
operation of the entire hodoscope system in transient tests. Particular 
effort has been spent in streamlining and updating quality control pro
cedures for pre-transient check-out of the hodoscope system. The 
quality control program fcr the handling and processing of the photo
graphic film has also been extensively revised.

DATA-PROCESSING

Improvements have continued in the processing of raw experimental 
data into analytic results which can be interpreted as fuel motion. Re
duction of the photographic film to digital data has been improved by 
modifications to the scanning program. The PDP 11/20 computor, which is 
dedicated to transient analysis, has been up-graded to a PDP 11/35 with 
floating point hardware. In order to increase the use of this computor 
for actual data processing, a small PDP 11/05 computor system has been 
purchased to allow for editing and testing of data processing programs 
without interference with transient analysis on the 11/35.

SUMMARY

A series of incremental improvements have been accomplished or 
initiated for the TREAT hodoscope. A new collimator system is opera
tional, and the old collimator is being relocated. Detector response 
is being more carefully characterized and capabilities to cope with 
high power levels are being prepared. Studies of steel detection have 
given satisfactory results so far. Improvements in data collection, 
system support, and data processing are also taking place.
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At the Albuauerque meeting on fuel motion diagnostics a review 

was aiven on the CABRI hodoscooe design features and a corres

ponding paner has been distributed /1/. In the meantime all 

components have been ordered and partly are delivered. An 

incomplete but ooerable instrument will hooefullv be available 

at the end of this year. Measurements will nrobablv start 

May 1977.

The hodoscope at CABRI is similar in nrincinle to the device at 

TREAT, it differs however in some resnects:

1. Only single pin experiments will be performed and therefore 

the hodoscope field of view is 3 cm horizontal (subdivided

in 3 channels) and 102 cm vertical (subdivided in 51 channels),

2. For the same energy input peak power is higher and rise time 

is shorter by a factor of 5 in comparison to TREAT (Fig. 1). 

This results in a large dynamic range which is covered by 

placing two detectors behind each channel: A Hp-coated fission 

chamber for the high flux domain and a proton recoil propor

tional counter for the lower part. The sensitivity of the 

proton recoil counter can be changed according to exDeriment 

requirements by gas pressure variation. The 153 counters are 

connected in parallel to a common gas supply system.



In contrast to TREAT the fields of view of the individual 

channels just touch each other and do not overlap. There

fore the common response of neighbouring channels to a 

point source is constant and independent on its position. 

This is shown in Fig. 2. The advantage of this arrangement 

is to facilitate material balance evaluations and there

fore interpretation of results.

Another difference to TREAT is that not only the directions 

of the channels are divergent but also the channel dimen

sions themselves. This is shown on Fiq. 3. Outer and inner 

surface of the collimator are presented.

On the outer surface of the collimator the channel areas 

are about twice as large as on the inner surface. This 

allows to increase the detector sensitivity by a factor 

of two without loss of soatial resolution.

Different is also the data acquisition system schematically 

shown on Fig. 4. With a clock tine that can vary between 

1 msec and 10 sec the count rates from the scalers to which 

the 306 detectors are connected are read out onto the 

buffers. The 12 bit words from the buffers are serialized 

and organized into 10 groups together with additional 

system information. Then, after conversion to a two phase 

code these data groups are written onto 10 tracks of an 

analog magnetic tape which runs at 120 ips. From there they 

can be retrieved at a lower speed with the helo of an on 

line computer and can be written onto a digital tape for 

final data evaluation. For time steps larger than 20 msec 

the data can directly be transferred to digital magnetic 

tape. In particular this rcode is used for pre-burst 

calibrations and together with the disDlay allows rapid 

control of system performance.
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In addition the system is self checking: All data 

transfer functions startincr from the scalers are 

checked for formal correctness. In particular an analog 

tape read-in read-out comparison is provided. The 

comnuter can also preset the scalers and check the 

transfer of information. A detector oerformance check 

is possible by automatic measurement of all 306 dis

criminator bias curves in parallel. The discriminator 

bias is stepwise changed by the computer and the plateau 

curves can be groupwise displayed on the screen.

The snatial resolution estimated is 0.2 mm in case of test 

pin displacements provided the test pin geometry is well 

known. But for free moving material of unknown distribution 

the resolution is about one channel width, what means 10 mm 

in our case.

A problem which influences the evaluation and leads to 

errors in the material balance is the neutron self shielding 

in the test pin. In the pin centre the flux has only half 

the value it has outside. That means: If fuel is ejected 

the counting rate from the same amount of fuel is doubled.

In CABRI the signal to background ratio will be about one, 

in case the test pin is within the field of view of one of 

the three parallel channels. Therefore good background 

determination and power monitoring is of vital importance. 

Determination of background from channels which do not see 

fuel can lead to errors because of cross talk resulting from 

neutrons emitted from testfuel. Moreover it is of interest 

to know the different contributions to the background. There

fore measurements are planned in which one channel in the 

collimator is closed by a plug so that only cross talk is 

determined.
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Material Motion Capabilities for SAREF* 

By

A. De Volpi

Reactor Analysis and Safety Division 
Argonne National Laboratory 
Argonne, Illinois 60^39

Abstract

The SAREF program requires a panoply of diagnostic techniques in 
order to obtain needed experimental information. After surveying vari
ous fuel motion monitoring techniques, the hodoscope has been chosen as 
the reference device because of its proven record and because data 
extrapolations and calculations indicate adequate response for small and 
large test sections. A hodoscope systom for STF would be designed to 
perform both fuel and clad monitoring during transients. It would also 
provide distinctive fuel and clad radiographic information before and 
after transients. Large-test resolution of less than 100 gm and time 
resolution down to 0.1 msec are projected. Two orthogonal collimators 
for three-dimensional viewing would each cover 180 x 31 cm viewing area 
with a combined total of 6000 detectors.

INTRODUCTION AMD CONCLUSIONS

The quality of results from SAREF experiments, as well as the 
nature of the facility .itself, depend upon available diagnostic tools. 
The choice of diagnostic instrumentation will depend upon whether it is 
important to measure the events which take place during an experiment or 
simply the final outcome with little regard for the pathways to the 
outcome. The events themselves may be monitoried ohicfly by real-time 
instruments which respond explicitly to desired physical or material 
properties; or the overall experiment may be considered as a "black 
box," and the outcome determined primarily from integral symptoms and 
postmortem examination.

In general, it is desired that the instrumentation have as little 
impact as possible on the experiment or facility performance. The. em
placement of diagnostic instrumentation may introduce a perturbation, 
yet the omission of such instrumentation may seriously compromise the 
yield of information from the experiment. If both time and space reso
lution of events are essential for experiment understanding, to satisfy 
the basic objectives of a new safety facility, then the black-box ap
proach is entirely inadequate. Furthermore, consummate information 
needs 10 to 20 years from now cannot ba reliably predicted.

___________________________________*VJork performed under the auspices of
the U. S. Energy Research and Development Administration.
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A prudent course, thus, would be to provide a panoply of techniques 
which can be projected to meet foreseeable needs with minimum perturbation 
while still retaining options for the future. This course implies a 
combination of

instrumentation inserted unobtrusively within the test section, 

capability of viewing events from outside the experiment container, 

integrating reactor instrumentation, and 

posttest data from radiography and direct examination.

In view of the programmatic and budgetary investment associated 
with a new safety facility, the extraction of an optimum level of infor
mation from the available techniques necessitates diagnostic methods 
which cost-effectively blend requirements, capability, and practicality.

At Argonne, there is substantial experience in LMFBR accident 
analysis, reactor core physics, engineering, in-pile safety experiment 
design and performance, fuel-motion diagnostics, and posttest examina
tion. A synthesis of this experience indicates that

unobtrusive instrumentation within the test section can yield 
adequate information on appropriate cladding and coolant prop
erties,

ex-core material-motion diagnostics are necessary for STF, and, 
based on operational experience with TREAT, adequate time and 
space resolution for small and large test sections is achiev
able by the hodoscope with small acceptable limitations on 
facility performance,

in-core reactor integral instrumentation will measure regional 
neutron-flux changes, and

data from radiographs and metallurgical examinations contribute 
the most detailed information regarding the final outcome of the 
experiment.

For material-motion monitoring, reliance has been placed on the 
hodoscope as the reference device because of its proven record and 
because calculations and data extrapolations from actual service indi
cate that it is likely to provide adequate response for small and large 
test sections. Other techniques and devices for fuel monitoring (such 
as coded apertures and accelerators) are actively under investigation 
and will be considered to the extent they can be shown to complement 
hodoscope diagnostic capability.

The existing hodoscope can be expanded for the TREAT upgrade!, .and 
hodoscope techniques can be adapted to provide at least some, degree of 
coarse resolution of fuel motion for all other test facilities. This; 
assurance arises from small extrapolations of existing technology.^ there 
will be time to factor in new developments that may occur.

TEST-VEHICLE INSTRUMENTATION

Traditional instruments placed within the test section containment 
have been devices for the measurement of temperatures (sodium, cladding,
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and fuel), and coolant voiding (boiling and dryout). Additional special
ized measurements concern linear displacement and cladding integrity.
There is no substitute for comprehensive instrumentation of this type, 
and the limits of information are established by practical considerations 
on survivability (to temperature, melt attack, and radiation), access 
(through sealed pressure boundaries), and perturbation (displacement) of 
the experiment assembly.

Perhaps the largest technological extension desired is that of in
strumenting pins, instrumenting many pins in a subassembly, and instru
menting many more locations on pins. These objectives appear to be 
limited by perturbation of the test hydraulics and penetrations of the 
test section. Instrumenting the wire wraps may be self-limiting if wire- 
wrap behavior is impacted and if the number of leads which can be carried 
out of the vehicle is constrained. In any event, this type of instru
mentation will suffice only up to the point of steel melting.

Competing for the limited access to a test vehicle will be instru
mentation intended to determine parameters not directly measured nr 
adequately inferred from existing techniques. For example, information 
is desired on local boiling and voiding of sodium and on pin-failure 
locations. In addition, it has been proposed (by Sandia)* that inter
pin neutron fluxes be monitored in an effort to observe local fuel 
motion. Such detectors will be sensitive to motion effects from sodium 
and steel too, which confuses the interpretation. Some selected role 
for inter-pin detectors is likely, despite their destruction during 
early stages of a typical transient.

In short, efforts--- to provide greater local coverage.of fuel pins
with standard instrumentation---conflict with the desire to add new de
vices, and both of these efforts are limited by hydraulics and access.
Such limitations are less severe for subassembly duct instrumentation 
where wide experience has been achieved.

In view of these liabilities and the existence of alternatives that 
can provide time- and space-resolved data, the presently anticipated 
roles for neutron detectors within the test section are (1) for local 
reactivity monitoring under limited conditions and (2) for monitoring of 
axial dispersion of fuel into the fission gas plenums of fuel rods.

EX-VEHICLE INSTRUMENTATION

The fast-neutron hodoscope is a proven system for monitoring fuel- 
motion at TREAT with many years of operation and advanced development. 
Based on this operating experience and upon neutron-transport calcula
tions, predictions have been made of performance in STF. These predic
tions indicate that fuel-voiding sensitivities on the order of one to 
seven pins are possible for full-subassembly experiments and seven to 
nineteen pins for multi-subassembly configurations.

At the recent technical information exchange meeting in Albuquerque,2 
a number of new material-monitoring proposals were offered. Evaluation 
of these proposals indicates that the most common characteristic is the 
need for a slot through the reactor. If any of these new techniques
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were to mature sufficiently to be engineered and demonstrated, they 
could conceivably improve upon or supplement hodoscope capabilities.

The fast-neutron hodoscope satisfies requirements by selecting 
uncollided fission neutrons, which have high penetrability and provide a 
signature characteristic of fuel. The fact that the highly penetrating 
fast-neutron-source term is distributed throughout the test section 
causes a detector response to fuel density which is linear in signal/back
ground ratio and which is equi-sensitive regardless of origin along the 
collimator projection. The linearity simplifies data unfolding, and the 
uniformity assists in three-dimensional reconstruction. In addition, 
the high penetration allows the hodoscope, despite several centimeters 
of intervening coolant and containment material, to view material motion 
taking place inside the experiment boundary.

For a multi-subassembly test section containing over 1000 pins, the 
incremental signal from any pin is predicted to be 0.15%. Current 
hodoscope sensitivity is about 2% per channel, so this suggests a detec
tion limit corresponding roughly to something between a seven and nine
teen-pin subsection 2.5 cm high. Of course, there is an important 
problem in.achieving adequate statistical confidence per time interval 
over a wide enough range of reactor transient power; this issue will be 
dealt with by installing detectors with higher efficiency than used at 
TREAT.

Recent tests indicate that a tandem array of gamma detectors can be 
made uniquely sensitive to the formation of steel cladding accumulations 
and blockages. Sodium iodide detectors may be biased above the fission- 
gamma distribution and obtain sufficient sensitivity to high-energy 
capture-gamina rays emitted by the components of steel. Although the 
signal from redistributed steel must compete with the much larger fixed 
component from containment vessels, a small signal change has been 
adequately and uniquely observed in a mockup despite the background 
problems.

In order to implement a fuel and cladding hodoscope diagnostic sys
tem in STF, the only fundamental measures necessary beyond those used at 
TREAT are modest enlargement of the channel capacity and incremental 
improvements in detectors. To achieve three-dimensional response, two 
hodoscope systems would be positioned in orthogonal slots.

Each of the facilities considered for future safety studies has a 
capability for some degree of fuel-motion m o n i t o r i n g .  ̂ For STF, as in 
TREAT, provisions can be made to obtain optimum resolution under the 
test conditions* For the other facilities, resolution becomes coarser 
and less comprehensive as the slotted access reduces collimation and 
covers a smaller area of the test section.

Figure 1 schematically compares viewing areas for material-motion 
diagnostics. A summary of diagnostic capabilities is given in Table 1. 
Additional details are provided in the following subsections.

As mentioned, the STF will have a capability for surveillance of 
fuel condition before, during, and after a transient. The capability
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will be extended to the plena as well as the test section. Surveillance 
of fuel motion in the test region during the transient is performed by 
the fast-neutron hodoscope in the same manner as at TREAT. Additional 
detectors are to be installed in the instrument thimble in an effort to 
detect axial dispersion through the plena.

The measurement of fuel disposition in the central region before 
and after a transient will be carried out by in-situ fast-neutron radio
graphy, using the hodoscope as the detection device. It is expected 
that three-dimensional resolution can be achieved by slowly rotating the 
test section with the reactor operating at a low power level (^0.3 W/gm 
of fuel). To determine the extent of fuel dispersal out of the hodo
scope viewing zone, gamma rays from fission-product decay can be moni
tored while the test section is slowly withdrawn.

The accumulation of steel to form blockages is tracked by the hodo
scope, which can simultaneously detect capture gamma rays characteristic 
of steel. During the radiographic scanning conducted prior to and after 
a transient, it is possible for the gamma-ray hodoscope to render a dis
tinct image of the steel distribution within the test section.

The STF will have two slots so that three-dimensional resolution of 
fuel motion and clad blockages will be possible.

By virtue of multiple applications of the basic hodoscope collima- 
tion, detection, and electronic systems, simplifications in reactor de
sign and reductions in cost have occurred.

Since the. hodoscope is a proven operating system (at TREAT), there 
are no basic unresolved questions regarding impact on reactor facility, 
feasibility, operability, maintainability, reliability, and cost estima
tion (as would, be the case for any untested alternatives). In common 
with alternative devices, there have been questions regarding resolution 
for large test sections. On the basis of existing data (on 1, 3, and 7 
pins), extrapolations coupled with calculations indicate adequate 
sensitivity for the hodoscope.

In reviewing experimental data and calculations of hodoscope sen
sitivity for fuel motion, the following convenient RULE OF THUMB seems 
to apply:

Hodoscope Fuel Motion Sensitivity (per channel) = 50-100 mg x (no. of 
pins) _________________

For example, typical sensitivities are:

1 pin: 0.05-0.1 gm (droplet) (measured in TREAT experiments for HEDL)

7 pins: 0.35-1 gm (measured in transients, such as E8)

61 pins: 3-6 gm (pellet) (estimated from this rule of thumb)

271 pins: 15-30 gm (calculated by ANL for SAREF)

1071 pins: 50-100 gm (2-3 cm 0D (calculated by ANL for SAREF)
sphere)
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As ia all rules of thumb, these estimates should not be pushed too 
far. Sensit.ivioy is a function of power level, time resolution, calibra
tion factor, slot conditions, intervening and surrounding materials, 
reactor spectrum, etc. Despite these variables, the approximation 
appears reasonable-. . The lower range of the approximation reflects 
results under "best" conditions, and the upper range, while not neces
sarily the worst result, is a reasonable conservative numberfor a wide 
range of experiment conditions.

Another important question which has required additional study is 
that of time resolution. For systems which use accelerators as a source, 
pulsing and recording rates are limiting factors, as well as signal/back
ground and intensity. For systems such as the hodoscope which depend 
upon the reactor as a source, time resolution is interlinked with at
tainable count statistics at each power level. The TREAT hodoscope has 
been able to maintain adequate time resolution for very high power 
levels (several thousand MW) and very low levels (post-scram delayed- 
neutron emission). However, for STF, time resolution down to 0,1 msec 
is desired; this will necessitate some further development of hodoscope 
detectors with a higher efficiency. Such detectors have been previously 
tested, and they are likely to be satisfactory for STF.

A more detailed analysis of each of these issues, is contained in 
subsequent subsections.

Fuel Motion Monitoring for Large Test Sections. An assessment of 
material-monitoring capability indicates that the hodoscope can satisfy 
the fuel-monitoring criteria for multi-subassembly experiments for STF.

Material-motion data requirements have been derived from HCDA 
modeling of reactivity changes resulting from specific mass changes.
These requirements indicate that a high level of fuel-motion sensitivity 
is essential in multi-subassembly experiments in order to satisfy acci- 
dent-analysis codes.

Analyses based on transport theory indicate that current TREAT 
experience with the hodoscope can be extrapolated with minimal develop
ment to application in the STF spectrum.

Specific requirements have been established for fuel monitoring in 
terms of field of view and resolution in space and time. The require
ments call for three-dimensional viewing with fuel-mass sensitivities up 
to the range of several hundred grams for a multi-subassembly.

A configuration has been devised for the hodoscope which can meet 
the requirements for viewing large areas and otherwise satisfy resolu
tion criteria.

Hodoscope Feasibility for STF. TREAT fuel-monitoring development 
extends back to 1958; successful in-pile hodoscope verification occurred 
in 1964; and operational experience has been obtained for the past 10 
years. Thus, the feasibility of the STF hodoscope system is strongly 
secured. Each element of hardware and software has been reexamined for 
application to STF and only modest extrapolations or modifications are 
deemed necessary:
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1. Source Intensity. STF provides adequate count rates, despite 
the hardening of the spectrum.

2. Source Pulsing. Since the hodoscope is a passive monitor, its 
response is dependent upon the source time profile; no external 
accelerator is required.- To cope with a wide dynamic range, 
two sets of neutron detectors will be provided---one with '
low and one with high efficiency.

3. Operability. Operability has been established through experience, 
which represents a strong point for the hodoscope compared to 
alternative concepts.

4. Maintainabi1ity. Despite the large number of parallel detec
tors (nearly 400 now, with almost 600 planned for TREAT), the 
hodoscope can be routinely maintained at the reactor. It
has had a high percentage of readiness for an experiment.
We do not anticipate any particular problems caused by the 
increased number of detectors expected for STF. -

5. Background. The hodoscope is subject almost exclusively to . 
background generated within the test section and vehicle 
region, and this background has been taken into account in 
estimating fuel sensitivity.

6 . Transient Radiation Effects. The Hornyak button, one of the 
three detectors used by the TREAT hodoscope, is subject to
a nonlinear response at high power levels. It has been pos
sible to operationally and analytically compensate for this 
effect, and the design for ST? calls for detectors which will 
not have this problem. The remainder of the system is in
sensitive to transient radiation effects.

7. Detection. Detectors for STF are likely to differ from TREAT 
only in that a higher threshold may be utilized in order to 
maintain a high signal/background criterion. Experimental 
work required is that of design characterization and optimi
zation, rather than development of new detectors.

8 . Data Collection. Data-recording facilities for TREAT already 
meet STF requirements. Multiple modules will be required to 
accommodate the larger number of detectors.

9. Data Recovery. There is an ongoing facility for recovery of 
hodoscope data which would be little changed because a simi
lar data-collection apparatus would be used at STF.

10. Analysis. There are about seven years of ANL/RAS experience 
in analysis and reporting of hodoscope data. Analysis for 
STF would require adaptation to larger test sections.

11. Linear Response within Dynamic Power Range. In order to re
late collected data to fuel motion, either a linear relation
ship or otherwise known or correctable function is necessary* 
Although one set of detectors used at TREAT has responded
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nonlinear.ly at high power levels, it has been possible to 
reduce this distortion by the use of lead filters and to com
pensate for residual supralinearity by analytical techniques.
The two other detector systems (high-range neutron and gamma) 
appear to maintain very linear performance.

12. Differentiation Against Coolant, Structure and other Effects. 
Ability to distinguish fuel against other perturba
tions (coolant, steel, or external neutron fluxes) is an 
important feature of any system intended to measure fuel 
motion. By virtue of being positioned out of core with sub
stantial collimation, the hodoscope is rather insensitive to 
external neutron-flux perturbations. The fast-neutron detec
tors are chosen partly on their ability to withstand Intense 
gamma fluxes and thus to discriminate against gamma rays from 
coolant and steel. Neutrons scattered from sodium and clad
ding result in only a small contribution to the total neutron 
signal for the hodoscope.

13. Reliability. Not only has the hodoscope been ready and oper
able for practically every experiment, the total data-loss 
rate has been only a few percent. On the basis of improved 
quality-assurance measures, the causes of these and other po
tential failures have been largely eliminated* In addition,
a higher-level redundancy---now scheduled for TREAT and firmly
intended for STF---will further circumvent discernible weak
points. In an area such as reliability, the availability 
of a decade of experience is an important aspect in enabling 
dependable performance predictions.

14. Dynamic Power Range. Since fuel movement could take place at 
reactor peak power levels of over lO4 MW or down to the de- 
layed-neutron phase, a dynamic range of about 106 is desir
able. To achieve this, each detector type, of Itself, must 
have a wide dynamic span; and a dual~range detector system 
for high and low power levels will be utilized.

Calculations Regarding Hodoscope Sensitivity. Calculations of 
sensitivity indicate that the minimal criteria for fuel-motion detection 
can be met by the hodoscope for the multi-subassembly experiment, although 
the requirements are slightly too stringent for minimal sensitivity 
levels in the single-subassembly case. Table 2 summarizes fuel motion 
capability for STF.

The calculations are based on a model which has been verified by 
determining measured parameters at TREAT. This justifies a scaling of 
data from TREAT to STF, thereby placing the estimates of sensitivity 
upon a reasonably sound foundation.

The calculated result---that the signal/background (S/B) ratio in
creases linearly as pins are added to the test---indicates hodoscope
sensitivity can be extended from small bundles up to multi-subassembly 
tests. Moreover, the linear dependence illustr; tes an inherent advan
tage to fuel-motion monitoring on the basis of induced fission neutrons 
instead of beam-transmission techniques such as flash radiography.
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The calculated signal/background ratios are of the order of 3/1 for 
both the composite inulti- and single-subassembly test sections. These 
ratios are comparable to or better than those achieved at TREAT, thus 
suggesting that present techniques for visualization and analysis may be 
applied without extensive development.

Predicted sensitivity to a volume element, upon which a single pair 
of detectors is focused, is 80 g in the multi-subassembly case. (Limi
ting sensitivity at TREAT has been found to be about 50 mg for single
pin experiments with S/B = 0.86).

In order to determine the limits of hodoscope sensitivity and 
compare these limits with criteria established for the experiments, 
several transformations of the data are useful. In addition, some 
simplifications have been adoped, such as selection of a single detector 
and the use of a single parameter, signal/background (S/B). Although' 
the S/B ratio is important as a figure of merit, knowledge of signal 
rates is also needed if S/B is much less than 1; but if S/B is suffi
ciently large, then it alone is an adequate measure of merit. In any 
event, it is likely, based on experimental extrapolations, that count 
rates from STF will be quite adequate to achieve the theoretical sta
tistical sensitivities. A summary of the calculations follows:

1. TREAT Verification. In order to validate the computational 
method, S/B ratios were determined for typical ongoing experi
ments at TREAT. For a single pin with a moderate amount of 
material surrounding the test section, S/3 = 3.5 was calcu
lated for the Hornyak button detector presently used. This
is quite consistent with current experimental data when the 
backslot is filled in, as the calculations require. For p.,
7-pi.n test section, S/B drops to about 2.8, also in good 
agreement with available data. In addition, the trend of 
S/B values improving with higher-energy detectors is quite 
close to experimental observations with threshold fission 
counters.

Increasing the test concainment from 2-in. OD to 4-in. OD 
reduces S/B by a factor of 3, which also verifies measured 
data.

Aside from a discrepancy in centrai-zone voiding, these veri
fied TREAT results place the computational method on a sound 
foundation.

2. Detector Selection. Calculations of various practical and 
theoretical detector-response functions indicate that the 
highest thresholds yield the best S/B ratios. Since the 
highest threshold evaluated was 3 MeV, the remainder of this 
analysis used that cutoff to determine sesitivities. Such a 
response can be achieved in a practical manner by the H(n,p) 
reaction which is linear with energy and can be biased at 3 MeV.

3. STF Small-bundle Test. Calculations were performed on a con
venient module of 76 pins. The results are consistent with 
extrapolations from TREAT data on 1-7 pins.
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TABLE 6.3. Fuel-monitoring Summary---STF

- MS SS SB** SP

Field of View

Height, cm 183 183 183 183

Width, cm 31 19 7 7

Depth, cm 31 19 7 7

Channel Intervals*

Height, cm 5 3.5 2.5 1

Width, cm 2 1.5 1 1

Depth, cm 2 1.5 1 1

Slow-transient Resolution

Mass, gm 80 25 4 0.2

Time, ms 

Fast-transient Resolution

1 1 1 1

Mass, gm 80 25 4 0,2

Time, ms

................... .. :

0.1 0.1 0.1 0.1

* Outer zones of fueled region; inner zones have closer intcrchannel spacing.

** 76 pins.
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4. STF Single-subassembly Test. Calculations for a single
subassembly configuration (of 271 pins) indicate a linear 
relationship between hodoscope S/B and the cumulative number 
of pins. Because each pin acts as an incremental source, as 
affecting the leakage properties of the remaining assembly, 
this linear relationship is physically reasonable. The slope 
of the line is about 0.36% per pin and the magnitude of S/B 
for the 3 MeV threshold detector is about 3.4 for the total 
signal of the entire subassembly compared to background mea
sured by detectors looking outside the test section.

5. STF Multi-subasse.nbly Test. The reference four-subassembly 
equivalent was used as the basis for the multi-subassembly 
experiment. Again, the results indicate a linear relation
ship between S/B and total number of pins, although the slope 
is reduced to 0.15%/pin. S/B for the entire multi-subassembly 
is about 2.9.

6 . Limitations of Calculations. Accuracy of the calculations is 
estimated with an error range of about 25%. In general, most 
of the results are conservative in the sense that the S8 ap
proximation yields 20.'!, lower S/B values than the S16 approxi
mation. Because the S8 approximation corresponds roughly to 
a 30° angle, while the hodoscope views a solid angle consid
erably smaller, the calculations will underestimate the S/B 
ratio. Also, S/B is penalized by the absence of a backslot 
which may not be required in the actual reactor experiment.

The calculations, being derived from a one-dimensional model, 
only predict performance from full material voiding commen
cing at the center and propagating radially and uniformly out
ward .

7. Discussion Regarding Hodoscope. The computational outcome 
that S/B for the composite multi- or singlf'-subassembly con
figuration is in the range of 3/1 has two particular implica
tions. That thsre is a significant signal/background is very 
helpful in resolving fuel motion with minimum statistical in
terference, especially in terms of trying to get visualization 
of results soon after an experiment.

Another implication arises from the fact that these parameters 
are close to those achieved in the thermal reactor TREAT. Be
cause of effort going into designing a hard-spectrum flat 
power profile for the test section, there was some concern 
that S/B values for STF would turn out to be significantly 
worse than TREAT. This is not the case because the spectrum 
applied to the test section at TREAT is already significantly 
hardened (primarily by thermal filters), so. the price to hodo
scope performance has already been paid. (The same may not be 
necessarily said about a fast-reactor driver). These observa
tions also reconcile other anomalies which had occurred in the 
past; for example, the fission source term from the test sec
tion in TREAT is about one-tenth of that which we had initially 
calculated without taking into account flux depression.
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With regard to the relationship between hodoscope capability 
and the requirements, the calculations indicate that in the 
multi-subassembly case the minimal criteria can be met; and 
in the single-subassembly case the criteria, at the moment, 
are slightly too stringent. For small bundle tests, adequate 
resolution is likely.

It should be kept in mind that these calculations are supported 
) by experimental data, and that the calculations demonstrate a 

justifiable basis for scaling data from TREAT to STF.

MATERIAL DIAGNOSTICS SYSTEM FOR STF

General Objectives and Capabilities. The basic objective of the 
Material Diagnostic System for SAREF is measurement of the spatial 
disposition of material in the test section when situated in the re
actor. Included are the fuel, coolant, and structure— during the entire 
in-core residence period— before, during, and after transients.

The Material Diagnostics System for SAREF STF is intended to meet 
resolution requirements in time and space for each of the major consti
tuents. In order to resolve the motion of the material constituents, 
the hodoscope system has been designed to achieve the requisite time 
resolution while maintaining adequate spatial resolution. Neither pre
test nor posttest radiography have time-resolution requirements, but 
they do demand detailed space resolution. It is possible to utilize the 
hodoscope in a dual role so as to satisfy the high spatial resolution 
for radiography.

There are certain features common to both material-motion moni
toring and radiography. For hodoscope motion monitoring, the reactor is 
essential as a source of neutrons. For radiography, reactor-produced 
penetrating high-energy neutrons are an excellent radiation source; 
there is probably no source more practical.

Because material in a test section could be rearranged upon removal 
from the reactor, the need exists for posttransient in-situ radiography. 
Moreover, present studies indicate that adequate penetration cannot be 
achieved thru ex-situ thermal-neutron radiography. Accordingly, the 
Material Diagnostics System has been optimized to meet high-resolution 
radiography requirements in-situ.

There already exist within the design envelope (for the purpose of 
motion diagnostics) slots for the hodoscope, and systems for collima- 
tion, detection, and data collection; these are also essential elements 
in radiographic— as distinguished from motion detection— operation of 
the hodoscope. The hodoscope, in addition, contains a capability of 
discriminating between the various material constituents and has re
quisite test and normalization facilities which are of use in radiogra
phy. >

In order to obtain high-resolution radiographic operation of the 
hodoscope, the following feeatures need to be implemented: the colli
mator should be capable of remotely controlled motorized movement, both



vertically and horizontally; the reactor must be run at a low steady- 
state power; and the test section must be slowly oscillated for a maxi
mum of 180° (possibly just 90°). This mode of operation is a form of 
axial tomography.

All of the requisite features for both transient and non-transient 
diagnostics have already been developed either fully or at least partially 
through applications at TREAT. Extrapolation of houoscope capabilities 
for large test sections has been derived from 1-D transport theory and 
verified by scaling from TREAT experiments. Although only coarse resol
ving power can be achieved in large test sections, the predictions 
indicate that resolution will be better than the minimum (necessary) 
requirements set for material surveillance. For STF, three-dimensional 
resolution will be sought by the use of orthogonal hodoscope slots.

There aro a variety of supplemental or fallback devices under 
evaluation for both transient and non-transient diagnostics. Their 
evaluation will continue in parallel with STF design and construction 
for possible Introduction or replacement.

Conceptual Plan for STF. Comprehensive high-resolution material- 
motion and in-situ radiography are feasible for STF. The hodoscope has 
been chosen, on the basis of its proven record, as the basic reference 
device. An orthogonal-slot and collimator system will be utilized to 
provide three-dimensional capability. In order to minimize detector 
inventory, the collimators will have both radial and axial resolution 
gradients: volumes subtended at the center of the viewing area will be 
diminuated compared to the other zones (see Fig. 2). Translated into 
approximate volumes subtended, the central single-pin zone would view 1 
cm3; the surrounding small-bundle zone, 2.6 cm0*; single-subassembly 
outer zone, 8 cm3; and the outer multi-subassembly, 20 cm3. These are 
volumes under observation by intersecting hodoscope channels. Integral 
multi-subassembly sensitivity would be about 50-100 gm. Additional 
information is contained in Table 3,

Time resolution as short as 0.1 msec under a reasonable range of 
conditions is expected. The instrumentation will be capable of handling 
a wide dynamic power range.

The upper and lower plena were instrumented in order to attain some 
measure of fuel expulsion above and below the hodoscope viewing zone.

Clad-blockage detection is included in the system design. Measur
ing blockages requires the use of a gamma-ray detector in tandem with 
the neutron detector; Spatial and time resolution is not likely to be 
as good as achieved in fuel motion.

Pre- and posttransient. in-situ three-dimensional fast neutron 
radiography with distinctive fuel and clad-blockage determination is 
planned.

General Features of STF Hodoscope. Based on experiment requirements, 
a hodoscope configuration has been defined for STF material monitoring.
The primary hardware features are summarized in Table 4.



Fig. 2 STF Hodoscope Viewing Area with Grad
uated Vertical and Horizontal Reso
lution Zones.



TABLE 3. Material-motion Capabilities for STF

1. Within a central i-cin column, axial resolution of about 0.25 cm and 

horizontal resolution of about 0.1 cm are considered possible for small 

tests. Above and below the original active fuel zone, axial resolution 

would be expanded by a factor of two. Within the central 7 cm, corres

ponding to small bundle sizes, but outside the central 1-cm-high resolution 

zone, vertical resolution would be sacrificed by a factor of 2.5.

Outside the small bundle zone, both vertical and axial resolution would.

be further downgraded by. a factor of about 507., so, that motion resolution 

would probably be no better than 0.1 cm horizontally and; 0. cm vertically.

2. Mass resolution as little as 0.2 gm should be achievable for few pin 

tests and less than 25 gm for a single-subassembly experiment.

3. For multiple subassembly tests, coarser resolution is allowable in the 

outer subassembly zones and upper and lower plena, Mass resolution would 

be less than 100 gm.

4. Time resolution can be of the order of 0.1 msec depending upon the power 

level and certain assumptions regarding detector development.

5. Steel-blockage and possibly clad-meltoff detection will be available 

simultaneously. Sodium-void detection by hodoscope methods is marginal.

6 . Three-dimensional material-raotion monitoring is anticipated; total 

number of channels per collimator would be about 1000, and total number 

of detectors for entire system would be about 6000,
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Within the core, either a slot liner or slotted elements would be 
installed for each viewing angle. Whether the slot should be run through 
the core or terminate at the test section is yet to be evaluated.

Within the shield the collimator system is to be installed. Adequate 
shielding around the collimator would be placed so as to allow limited 
personne* operation near the beam area for low constant-power experiments 
and ca .aticns. The collimator system would be track-mounted to 
permit 2cess relocation. A turntable for partial horizontal scan
ning £ a fj.’ sechanism for vertical scanning would be provided. It 
is assu cross-focused optics would be utilized in the collimator
design. *ig- 3).

Outside of the reactor shield but within the collimator beam would 
be located the detectors, associated electronics, and other devices.
Three tandem detection systems: lqw-range neutron detectors for base
line information, especially at low powers; high-range neutron detectors 
to cover high-power transients (neutron detectors provide the basic 
fuel-motion information); and gamma detectors for clad (and possibly 
sodium) detection.

The latest design for the fission-counter array at TREAT calls for 
mounting the linear pulse electronics adjacent to the detector on a 
printed-circuit board. It is likely that the same approach will be 
adapted to those detectors which use photomultiplier tubes to produce 
electrical pulses.

Single detectors may be usable in dual-range roles: two outputs 
from independently adjustable threshold levels. For example, normal 
biasing of the Hornyak button, as presently applied at TREAT, provides 
good high-efficiency low-range counting. If the detector were biased to 
about 3 MV, the S(n,p) reaction would become important and this may be a 
good threshold for low-efficiency high-range detection. Another candidate 
for dual-range use would be stilbene [H(n,p)] which has a higher intrin
sic efficiency than the Hornyak button.

It will probably be necessary to have lead filters and a calibration- 
source-locator in the vicinity of the detector bays. All detector bays 
should be mounted on the same tracks so as to remain collinear with the 
collimators. The turntable and tilt mechanism must move the rear colli
mator and detector bays together as a single unit.

All signals and dc levels are conveyed to the instrument area 
through EM-shielded cables. The instrument area may be adjacent to the 
beam, but sufficiently out of the way to permit continuous personnel 
access during low constant-power operation.

The process of detector calibration will require remote operation 
of the source locator and remote bias adjustment of all detectors which 
have non-stable sensitivities or must undergo occasional recalibration.

A major element of equipment in the instrument area would be the 
intermediate digital storage scalers with the magnetic recording system.
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A module with 425-channel recording, currectly being developed for 
TREAT, will be employed at STF. Associated with the recording system 
will be the hodoscope control logic which interfaces with the reactor 
experiment controller.

Auxiliary apparatus at the instrument area include power supplies, 
test and calibration electronics, and repair and maintenance facility.
In addition, equipment necessary to provide good-resolution hodoscope 
radiography, on-line visualization, and off-line data transfer would be 
provided. The latter will provide transfer magnetic tape for later 
processing and recovery of data.

Figure 3 contains a modified sketch of the hodoscope layout at STF. 
The viewing area previously shown in Fig. 2 is broken down into sections 
to correspond with three possible phases in experiment progression. The 
full width is 31 cm to meet multiple subassembly complete coverage (4 
subassemblies). Height specified is 183 cm, giving about 30 cm above 
and below full-length fuel. There is a 19-cm reduced width which corre
sponds roughly to the requirements of a single-subassembly experiment.
The central 7-cm section matches the needs of small-bundle tests, and 
there is a higher resolution central region.

Because the resolving-power requirements of small bundle tests are 
more stringent than for large assemblies, there are nonuniform require
ment across the viewing area. To accommodate these requirements, it is 
proposed to build a single collimator with axially and radially variable 
resolution as indicated schematically in Fig, 2: 1 x 1 cm in the cen
tral (single-bundle) region, 1.5 x 3.5 cm in the remaining single
subassembly region, and 2.5 x 5 cm in the remaining multi-assembly 
region. Fabrication of such a collimator would not be any more diffi
cult than for current collimators. To further reduce the inventory of 
detectors there would also be an axial resolution gradient as indicated 
in Fig. 2; resolution above and below the central 48-in. (122-cm) region 
would be doubled.

The number of channels required for the first experiment phase 
(small bundles), would be at most 512; for single subassembly, an addi
tional 360; and for multi-subassembly, an additional 174. Thus the 
number of detectors and associated electronics can be installed in phase 
with the experiment progression, if desired. Because of the fact that 
there are three tandem detectors possibly for each channel and there may 
be two collimators orthogonal to each other, the number of detectors 
with accompanying electronics increases from 3138 to 6276. This repre
sents the major cost fraction of the hodoscope hardware system. These 
are maximum numbers, because it is not likely that all channels will be 
instrumented: a reasonable estimate might be half. The arrangement 
above permits high-resolution redundant coverage in the midsection of 
the multi-subassembly experiment. An alternative design would call for 
exchange of collimators to suit the experiment and for remounting of a 
fixed (and smaller quantity) of detection channels. For example, if 
three collimators were constructed for each of the two slots, then the 
small bundle collimators required 512 x 3 x 2 = 3072 detectors, and the 
multi-subassembly requires 522 x 3 x 2 = 3132. Consequently, the maximum 
inventory of detectors would be 3132, or about half of the single multi
purpose collimator. This reduced number of channels is offset by the 
loss of supplementary resolution in the central region for large tests.
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TABLE 4. STF Hodoscope Configuration

A. IN-CORE

Slot liner or slotted elements
Plenum detectors (within instrument thimble)

B. IN-SHIELD

Front collimator 
Rear collimator 
Collimator shielding 
Tracks
Turntable and tilt mechanism

C. IN-BEAM

High-range neutron-detector bay: detector array and linear
electronics

Low-range neutron-detector bay: detector array and linear
electronics

Gamma-detector bay: detector array and linear electronics 
Lead filter
Calibration-source locator 
Track extension 
Turntable and tilt extension 
Cables

D. INSTRUMENT AREA

Remote bias adjustment 
Temporary storage scalers 
Recording system 
Backup recording system 
Power supplies
Test and calibration electronics 
Repair .\nd maintenance facility 
On-line visualization system 
Remote-control radiography system 
Control logic and external control lines 
Off-line data-transfer system

E. OUTSIDE OF CONTAINMENT

Data-recovery system 
Data-analysis system
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Fig. 3 Collimator Assembly Concept for STF



HODOSCOPE TIME RESOLUTION AS A FUNCTION OF REACTOR POWER

For monitoring devices which depend upon the reactor to provide a 
radiation source, attainable time resolution is a function of the reactor 
power, the net efficiency, and the signal-to-background ratio. In loss- 
of-flow experiments without scram or transient surge, a constant reactor 
power allows straightforward preselection of detection parameters to 
achieve a given time resolution. For experiments with transient bursts, 
though, the achievable time resolution will vary with the power. In the 
absence of detectors with programmable or rapidly adjustable efficiencies, 
the preferred course would be to have banks or high- and low- efficiency 
detectors operating simultaneously.

In order to evaluate the time resolution in a meaningful manner, 
calculations have been carried out resulting in several graphs which 
relate the central parameters. Fig. 4, for example, Indicates count 
totals to acquire various levels of statistical confidence depending 
upon the signal/background ratio. The validity of these curves has been 
confirmed in a semiquantitative fashion over a wide range of hodoscope 
applications.

Figures 5 and 6 show how the time resolution depends upon the in
stantaneous power level for low- and high-efficiency cases. In order to 
interpret the graphs, it is necessary to decide upon the desired level 
of sensitivity to material motion. For example, 100% loss of fuel for 
all types of tests is detectable (by a high-efficiency detector) with 
sub-millisecond resolution. With detectors presently in use, 5% loss of 
fuel (which is close to a realistic limit of sensitivity) requires power 
levels of several thousand MW for 1-msec resolution. Wien the reactor 
is at higher power levels, the potential time resolution is improved; 
and conversely when the reactor is at lower power levels, the attainable 
resolution is degraded. Figures 5 and 6 show how the time response is 
affected by the size of thr test section, which determines the sig
nal/background ratio.

As alluded to earlier, statistical dependence upon power level is a 
characteristic of all devices which utilize reactor-generated radiation 
as a source. This included all types of coded aperture and in-core 
detector devices. This excludes accelerator-driven diagnostic systems 
which, however, are subject to statistical limits arising from other 
factors.

The predicted time resolution, based on statistical considerations 
for the number of counts collected, has been plotted as a function of 
STF power for the three test sections. The range of fuel loss is from 
the full initial fuel configuration down to a sensitivity level of about 
one-third of a percent of the original fuel.

Suppose we want to find the time required to resolve a 100% loss of 
fuel in the multi-subassembly test. This time resolution would follow 
the far left curve in Fig. 5 ranging from 0.1 msec at 75 MW ti 7.5 msec 
at 1 MW. Suppose only 3% of the fuel is lost; this corresponds roughly 
to S/B = 0.1. A power level of 25,000 MW would be required to achieve 
0.1-msec resolution, and 1000 MW would yield 1-msec resolution. A
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theoretical sensitivity of 0.01 in S/B, which corresponds roughly to the 
central 7-pin cluster in the multi-subassembly experiment, would be 
resolvable only to about 25 msec at 20,000 MW and 100 msec at 2500 MW.

Thus Fig. 5 illustrates the requisite tradeoff between time resolu
tion and sensitivity, as well as the deterioration of sensitivity as 
power level declines.

Actual instrument settings are normally preset for equal data- 
collection intervals. For SAREF we anticipate some modulation of in
tervals to match the reactor power profile.

The count rates are based on predictions for 238jj fission counters; 
however, we estimate from experimental data that stilbene at 3-MeV 
threshold will yield 30 times greater count rate than 300 mg of in
a fission counter. The. reference source-produced count rate was 15 
cps/MW (STF) for each gm of 238U in a fission counter.

Given a detector with efficiency of about 0.3% (which corresponds 
to the estimated efficiency of stilbene in STF for 3-Me7-neutron bias), 
then Fig. 5 shows that moderate (10%) movements of fuel can be detected 
with submillisecond time resolution at high powei levels. For example, 
in the multi-subassembly test, time resolution of 0.25 msec is achieved 
for 10% mass voiding at 10,000 MW power but only 2.5 msec when power 
drops to 1,000 MW. If only 3.4% of fuel were vacated, then the respec
tive time resolutions are estimated at 2 and 20 msec.

If the most interesting fuel motion takes place at lower power 
levels, say 100 MW, then there is a severe statistical limitation with 
detectors of this efficiency. Resolution for 10% fuel motion would be 
25 msec.

Figure 6 indicates what would happen if a detector with 10% effi
ciency at 3 MeV were developed. At 1000 MW as little as 1% of the fuel 
is statistically determinable with 6-msec resolution and at 100 MW, 10% 
fuel change would have 0.7-msec resolving time; count rates would ap
proach 10° cps, which is about the limit of reliable fast circuits. 
Another avenue for development would be towards current integration of a 
threshold detector, since time resolution better than 100 microseconds 
is not necessary.

DEGRADING EFFECTS CAUSED BY INTERVENING MATERIALS

Aside from the material which surrounds the test section in the 
test vehicle, there usually is other material intervening between the 
hodoscope and the fuel. To assist in selection of materials which have 
the minimum deleterious effect, Table 5 has been prepared. This gives 
the macroscopic cross uection for neutrons at 1.5 MeV, which has been 
found to correlate well with the degradation in signal/background ratio 
resulting from different thicknesses.

It takes about three thicknesses of sodium to match the degradation 
caused by one thickness of steel. However, these effects are additive, 
for example, 2.54 cm of steel reduces signal/background by a factor of
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TABLE 5. Macroscopic T> tal Cross Sections 

(Approximating S/B Degradation of llodoseope Response)

x 10“21' 
atnc.i/cm^ 
NA/p

@ 1.5 MeV 
cm2/atom

°T

CALC 

cm 1 
» »

EXPTL* 

cm 1

• V

Steel 0.085 3.1 0.26 0.25

Lead 0.033 6.7 0.22 0.22

Zirconium 0.066 6 0. A0 0.35

Aluminum 0.060 3 0.18

Water 0.063 3 0.20 0.25

Inconel 0.091 3 0.27

Berylium 0.12 2 0.24

Sod ui;a 0.025 3.6 0.09

llery. Oxide 0.15 3 0.A5

Graphite 0.080 2.2 0.18

Titanium 0.057 3 0.17

Miob ium 0.055 5.5 0.30

Tungsten 0.063 7 0.44

Tantalum 0.055 7.5 0.41

Vanadium 0.070 3 0.21

Iron 0.085 2.5 0.21

uranium Oxide 0.022 7.1 0.25

^Direct measurements made at TREAT of degradation in S/B.
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TABLE 6. Rebponec to Eiftht Questions About four Candidate Material Motion Monitoring Systcas
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two, and 2.54 cm of sodium by a factor of 20%; the reduction caused by 
the combination would be a net loss of 60%. Two inches (5 cm) of steel 
alone reduce attainable signal/background by a factor of four.

Because of greater strength, Inconel would be a preferred substi
tute for steel. If one-fourth as much Inconel can do the same contain
ment job as steel, the signal/background improvement would be by a 
factor of three.

These results are generally applicable to any of the proposed 
facilities.

ALTERNATIVE MATERIAL-MOTION-MONITOKING METHODS

For two decades there has been continued investigation of fuel and 
clad-motion-monitoring techniques. Aside from initial success for 
transparent capsules using visible photography, only the hodoscope has 
succeeded in satisfying requirements. The hodoscope was chosen after 
both gamma-ray pinhole (coded aperture) and gamma-ray scanning (rotating 
shutte.r) techniques failed to provide adequate signal/background ratios.

There has been at ANL a continuing evaluation of alternatives, 
including accelerator methods. In addition, some new investigations 
have been initiated at Sandia and LASL.

The only prospect to date for clad-blockage detection is by use of 
the ganuna-ray hodoscope, which is being tested by ANL. Evaluation of 
the fuel-motion potential of the various alternatives leads to the con
clusion at this date that none can meet the diagnostic requirements for 
STF test sections better than the fast-neutrbn hodoscope.

Two tables comparing the four candidate material-motion systems 
have been prepared. Table 6 summarizes ANL responses to eight questions 
posed by W. Hamium (ERDA) at the Albuquerque meeting on Fuel and Clad 
Motion Diagnostics. 2 Table 7 is an evaluation of the relative stage of 
development of each system.

INTEGRATING REACTOR INSTRUMENTATION

The array of detectors located in the reflector and core regions of 
any reactor are valuable monitors of position-sensitive flux, flux 
tilts, and relative time-dependent reactor power. This information is 
inevitably included in experiment analysis.

Studies at two laboratories have been made of the response of a 
space-integrating neutron detector located close to the test section. 
Although such in-core detectors are responsive to regional changes in 
neutron flux, they are unable to isolate the incoherent reactivity 
effects caused by fuel, clad, or sodium density changes. Even if the 
problems associated with unfolding their complex response could be 
solved, calculations indicate that their sensitivity to displacement of

2
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fuel would be very Inadequate. Furthermore, in-core detectors have not 
been tested as fuel-motion monitors under transient reactor conditions.

In contrast, ex-vehicle instrumentation (such as the hodoscope) 
using a slot through the reactor, yield a differential response in both 
space and type of material: The specific location of material motion 
can be isolated, and the type of material (fuel or steel) distinguished.

Consequently, while research will continue on applications of in
tegral reactor-flux monitors, it is anticipated that they can be counted 
on only for a supplemental role in fuel-motion monitoring, such as 
axial-dispersion monitoring in the plenum regions.

POSTTEST DATA

Once a transient test is complete., effort is directed at determin
ing the final configuration and metallurgical form of the residue. This 
is usually done in two ways: first, radiographs are taken after the 
test vehicle is removed from the reactor, and second, the test train is 
disassembled and examined.

However, there have been a number of experiments at TREAT where the 
posttest radiograph differed significantly from final hodoscope data. 
There are at least three mechanisms for spontaneous or inadvertent rear
rangement of the test material after an experiment: contraction upon 
cooling, sodium-slug reentry, and inechanical disturbance upon removal 
and/or tilting of the test section. This latter problem will be worse 
for STF because of reduced radial restraint in larger-diameter test sec- 
t ions.

These observations argue in favor of in-situ radiography. There 
are a number of candidate techniques, of which a modified hodoscope is 
most promising. Using the reactor as a low-power neutron-inducing 
source while slowly rotating the test section through a maximum angle of 
about 180°, the multi-channel hodoscope system can be programmed to 
perform high-resolution axial tomography. Such three-dimensional in- 
situ radiographs are likely to be nearly as good as any taken ex-core.
In addition, the ability to generate separate profiles of steel and fuel 
would be an asset. There would be potential economies in cost and com
plexity by using the hodoscope in dual-purpose modes. It would not be 
necessary to provide extra space within the reactor containment for ex
core neutron or flash x-radiography. Some auxiliary capt\bility .for 
tomographic scanning upon withdrawal of the test section from the ex
periment tube may be needed to determine fuel disposition far above and 
far below the original fuel column. This can probably be done by scan
ning fission-product gamma emission.

At the next stage of handling, the test section would be trans
ported to a dedicated examination facility. However, as a consequence 
of extensive real-time and post-transient material-motion instrumenta
tion, in conjunction with direct in-test measurements of physical pro
perties, it may be possible to reduce the amount of detailed macro and 
micro examinations of many of the test sections.
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CONCLUSIONS REGARDING DIAGNOSTICS

Substantial relevant Argonne experience in analysis, experiments, 
and diagnostics supports both the need for and the practicality of 
conducting time- and space-resolved measurements of physical and mater
ial properties of test sections. Complementary roles are identified for 
instrument probes within the test boundary and for ex-core material 
monitoring through reactor slots. Additional emphasis must be placed on 
diagnostic techniques which distinguish between fuel and steel. The 
application of a method for event resolution despite containment walls 
also lends itself to convenient in-situ radiography; high quality real
time in-reactor data might serve as a suitable substitute for certain 
aspects of postmortem examinations.
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TRANS.ADI
10-NOV-76 10:15:00

Measurement Precision Due to Counting Statistics

At the meeting, questions arose regarding the limits of 
hodoscope performance in terms of lime and space resolution. If, for 
fuel motion determination, a resolution element is taken to be the 
interdetector spacing of adjacent (and incidentally overlapping) elements, 
then the measurement precision is dominated by counting statistics. This 
assumes that systematic effects have been controlled or will otherwise be 
accounted for.

The determination of statistical imprecision follows well* 
established models for fluctuating quantities, and the results have 
been verified over a wide range ot- hodoscope applications. Such 
imprecision is, of course, outside of deconvolutions that seek 
spatial resolution better than tho intordetector spacing, in which case 
the imperfections of the deconvolution process may degrade the image 
quality or, conversely, require higher statistical precision for the 
same image quality.

From Eq. 30 of Ref. 1. it follows simply that tho relative variance in 
s is (H-2ta/s)/st. where the background b counting interval is taKen to be 
identical to the signal s counting interval t. The solution has evolved 
from the premise that in the first interval s+b counts are measured and in the 
second (virtual) measurement b counts are collected. The solution was plotted 
in Fig. 4 in the main body of tho toxt.

Suppose we have a large initial s/b and are interested in the 
precision available in determining the total loss of signal. If, for example, 
s/b=2, then to define the loss with a 0.69 confidence interval the total signal 
count st required is 2.

On the other hand, suppose we have an initial s/b of only 0.01; 
then 260 counts are required. The choice of background b is inherent in the 
definition of the problem; hence if we wish to know \he count requirement 
when initial s/b=2, but there is only a 1V, loss of signal, then the answer 
is also approximately 200 counts.

These examples indicate that, subject tc the ccveats expressed 
above, hodoscope sensitivity to small or large signal changes is 
predictable and manageable.

ADDENDUM 1

Ref. 1: A. DeVolpi, "Estimates of Variance and Merit Ratios from Measured 
Qucnties of Fluctuating Origin and Inherent Correlation", Intl. J. Appl Rad. 
and Iso., 22: 103-110 (19?!).
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Addendum 2

COMPARING THE HODOSCOPE UITH IN-CORE DETECTORS

Neutron decleclors placed near or within a lest vehicle ar« subject la 
a host of problems. If the detectors are within the lest seclion. they are 
likely lo be destroyed when the sleel cladding melIs, if nol sooner.
Although the clad moiling could propagate from inner lo outer ring, 
leaving some in-core detectors intact for awhile* the fuel motion 
diagnostic needs of very few experiments are likely to be mel by instrumental ion 
which fails prior to the mosl interesting experiment phases.

Deleclors placed outside the lest section in the instrument thimble 
;.iay possibly survive mechanically* bul their sensitivily is markedly worse 
than delectors placed between Ihe pins.

One of the many serious problems which plague both of Ihe above 
lypes of in-core deleclors is their non-discriminale sensitivity to any change 
in local neulron flux. The displacement nol only of fuel but also of cladding 
or sodium causes flux changes. Argonne's estimate for a large test facility is 
lhal half of Ihe original local delected flux is influenced by sodium and 
sleel. Uhal complicales matters is that ihe voiding of steel and sodium 
are out of reaclivily phase with fuel: the voiding of fuel should 
result in a decrease in delecled flux; the voiding of cladding should cause an 
opposing increase in flux; and Ihe void-ng of sodium should primarily be an 
indirect effect due lo reactivily feedback. Thus, the loss of steel will 
appear ambiguously as a gain in fuel and conversely.

It is difficull enough lo unfold ihe complex lime-dependent flux 
distributions to be measured wilh in-core deleclors; indeterminate effects 
due to coolant and structural materials compound the problem.

Uilh regard to the sensilivily of in-core deleclors. Sandia (Ref. 1 
below) has released some calculations which compare results with the hodoscope. 
Examinaliori of the report indicates that their calculations support ANL 
eslimales for hodoscope sensitivity, but lhat Sandia has drawn misleading 
and inconsistent conclusions in comparing potential in-core detector response.

The fractional mass Sandia calculates lo b*s losl (Fig. 18 in Ref. 1) 
is 20% for a 2Y. signal change of a collimated U-238 neutron detector 
(hodoscope) located outside a Class III reactor lest vessel. This is for the 
central test section; so mass of fuel would be about 23'/. of 271 pins
multiplied by aboul 7 g/pin in linear view---or 350 g lolal. This
then is Sandia's result for a single hodcscope channel viewing 1 sq cm of 
fuel area. To normalize for ANL callculations of a Class I reactor and 
a higher threshold 3-M<?V detector, the sensitivity can be increased by a factor 
of 2.6. resulting in a normalized estimate of aboul 135 g/channel in STF.
Despite ol'ier inconsistencies in Ihe calculalions, the normalized Sandia resull 
is in reasonable agreement with ANL calcultions which yield 80 (+-80) g/channel 
for each of the one thousand hodoscope channels in STF.Consequently.
Sandia's results appear to support Argonne calculations and extrapolations 
lhal hodoscope sensilivily is adequate for experimental requirements 
in large test assemblies.

Uilh regard to in-core detectors. Fig. 16 of Ref. 1 indicates lhal 
fractional response of a U-238 detector located outside Ihe test section 
(in the inslrument thimble) of a Class III reactor would be about 15"/. for 
a 2% change in signal. Though the fractional response is deceptively aboul 
the same as the hodoscope. Ihe total mass of fuel viewed by an in-core detector 
is substantially larger. Sinco the response of a detector is a volume inlegral 
over Ihe entire central assembly, the total mass sensitivity determined from 
Ihe Sandia calculalions should be about 10 kg. (If il were possible lo 
position the detector near the center of tho test section, the sensitivity level 
would be aboul 3 kg). (As pointed out earlier, these calculations 
have ignored Ihe serious impact of sodium and steel movement upon such neulron



flux detectors). In converting lo a Class I reactor* a spectral factor of about
1.5 credit can bo attributed* so that normalized Sandia sensitivity
uould be about 6 Kg for a full array of in-core detectors in STF. Because of
the need for each detector in the array lo contribute to unfolding
space and time resolution data, information from a single detector is
inadequate. Thus, wo can interpret Sandia's calculations lo be supportive
of the 12-Kg sensitivily predicted by Argonno. taking intc account sodium
and steel effects.

Based only on adjustment of Snndia's estimates. Ihe projected STF 
sensitivity for a spatially integrating in-core detector
array is about 6 Kg uhile for any one of the 1000 spatially differentialing 
hodoscope channels the Sandia estimates come out to about 135 g/channel.

Sandia staled from Ihe analysis (Ref. 1) "Preliminary 
conclusions...Cthat 3 for multisubassembly tests, an in-core scheme 
seems lo bo the only feasible method of measuring motion of 
centrally located fuel" and "Inherent radiation imaging systems 
Ci.e..the hodoscope!) would not be useful because of degradation 
of resolution and signal-lo-bacKground from self-shielding." II follows from 
the preceding paragraphs thal Sandia's conclusions are misleading and 
inconsistent with their own data. Normalized Sandia calculations 
actually support the contention that hodoscope response can meet 
large-tesl-section requirements with a signal sensitivily less ambiguous 
and several orders of magnitude better than neutron-flux detectors placed in 
the instrument thimble.

The purpose of clarifying such inconsistencies is not lo 
downgrade the development of in-coro detectors, but to obtain a perspective 
for planning based on current status. Each lype of fuel diagnostic technique 
is liKely to undergo improvements, but with information available at 
tho present time, in-core detectors are not in Ihe same league as the 
hodoscope. It is important, though, lo recognize that uilhin the currenl and 
future rnulti-facilily program, there are roles in which such detectors, if 
proven to be workable, can fulfill specific otherwise unattainable 
needs.

1. "Fcst Reactor Safety Research Program— Quarterly Report October-December 
1S?5" SftHD-76-015? (fipril 19?S).
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A C P R  U P G R A D E  F U E L  M O T I O N  D E T E C T I O N  S Y S T E M *

J. G. Kelly and K. T. Stalker

Sandia Laboratories 
Albuquerque, New Mexico 87115 U.S.A.

ABSTRACT

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

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

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

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

* T h i s  w o r k  is f u n d e d  by the N u c l e a r  R e g u l a t o r y  C o m m i s s i o n .



easier to maintain than multiple collimator systems such as the 
neutron hodoscope-1-. The principal disadvantages are the i’ol] owing:

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

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

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

CODED APERTURE IMAGING

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

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



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

pseudo
hologram

PLANf

Figure 1. Coded Aperture Imaging Geometry

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

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

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



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

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

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

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

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

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

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

Figure 3. Tantalum Fresnel Zone Plate

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

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

Collimation and Shielding

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

6



Active System Investigations

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

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

252
Figure 5. Reconstruction of Cf Source Recorded 

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

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

Computational Analyses

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

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

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

DISCUSSION

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

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

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

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

9



REFERENCES

1. A. D e V O L P I ,  R. J. PECI N A ,  R. T. DALY, D.'J. T R A V I S ,
R. R. S T E W A R D ,  and E. A. R H O D E S ,  N u c l e a r  T e c h n o l o g y  27., M 9
(1975).

2. J. G. K E L L Y ,  S e c o n d  T e c h n i c a l  E x c h a n g e  M e e t i n g  of Fuel- and 
C l a d  M o t i o n  D i a g n o s t i c s  for L M F B R  S a f e t y  T est F a c i l i t i e s ,  
C h i c a g o ,  111, Oct. 9, (1976).

.3. H. H. BARRETT and F. A. HORRI G A N , A p p l . Optics, 12_, 2686 
(1973).

k. H. H. B A R R E T T ,  W. W. S T O N E R ,  D. T. W I L S O N ,  a n d  G. D. DeME E S T E R ,
O p t i c a l  Eng., 1_3, No. 6 , 539 (1971!)*

5. J. H. R E N K E N , S a n d i a  L a b o r a t o r i e s ,  P r i v a t e  C o m m u n i c a t i o n
(1976).

6 . K. R.. HE3SEL and K. T. STALKER, Information Exchange Meeting 
on Fuel- and Clad-Motion Diagnostics in LMFBR Safety Ter-t 
Facilities, Albuquerque, (1975).

7. H. H. B A R R E T T ,  U n i v e r s i t y  of A r i z o n a ,  P r i v a t e  C o m m u n i c a t i o n  
(1976).

8 . H. H. B A R R E T T  a n d  G. D. D e M E E S T E R ,  A o p l . O p t i c s ,  13, 1100 
(197 k ).

10



L A - U K ~ 7 t -  2.1. ̂ 8

TITLK: PRELIMINARY REPORT ON THE PINEX AT TREAT

A U T H O R ( S ) :  G. J. Berzins, K* S. Han, and W. H. Roach

S U B M I T T E D  TO :  Second Technical Exchange Meeting on
Fuel- and Clad-Motion Diagnostics for 
LMFBR Safety Test Facilities, Chicago, 
October 9, 1976. Proceedings to be 
published.

By acceptance o f this artic le  fur publication, the 
publisher recognizes tin- (lovernm ent's (license) rights 
in nny copyright and tin* (lovernm ent and its authorized 
representatives have unrestricted rinht to reproduce in 
whole or in part said artic le  under unv copyright 
secured hy the publisher.

The l.os Alamos Scientific* Laboratory »*equests lhal Ihe 
publisher idcnlifv this artic le  as work performed under 
Iht* uuspivv* « f  the U K K KD A .

l o s v V a l a m o s
s c i e n t i f i c  l a b o r a t o r y

of the University of California
LO S  A L A M O S ,  N E W  M E X IC O  8 7 5 4 5

t  \
An Affirmative Action/Equal Opportunity Employci

.. v UNITKI) STATUS
t;"v, V,:..?, KNKRC.Y R K S K A R C H  A N D

' D K V K I.O l'M K N T  A D M IN IS T R A T IO N
C O N TR AC T  \V-7405-EN(5.



BLANK PAGE



PRELIMINARY REPORT ON THE PINEX AT TREAT*

by

G. J. Berzins, K. S. Han, and W. H. Roach

University of California 
Los Alamos Scientific Laboratory 

Los Alamos, New Mexico 87545

ABSTRACT

The neutron image of a GETR fuel pin was observed 
in a pinhole experiment (Pinex) performed at TREAT. The 
signal amplitude, recorded with intensified television 
cameras, compared well with expectations. The results 
carry favorable implications for continued development 
of nonredundant pinhole array techniques, as well as for 
refinement of single pinhole experiments, as diagnostic 
tools for the LMFBR safety program.

I . INTRODUCTION

At last year's meeting in Albuquerque we pointed out the 

potential of nonredundant pinhole arrays (NRPAs) for collecting 

three-dimensional information with improved efficiency. In the 

same session we also discussed likely recording instrumentation- 

intensified television and intensifier-film cameras— for NRPA 

experiments. The most important uncertainty in potential appli

cations to fuel pin imaging revolved around adequate sensitivity 

Subsequent to that meeting we have performed two experiments 

at TREAT, as well as continuing work in the laboratory. The 

first experiment, a "piggyback" during some of the R-series, 

essentially radiographed the hodoscope. Fifteen of the beams 

emanating through the hodoscope collimator projected onto a scin 

tillator that was viewed by an intensified camera system. We

*Work supported by the U. S. Energy Research and Development 
Ad m i nistration.



demonstrated that during high-power transients the cameras could 

be operated in the TREAT environment with little detrimental 

effect from background radiation. There was also no evidence 

for EMP interference. The observed signal amplitude verified 

that our expectations regarding camera sensitivity were reasonable, 

though no accurate calibration could be obtained. (This experiment 

is discussed in Ref. 2.)

These results encouraged us to attempt a second experiment, 

one with a single pinhole as an imaging aperture. The main ob

jective was to obtain a reference point for a future NRPA experi

ment. Specifically we desired (1) a calibration, (2) an indication 

of available scene contrast, and (3) experience with a pinhole ex

periment (Pinex) at the TREAT reactor. Another important, though 

secondary, objective was to image the fuel pin for its own sake.

With help from RD&D of ERDA, from HAS Division of Argonne 

National Laboratory, and from the TREAT staff, a brief block of 

time in the TREAT schedule was dedicated specifically to the Pinex. 

flEDL provided an old test pin and capsule from its inventory.

II. TEE EXPERIMENTAL ARRANGEMENT

The experiment geometry is sketched in Fig. 1. The most 

significant components of Fig. 1 are described briefly below.

A. The Pinhole

The pinhole design followed criteria scaled from those estab

lished for experiments at the Nevada Test Site. The tapered pin

hole had a kennertium central region, followed by regions of brass 

and then of polyethylene. The total pinhole thickness was 75 cm. 

The critical parameters (taper angle: 89.3°; diameter: 0.5 mm; 

and central section thickness: 10 mm) were chosen after a study 

with the PINHOLE code of their effects on resolution and field of 

view.

To increase the vertical field of view we used three parallel 

pinholes whose fields of view in the fuel pin plane we calculated 

to overlap at the 'u 10% points. To increase versatility and
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minimize the number of transients, we prepared spare center sec

tions of 0.75 mm and 1.0 mm diameter apertures.

We embedded the pinholes into a block (see insert to Fig. 1) 

having a fast neutron attenuation equivalent to, and a gamma-ray 

attenuation a few decades greater than that of the reactor wall.

The block was inserted into the south side of v.he reactor wall 

approximately as shown in Fig. 1. The remainder of the cavity 

was filled with concrete blocks, some boreated polyethylene, and 

lead bricks. Alignment was accomplished with an alignment capsule 

(in the test section), an alignment pinhole in the block, and a 

telescope. The alignment was confirmed with the real pinhole and 

a laser beam.

E. The Recording Instrumentation

The front end of the experiment resembled that described in 

Ref. 2. Two doubly intensified vidicon television systems* and 

two intensifier-film cameras viewed scintillators through a 

folded optical path from the protection of a lead cave. The 

double intensifier, a generation II channel plate intensifier 

followed by a proximity focused diode, provided increased sen

sitivity approaching the statistical limit.

The camera box communicated via a cable bundle with a trailer 

parked adjacent to the reactor building. Functions inside the 

box were controlled from the trailer, with remote control from 

the reactor control room. The camera signals were branched to 

video tape recorders in the trailer and to a live display in the 

TREAT control building. We also recorded several timing and mon

itoring signals on oscilloscopes for post event diagnosis of the 

recording system performance.

On the basis of known properties of the PHL 59 test pins we 

estimated a neutron flux of ^ 1.0 mr per TV frame on the scintilla

tor. Camera calibrations at LASL with a flash x-ray source

*The TV cameras were MTI model VC24, with a GE model Z7986 fiber 
optic vidicon tube. All of the intensifiers were manufactured by

ITT Electro-optics.



indicated a peak video signal from the pin as 50-100 mV above 

the scene background, and above a camera noise level of 5-10 mV 

for a transient of 1000 MW.

To maintain simplicity we operated the TV systems in a con

tinuous mode (16-ms fields) and gated only the intensifier-film 

(IF) cameras. To establish relative timing we recorded the IF 

camera gates, the SAFE II signal from TREAT control, and a single 

pulse flashlamp gate on oscilloscopes.

C. The Fuel Pin

The GETR fuel pin, PN L - 59-10, was made of natural U 0 o mixed 

with 25% PuO~. The pin had a power coupling factor of 0.72 x 10~ 

w/cm /w of reactor power. (A recheck prior to the experiment showed 

a 10% lower value.) The pin,described in detail in Ref. 3, was 

encapsulated in a standard TREAT pressure vessel. The fuel (5.5-mm 

diameter) was surrounded by 0.4-mm-thick steel clad, followed by 

1.2 mm of NaK, contained by aluminum (3.7 mm). Most of the re

maining inner capsule (to a diameter of 28.6 mm) was filled with 

Steel. The capsule was contained inside a standard steel, TREAT pressure vessel.

III. PRELIMINARY RESULTS

A  sequence of photographs recorded with one of the intensified 

TV systems is shown in Fig. 2. Each TV frame includes images pro

jected through two of the pinholes. The intensity difference in 

the images arises from a difference in the pinhole diameters (0.75 mm, 

top, and 0.50 mm, bottom). The data in Fig. 2 are not intensity nor

malized, i.e., photographic brightness and contrast were adjusted 

for good visibility of the pin.

Comparable data were obtained with a second TV system that 

viewed images from the C.50-mm pinhole and a lower one 0.75 mm in 

diameter. Images were also recorded with two gated, intensifier- 

film cameras. These data are not presented (and have not been anal

yzed) for reasons of expediency.

The peak video signal amplitude (pin above background) during 

1000 £1W transients was slightly less than lOOmV in both cameras,
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consistent with expectations. The background signal amplitude 

was roughly twice as great, with most, but not all, arising from 

scene background inside the reactor.

To check the apparent expansion of the pin after failure, we 

plan to examine the digitized data. Because of the low signal-to- 

noise ratio, we anticipate that integration over several lines will 

be necessary. Preliminary analyses are suggestive of an ^ 50% 

expansion in the pin diameter occurring on a time scale of 30-60 ms.

IV. PRELIMINARY CONCLUSION

A. Implications for NRPA Experiments

We believe the results to be very favorable toward continua

tion of NRPA system development. The sensitivity of an NRPA system 

(assume 15 pinholes) will increase roughly 15 times, with an ^ 3.5- 

fold improvement in the signal-to-noise ratio.

The scene contrast should be improved, in that background con

tributions originating either behind or in front of the plane of 

interest should decrease in the reconstruction. Namely, focusing 

on tiie pin, or a pin in a bundle, will disperse background from 

noncoplaner sources. We have also shown in earlier laboratory ex

periments that substantial improvement can be made by Fourier fil

tering of the defocused components.

The ease with which this experiment was fielded should carry 

over to NRPA situations. We anticipate relatively minor modifi

cations in the recording trailer or in the front end.

The most significant difficulty will deal with the design and 

construction of the NRPA block. The north slot at TREAT appears 

more than adequate in size for a 15-pinhole array. The south slot 

may be usable, but with some compromise in the properties that 

characterize good pinhole blocks and good NR'PAs.

B. Pinex as a Diagnostic Tool

From the preliminary results we feel that a single pinhole 

experiment could be a valuable tool in itself, at least for some 

types of experiments. An ideal combination could prove to be a 

Pinex in one slot to provide high spatial resolution data during 

the peak of a transient, and a hodoscope in a second slot to
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provide continuous time information at points identifiable with 

a Pinex image.

We stress again that pin data for its own sake was a secon

dary objective of our initial Pinex at TREAT. We believe that by 

shifting the accent, much better data can be obtained.

We also believe that a second Pinex, with some parameters 

changed according to this past experience, may be desirable to 

further optimize the system prior to a full fledged NRPA endeavor.
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Fig. 2. A sequence of 6 TV frames recorded over the peak of TREAT 
transient $ i84y. The sequence begins at the upper left. 
The frame at the upper right is #4 in the sequence, and 
occurs just after the peak of the transient, and just 
after failure was indicated on thermocouple records.



EVALUATION OF EX-CORE IMAGING APERTURES FOR STF*

E. A. Rhodes

Argonne National Laboratory 
Argonne, Illinois 60439, U.S.A.

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
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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.
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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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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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X-RAY MONITORING OF FUEL MOTION

W. E. Stein, V. Starkovich and J. D. Orndoff

Los Alamos Scientific Laboratory 
Los Alamos, New Mexico, 87545, U.S.A.

ABSTRACT

Flash x-ray radiography is presently being evaluated as a 
possible diagnostic technique for monitoring fuel motion in LMFBR 
Safety Test Facilities. X-ray radiographs have been obtained on 
film of various reactor core configurations with 30-MeV bremsstrah- 
lung filtered through as much as lOG-mm thickness of steel which 
was used to simulate the reactor containment vessels. These 
pictures demonstrate that the transmitted x-rays retain sufficient 
information to satisfy the spatial resolution and areal density 
requirements not only for small arrays but also for a full sub- 
assembly. Electro-optical imaging systems, rather than film, and 
modern linac x-ray sources are being considered in order to satisfy 
the additional repetition rate requirement of nearly 103 pictures 
per second during extreme reactoi power transients. The imaging 
systems presently under consideration are described and the experi
mentally determined detector sensitivity and x-ray source intensity 
required for the one system studied most extensively are presented.

INTRODUCTION

Application of the well developed flash x-ray radiographic techniques [1] 
to the problem of monitoring full motion in LMFBR safety test facilities is 
being evaluated at LASL. The requirements that the proposed diagnostic system 
must satisfy such as spatial and temporal resolution as well as field of view 
vary with the specific goals of the particular experiment [2,3], For studies 
related to fuel pin failure and initial fuel motion where the number of pins 
would be less than about 37 th3 acceptable spatial resolution is 1 mm radially 
and 5 mm axially. A time resolution of a few milliseconds and an axial field 
of view of about 1.5 m would suffice for the fev pin arrays. For larger 
arrays where the interest is to determine the gross fuel motion in full sub- 
assemblies the resolution requirements are less stringent and are stated in 
terms of a mass motion, i.e., a mass moving through a distance during the 
desired time resolution. The requirement in this case is to distinguish the 
motion cf fuel mass of 10-100 g moving through a radial distance of 1 cm and an 
axial distance of 10 cm in a time of 10 ms. For nearly full subassemblies this 
corresponds to a required areal density sensitivity in the range of 2 to 20%.

To satisfy fully the requirements, the'instrumentation must be capable of 
radiographing the reactor core at rates approaching 10  ̂pictures per second



during a reactor power transient in which the fission power in the "fuel-pins 
under study reaches nearly 105 watts/gram. The exclusive use of photographic 
film in this application for a large number of pictures appears extremely doubt
ful. It would be quite difficult if not impossible to attain sufficiently rapid 
shutter speed and frame motion to prevent fogging of the film by radiation from 
either the reactor or previous and subsequent x-ray pulses. Therefore alternate 
imaging methods such as electro-optical systems and collimated detector arrays 
will be necessary to satisfy simultaneously the temporal and spatial resolution 
requirements.

As presently conceived the system will consist of an external pulsed x-ray' 
source located about 3 meters from the reactor center ana an imaging detector 
located at a corresponding position on the opposite side of the reactor. A 
diametrical slot through the reactor driver core will be provided with sufficient 
width to allow a clear view of the test object in the central region. A schem
atic view of this arrangement is shown in Fig. 1.
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Figure 1. Schematic of the reactor configuration for flash x-ray radiography 
of the motion of the fuel in the test array. The figure is not 
necessarily to scale and shows only one possible imaging detector.

Extraneous radiation at the detector will be avoided by careful design of 
the shielding associated with the transverse viewing slot. Unavoidable material 
such as the containment vessels for tho test array and the driver reactor would 
be in the x-ray path but other structural components which would attenuate and 
scatter the x rays would be minimized.

An experimental investigation is underway using existing LASL facilities 
and equipment to determine the feasibility of observing the motion of fuel 
during and after a core disruptive, reactor power transient by x-ray radiographic 
techniques. The intent is to demonstrate the capabilities and limitations of 
this technique and to provide the experimental data necessary to specify the 
characteristics of the required x-ray source and detection system.



RADIOGRAPHS RECORDED ON FILM

To evaluate che capabilities of this technique, x-ray radiographs were 
obtained on film of various reactor core configurations with 30-MeV brems- 
strahlung filtered through as much as lDO-mm thickness of steel to simulate 
the reactor containment vessels [2]. Initially fast-reactor fuel pins were 
not on hand and available PWR fuel elements of twice the desired diameter were 
used instead. The measurements have recently been repeated in the arrangement 
shown in Fig. 2 with simulated fast reactor fuel pins of the proper size but 
composed of enriched UO2 in place of mixed oxide.

X -R A Y
SOURCE

le»w alan(»t
■pMmiflo laboratory

/ \ TEST
ARRAY

FILM

Figure 2. Experimental arrangement for the recent film radiographs of various 
arrays of simulated fast reactor fuel pins. The test array was 
positioned equidistantly between the x-ray source and the film.
The source-to-film distance was 6 m. A steel cylinder of adjustable 
thickness surrounded the test array to simulate the containment 
vessels.

Radiographs of either cf the test arrays demonstrate that 30-MeV brems- 
strahlung penetrating simulated steel containment vessels still retains the 
necessary information to satisfy the spatial resolution a-id areal density 
requirements. It is estimated that a 10% variation in areal density of the 
fuel can be observed for a full subassembly of fast reactor fuel pins when 
viewad perpendicularly to the flat of the hexagonal array. Figures 3 and 4 
are reproductions of the central portion of the film radiographs obtained for 
two views of th; fuel pin array surrounded by a steel cylinder with radial 
thickness of 38 mm. A 25.4-mm long void in the center pin of a 91-pin array is 
clearly visible in Fig. 3.

IMAGING SYSTEMS

Two possible electro-optical imaging systems and a multiple slit x-ray col
limator with an array of individual detectors are presently being considered.
The electro-optical detectors utilize a thin lead backed scintillator or fluor, 
an optical lens system, and a gated image intensifier. The lead sheet and 
scintillator are used to convert the x-ray radiograph to an optical picture 
which is viewed via a mirror by the image intensifier. In one arrangement the 
image is coupled to a TV vidicon and the data are recorded on video magnetic 
tapes. In the second configuration the optical picture at the output of the 
image intensifier is recorded directly on moving photographic film. In each



Figure 3. Film radiograph of 91 fuel pins viewed perpendicularly to the flat 
of the hexagonal array surrounded by the steel cylinder with 38-mm 
radial thickness. Magnification is approximately one. The intensity 
of the x-ray flash was 40 R at 1 m.

Figure 4. Filin radiograph of 169 fuel pins viewed on the apex of the hexagonal 
array surrounded by a steel cylinder with 38-mm radial thickness. 
Magnification is approximately one. The intensity of the x-ray 
flash was 80 R at 1 m.

'1.



case the gated image intensified performs the function of a shutter. This 
shuttering capability is essential not only to prevent blurring of the radio
graphs due to object or film motion but also, more importantly, to minimize 
the integrated exposure due to the background radiation from the driver core 
as well as from the fuel pins under study. Typical exposure times for large 
reactor power excursions are expected to be about 1 or 2 \>s.

Only the image intensifier-vidicon combination has been studied exper
imentally. Results of initial measurements to determine the detector sensi
tivity and x-ray source intensity which would be required to obtain useful 
radiographs in the presence of the radiation from the reactor fuel pins have 
been reported earlier [4]. Recently the image intensifier-vidicon system has 
been used to obtain radiographs of the fast reactor fuel pin arrays. The 
experimental configuration is shown in Fig. 5. PHERMEX [5], a 30-MeV electron 
acceleratort: was used as the source of a 0.2 ys pulse of bremsstrahlung rad
iation. The scintillator backed by a lead converter foil and a synchronized 
pulsed light source were viewed via a mirror by the imaging system. A variety 
of scintillator types and thicknesses were tried. These included 200-mm diam
eter plastic (NE 102) with thicknesses ranging from 1 mm to 5 mm, a 127-mm 
diameter Nal crystal 3.2-mm thick, and a sheet of lanthinum blue film inten
sif ier screen each backed by 0.5-mm to 1-mm thick lead converter foils.
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Figure 5. Experimental arrangement for electro-optical imaging of fast reactor
fuel pin arrays. The test array, surrounded by a steel cylinder,
was placed equidistant from the source and scintillator or fluor.
The source-to-fluor distance was 3 m.

The performance of the image intensifier-vidicon system without regard 
to the response of the scintillator is displayed in Fig. 6 where the fluor has 
been replaced by a test pattern. The central portion simulates the fuel pin 
image with the expected factor of two multiplication of the picture size. The 
spacing of the stripes on the left approximate the smallest required radial 
spatial resolution.

A representative x-ray radiograph taken with the image intensifier- 
vidicon system is shown in Fig. 7. The picture was obtained with a 1—mm thick



Figure 6. Image intensifier - vidicon display of the test pactern and the
pul3ed light flasher. The larger circle contains the test pattern 
in place of the scintillator and the smaller circle is the image 
of the pulsed light source. The test pattern is composed of: left, 
alternate 2.5-mm wide black and white stripes; center, 5 black 
stripes 12.7-mmwide on 15-mm centers; and right, alternate 1.25-nun 
wide black and white stripes. The pulsed light source contains 
alternate 3.2-mm wide black and white stripes.

Figure 7. X-ray radiograph of 127 fuel pins viewed on the apex of the hexagonal 
array surrounded by a steel cylinder with 25.4-mm radial thickness. 
Magnification is approximately 0.5. The intensity of the x-ray flash 
was 50 R at 1 m.



NE 102 plastic scintillator and a l--mm thick lead converter foil. The intensity 
of the x-ray pulse was about 50 roentgen at one meter.

'■ ' 1 / /
It is evident that: tV.e electro-optical radiograph (Fig. 7) is inferior to' 

that obtained on film' (Fbj. 4). In view of the. quality of the test pattern 
picture, it appears that 'the scintillator is largely at fault. Further work 
is required to find the optimum scintillating material and to improve the manner 
in which the light is emitted from the thin fluorescent sheet.

A multiple slit x-ray collimator with an array of detectors, one for each 
slit, is also being considered. Unlike the conventional neutron hodoscope which 
detects neutrons from the fuel pins under study, the x-ray collimator would 
respond to the transmitted bremsstrahlung signal from an electron accelerator.
By having each slit of the x-ray collimator aimed at the x-ray source as shown 
in Fig. 8, quantative measurements of areal fuel density in the view of a 
particular slit would be obtained by monitoring the amount of x-ray absorption 
and scattering between the source and slit. This change in emphasis, from 
monitoring the radiation from the test array to measuring the amount of 
attenuation experienced by the transmitted bremsstrahlung has several significant 
advantages: 1) the signal .level at the detector plane is dependent upon the 
areal density of the fuel and independent of the power density, making image 
recreation of the areal fuel density possible at all power densities, 2) with 
fast photomultiplier detectors the relatively small gamma background can be 
measured in situ and read out during the intervals between x-ray pulses, 3) 
the transmitted bremsstrahlung signal need only change by approximately an order 
of magnitude, eliminating the need for a wide dynamic range detector/data read
out system, and 4) the signal level can, in principle, be adjusted to overcome 
the background and thus provide a good signal-to-background ratio.

Figure 8. Schematic arrangement of a multiple slit x-ray collimator.

In addition to the above advantages, the x-ray collimator does not 
eliminate the two best features of the conventional neutron hodoscope, that 
is, good spatial resolution and detector shielding. In short, the x-ray 
collimator combines the good features of the conventional neutron hodoscope 
with the many advantages provided by flash radiography.
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ABSTRACT

This paper is primarily intended to be a status report on activities in 
the Flash X-ray Radiography/cinematography area since the last Material 
Motion Diagnostics Meeting. Additional activity in the area of source 
definition as well as associated experimental limitations will be discussed.
The implications of machine current upon precision uncertainty in measurements 
of changes in areal density are presented. The radiographic techniques 
presently being evaluated will be discussed. Performance estimates representative 
of this type of diagnostic tool will be presented. Comparison with other 
results will be considered.
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INTRODUCTION

As an introduction to this talk, the results presented at the last
Fuel Motion Diagnostics Meeting will be briefly reviewed. View Graph 1
presents the scope of the study performed including some of the more
important assumptions made in the analysis. From this analysis came the
definition of electron beam machine requirements for X-ray Cinematography
Fuel Motion Detection Applications. Some of the more important conclusions
are presented in View Graph 2. It was concluded that X-ray cinematography
for multisubassembly tests was virtually impossible for any reasonable
ueak power density and that cinematography of a single subassembly at a 

6 /peak 10 watt/g would be very difficult. As the view graph indicates, a 
50 MeV, 3kA Linear Induction Accelerator operating with a lusec pulse 
duration was found to be required. Relaxing the signal-to-background 
requirements imposed during this study and reducing the source-to-image 
distance to be consistent with a Class I Safety Test Facility (STF), 
the machine operating parameters can be reduced to 10 MeV and 5kA with the 
Insec pulse width. These latter operating conditions are much more 
practical from an economic standpoint. The ability of such a machine to 
actually perform meaningful X-ray cinematography will, in the end, depend 
upon the effects of photon buildup and/or scattering upon the resolution, 
both spatial and areal density (mass), of such a system.

At the conclusion of this study, it was frit that further consideration 
of machine performance definition was premature except for inclusion of 
stainless steel in order to see how this affected the previous results.
This will be discussed in more detail belov.’. We felt that the most important 
unknowns were the dependence of areal density (mass) and spatial resolution 
upon experimental geometry and any dependence of this phenomenon upon 
Bremsstrahlung end-point energy. These concerns have received a major 
portion of our attention since the last meeting as has the development of 
experimental tools and techniques. Moderate effort has also been devoted 
to the development of coded source techniques for use with broad area electron 
beams as an alternate to conventional point source radiographic techniques. 
These techniques will be discussed in more detail below and in a separate 
paper presented at this meeting by J. G. Kelly. Although of major importance,



the detailed definition .of an active detector system capable of satisfying 
the cinematography requirements has received minor attention to date.
Each of these areas of major importance will now he discussed.

AREAS OF MAJOR IMPORTANCE

Source Operating Characteristics

As mentioned above, the important point to be considered here was the 
identification of the effect of 7*62 cm (3 in.) of stainless steel upon 
the results reported at the last meeting. As is indicated in View Graph 3} 
this resulted in a reduction of the signal (detector dose) by a factor 
of 5 to 7 for the various cases considered. The source operating characteristics 
defined previously are still valid however if the following conditions are 
met:

1) STF Class I minimum source-to-image distance, approximately 3*5 m, 
is used in place of the 5 m of the previous study,

2) The minimum signal-to-background ratio is set at 3:2 rather than 
lt:l; this would amount to a precision uncertainty of 25$ to in 
areal density determination.

3) Sodium Iodide is used as the scintillating detector material rather 
than NE316 plastic.

Further evaluation of source operating characteristics awaits definition 
of the NRC experimental program which is presently being developed. It 
should be pointed out that although the detector system sensitivity 
employed in the earlier analysis, 0.01 rad, is likely reasonable, the 
precision error quoted at this dose (i.e., 5i o ) is of the order of that 
attainable with film and, as a result, it must certainly be considered 
a formidable goal for a short-pulse active detector system.
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Areal Density (mass) and Spatial Resolution

Of primary concern to the interpretation of experimental results are 
the spatial and areal density (mass) resolution capabilities of an X-ray 
cinematography system. These quantities can, in principal, be complicated 
functions of experimental geometry.

In the case of conventional point source radiography applied to thick 
high-Z samples, every effort is made to achieve a "good geometry" situation 
in which case the transmitted photons fall in the £ to ^ MeV energy interval. 
Scattered photons which reach the detector for this case must undergo two 
or more large angle scattering events or must be direct or scattered 
annihilation radiation. As a result, they possess low energy and can be 
preferentially filtered as compared toihe directly transmitted component.
In this way, good contrast radiographs can be assured. For this case, • 
increased end-point energy leads directly to an increased signal due to the 
fact that the source flux in the 2 to U MeV range increase nearly linearly 
with end-point energy (see View Graph 3).

It has been postulated that in a "poor geometry" situation the 
areal density (mass) and/or spatial resolution might be dependent upon the 
location of voids in the absorbing test sample. In View Graph U, two 
situations are represented; in one the voids are on the far side of the 
test sample relative to the detector, and in the other they are on the near 
side. In the former, the transmitted photon beam contains the information 
and the buildup or scattered flux should just be a background. In the 
latter case, some fraction of the buildup or scattered photons may be traveling 
paraxially with the transmitted beam at the location of the voids and, in 
this case, contributes to the information containing signal at the detector. 
Some experiments concerned with this phenomena have been performed on 
REBA (<->/2 MeV end-point energy) and the Cf2 5 2 source (fission gammas).
However, there is insufficient data available at this time to reach a 
supportable conclusion. The results obtained to date do indicate that the 
effect may be more complex than at first anticipated (i.e., dependent
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upon void size and not just geometrical location. In fact, the former 
may be more important than the latter.) Further studies of this 
phenomena are planned at end-point energies of li, 10, and 20 MeV to 
investigate any possible energy dependence and to identify an optimum 
energy should one exist.

Source Coding Techniques

As an alternative to point source radiography, two techniques to 
code a Bremsstrahlung source are being investigated. These are illustrated 
in View Graph 5. The feasibility of aperturing a broad area source has 
been demonstrated on HERMES II with high spatial resolution using rod 
type test samples. Experiments are presently being performed on HERMES II 
to compare the two techniques since the coded convertor approach may 
yield superior modulation to thst using an aperature. In addition, it 
should provide a wider field of view. These techniques will be discussed 
in more detail by John Kelly in the following presentation. Areal 
density (mass) resolution capabilities have not as yet been determined 
for either technique. Either coding technique can be used with broad 
area electron beams which may be required for high power density excursions. 
Broad area electron beams are more suitable for high intensity source 
operation which may be required for the large test assembly, high background 
experiments.

Active Detector System

The active detector system must be capable of 1 khz data acquisition 
rate and should be capable of as high a spatial and areal density resolution 
as possible. Matching the performance of film is felt to be the best that 
an active detector system could do, and this is indeed no simple task.

Development effort directed towards the ACER Upgrade Fuel Motion 
Detection System which was described elsewhere at this meeting will be used 
to direct the design of the system for X-ray cinematography.. The present 
conceptual design incorporates a fast scintillator coupled to a gated
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optical image intensifier which is viewed by a fast framing camera (see 
View Graph 6 ). In light of the requirements for high sensitivity, large 
size, and moderate cost, sodium iodide looks like the likely scintillator 
material at the present time. Although a number of gateable image 
intensifiers exist, those employing channel electron multipliers appear 
to be the most promising at present. The recording system, as presently 
envisioned, is to be a framing camera capable of operation at a 10 /sec 
frame rate. It would be preferable to incorporate a direct digital recording 
capability into this detection system, especially with on-line data analysis 
capabilities, und this possibility will continue to be evaluated.

Performance Estimates

In order to provide some practical information as to experimental 
capabilities concerning areal density (mass) resolution, estimates have 
been made of resolution limits for a number of different sources and a 
detector system with a dose measurement uncertainty-of -(.05D+.025).
Although this may be a somewhat conservative assumption, this work is 
to be extended to both higher and lower resolution uncertainties. Indeed 
it should be possible to decrease this uncertainty by about a factor of 
five, but at substantially increased detection system costs. As mentioned 
earlier, it is commonly accepted that film performance should be about the 
best that an active detector system could do. Performonce here means the. 
combination of sensitivity ana precision thtft contributes to all important 
spatial and areal density (mass) resolution capabilities. The results are 
presented in View Graph 7j and do not include background considerations. 
Therefore, these resolution limits could increase in high background 
situations. A source was fjlt to be inapplicable when the resolution 
exceeded -10$ except for the case of single pin tests. Detector system 
dynamic range was not included directly in this evaluation (i.e., it was 
assumed that the detector system sensitivity could be scaled to linearly 
respond to the transmitted beam for each test assembly size). As a result, 
the single pin LINAC entry and the single and seven pin entries for the LIA 
may not be achievable in practice; at least not without a complete change of 
detector system, view Graph 8 presents our definition for areal density (mass) 
resolution limit; that is, the areal density which is just barely perceptable.
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The current of a 25 MeV, Ifisec LINAC required to just resolve 8 gm/cm 
in a 127 pin test assembly (approximately 10$ sensitivity) for various 
power densities and detector system performance is given in View Graph 
9. From this data, it is obvious that a small LINAC is acceptable for 
this purpose when coupled with the highest performance detector system 
However, in most experimental situations, a knowledge of areal density 
change to better than 100$ is required. View Graph 10 presents the 
current required for the same experimental situation as above in order 
to achieve specified precision uncertainties in the measurement for

105, and 10^ watt/g power density.

SYSTEM COMPARISON

At this point, it is useful to compare the results of our work with
those of the LASL group, W. E. Stein, et.'al., working in this same general
area. If one takes our previous results and scales them to a power density
of 10 watt/g and to the STF Class I geometry, the requisite source
operating characteristics would be 25 MeV, 10A, and 2 usee at a signal
to background ratio of about 1:2 which should be acceptable. In light of
the rather high background in this case, the results for areal density
(mass) resolution presented in View Graph 7 should be scaled up slightly
and should yield a practical resolution of about 1 pin out of,8 or 9•
This resolution appears to be consistent with that observed at LASL using
Phermex and a 127 pin bundle. A recent LASL study suggests that a LINAC
suitable for 127 pin bundle studies should operate at 30 Mev, 2A, and 2̂ -lsec.
In light of the differences in end-point energy (a 50$.higher dose to film
for 30 MeV as compared to 25 MeV electrons) and the rather subjective nature
of assumed detector system sensitivities and performance, we feel these
results to be in reasonably good agreement (see View Graph 11). It
should be pointed out that the cost of the LINAC proposed by LASL is
in excess of 3 M$. This is not dramatically less than the rough estimate
of 5 to 10 Mi for a LTA which should be capable of performing full subassembly

6tests at all but power densities approaching 10 watt/g. At least 
providing that photon build-up and scattering effects do not severely 
degrade resolution capabilities for these large test assemblies.



SUMMARY

In light of the results presented here and at the previous meeting, 
the objectives of, and technical approach to be followed for, the evaluation 
of X-ray cinematography as a material motion detection technique in LMFBR 
power burst excursions are presented in View Graph 12.
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View Graph 1

BASIS FOR DETERMINATION OF 

X-RAY RADIOGRAPHIC SOURCE REQUIREMENTS

Peak Power -  250 to IQ6 watt/gm

Bundle Size - 37 Pin to Multi S/A

4:1 Signal-To-Background Ratio -  corresponds to about a 20% 
precision uncertainty in areal density determination

Effects of Photon Buildup and/or Scattering Neglected ,
v-2 .

Minimum Detectable Signal 10 Rad

No Stainless Steel Included in Calculations

Predicted Source Requirements Based Upon ERDA Experimental 
Program



View Graph 2

CONCLUSIONS FROM 

IN IT IA L  STUDY

•  Radiography of full S/A at 10 watt/g would be very 
difficult ( i .e ., Linear Induction Accelerator operating 
st 50 MeV and 3 kA with a I ^sec pulse duration) 
and multi -  S/A at any power density would be 
virtually impossible.

•Further consideration of defining machine parameters 
was felt to be unwarrented except for determining 
effect of presence of stainless steel upon previous 
results.

•Most important unknown appeared to be dependence 
of areal density (mass) resolution upon experimental 
geometry and any dependence of this phenomenon upon 
end-point energy.

•  Of importance also was the definition of an active detector 
system to optimize resolution capabilities,



VIEWfiRAPH 3

BRESSTRAHLUNG SOURCE CONSIDERATIONS

Source Absorber Sample Absorber D e te c to r  

r— v*—t
•

f

Effect  of Presence of 
7 .0 2 c m (3 injof stainless steel

G00% 0 0 R GEOMETRY

• Ca lc u l a t i o n s performed for
SOURCE ENERGIES OF 10, 20, 
AND 30 fteV AND FOR 50 AND 
100 g/cit op UO2.

• Dete ct or signal (d o s e) 
down by a factor of 5 to
7 WHEN STAINLESS STEEL 
PRESENT,

•Prev io us predictions still

VALID FOR THE FOLLOWING:
•signal-to-background = 3:2 
•SOURCE-TO-IMAPE = 3,5 M 

(STF Class I )
•Na I FLUOR RATHER THAN NE316 
These more than compensate
FOR STAINLESS STEEL,

•More d ef in it i ve source

REQUIREMENTS WILL BE BASED 
UPON NP.C EXPERIMENTAL 
PROGRAM WHICH IS BEING 
DEFINED.

/ ^  high energy 
f lusnce

•In "g o o d" g eo me tr y tra nsmitted
PHOTONS FALL IN 2 to l\ Pe'̂  RANGE,
Increasing E increases number of
PHOTONS IN THIS RANGE, SCATTERED 
PHOTONS CAN BE EASILY FILTERED 
OUT,

•In "poor" GEOMETRY SCATTERED 
PHOTONS CAN BE LARGE PART OF  

SIGNAL, î AY CONTAIN INFORMATION 
OR MAY NOT.

•H igh ENERGY FLUENCE INCREASES 
AS Em, WHEREAS FLUENCE IN 2 TO 4
MeV range increases as Em,

•Optimum E« may exist in the range 
ABOUT 10 HeV,



View Graph 4

RESOLUTION-GEOMETRY DEPENDENCE

Source Absorber Sample  Absorber Defector

Some experiments performed on REBA (~ 2  MeV) 
and Cf252 Source Mission v*)  but insufficient data 
at this time to reach supportable conclusion. Data 
does indicate that effect may be more complex than 
at first anticipated (i.e ., dependent upon void size).

Measurements are planned at end point energies 
of 4, 10, and 20 MeV to investigate possible energy 
dependence of this phenomenon and to identify an 
optimum energy should one exist.



V iew Graph 5

Source Absorber  Sample Absorber Defector

f a _____ ____ r ln  it i — v t —

Coded Aperture

Feasibility of Coded Aperture Technique has been demonstrated
ON HERr’iFS II WITH HIGH SPATIAL RESOLUTION

Areal Density (m a s s) Resolution Capabilities have not as yet

BEEN EVALUATED

Can be used with b ro ad area beam which may be required for high 
power density experiments

Coded convertor a p p r o a c h  m a y  yield superior modulation t o  a n d

POSSESS a WIDER FIELD OF V?SW THAN THAT OF THE APERTURED broad
area s o u r c e, These two approaches are presently being c o m p a r e d-



VIEWGRAPH 6

DETECTOR SYSTEM

SciNTIL-ATOR MUST BE FAST, OF HIGH SENSITIVITY, AVAILABLE 
IN LARGE SIZE AT MODERATE COST— LIKELY N a I .

Optical image intensifier must be rateable and have high 
GAIN— LIKELY CEMA.

Framing camera capable of recording a t a 10^/sec frame r a t e ,

The development of this detector system will follow closely 
that of the fuel motion detection system for the ACPR Upgrade,



View Graph 7

PERFORMANCE ESTIMATES

Assumed active detector system dose uncertainty 
of ±(0.05D+ 0.025)

Improvement by a factor of about five should be 
possible but at a substantial increase in cost

Commonly accepted that film performance should 
be the best that an active system is capable of.

SOURCE TYPE

TEST A S S E M B L Y LINAC* INAC 11A

#  pins P* max.9/cm
20 MeV, .25A 
5 psec,IOpps

25MeV,30A
Ip8,l0*pps

lOMeV, 250A 
lps.10* pps

1

7

37

127

271

1027

5*8

17.5

41

76

NO

•

-1.3

— 1.6

-3.8
!".2r]

± U

±1.2

±2.1

±6.0 
(O-1')

±0.97

±1.0

±1.5

± 3
± 1 0  
(.05 r)

*) Depending upon background higher current and 
shorter pulse durations might be required

t ) For sufficiently low background it might be possible 
to decrease current and lengthen pulse duration



VIEWfiRAPH 8

LINEAR MASS (AREAL DENSITY) RESOLUTION

• Linear Mass (p t ) Resolution Limit

This corresponds to the situation where the m ea su re d
DOSE DIFFERENCE EQUALS THE UNCERTAINTY IN MAKING THESE 
DOSE MEASUREMENTS; I.E., WHEN = Pi “ D o J=/D AND,
IN THIS CASE, = yJJdd AND = oD " V ? d  D, THE
UNCERTAINTY IS GREATER THAN THE SIGNAL.

D
Resolution limit is reached when 

4 0 - < 5 D

Position



V iew Graph 9

o
Reso lution Limit of 8 gm/c mS  i .e .,

PRECISION UNCERTAINTY EXCEEDS THIS!

Background Do s e, rads

10 10-3 10 -2 10-1

200

127 pin bundle viewed on apex (76 g/cm^) 
25 MeV e-beam of 1 ( i s pulse width

8 G/CM^-MASS REi'JVAL

100

10

+  ( . 0 5 D + . 0 2  5 )

50 -

0 

102 10- 10* 105

+( . 002+.00L) 
(no screen)

10c 107

Peak Power De n s i t y, w /g



View Graph 10

200 '100 COO 800

Beam Cu r r e n t, Amps



SYSTEM COMPARISON 

127 Pin Bundle Test at 10̂  watt/g for STF

View Graph II

SLA Studies -

Scaling previous results yields operating conditions 

of 25 MeV, I0A, and 2 //sec 

with a signal-to-background ratio of about 1:2. 

with this magnitude background should realize 

a practical resolution of 1 pin out of 8 or 9.

LASL Studies -

Have observed central pin void in 127 pin bundle 

which is consistent with above estimate. LINAC 

suitable for 127 pin bundle studies should operate at

30 MeV, 2A, and 2 vsec.

Estimated cost of slightly greater than 3 M$.

Good agreement in performance characteristics in light 

of different energies and rather subjective nature of 

assumed detector system sensitivities and performance.



View Graph 12

X-RAY .CINEMATOGRAPHY FOR 
MATERIAL MOTION DETECTION

OBJECTIVES
Evaluate 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 High Intensity Applications 

Evaluate Active Detector System Components 

Based Upon Above Results Identify Required Bremsstrahlung 

Source Operating Characteristics



CODED SOURCE X-RADIOGRAPHY

J. G. Kelly

Sandia Laboratories 
Albuquerque, New Mexico 87115 U.S.A.

ABSTRACT

The coded source X-radiography technique may provide a means 
of using a broad area source to observe fuel motion with an ade
quate signal to noise ratio and spatial resolution in simulated 
core disruptive safety experiments. This is important because in 
certain proposed experiments as much as 10° vatts/cm3 of. energy 
will be deposited in the fuel, and a relativistic electron beam 
accelerator may be- the only source intense enough to overcome the 
driver core induced background in the object. These beans are 
large in area and would provide very poor resolution if the coded 
source technique were not available. Experiments have been con
ducted to test the feasibility of the method for X-radiography of 
fuel pin shaped objects at the 10 MeV HERMES II accelerator at 
Sandia Laboratories. With this device a 1 cm diameter lead rod 
has been imaged with .2 cm spatial resolution by a source 20 cm 
wide; Additional, imaging experiments with improved coded source 
configurations are planned.

INTRODUCTION

Coded source X-radiography offers the opportunity to obtain 
high resolution, tomographic pictures of fuel motion in simulated 
core disruptive .accidents under conditions that may require the 
use of the broad area source provided by a relativistic electron 
beam accelerator. The recording system may consist of 2 or 3 data 
channels, each consisting of a scintillator, lenses, image inten
sifier and framing camera. The advantage here is that each channel 
may be at>le to record intensity information from more than 103 
resolution elements in the object at very low cost per resolution 
element. In addition, the sensitivity per element will be a con
tinuous and very weak function of position in the object. X-radio- 
graphv also has the capability to monitor fuel motion for long 
periods after the reactor pulse when the fuel itself emits radia
tion at such a low level that inherent radiation imaging is dif
ficult. Some disadvantages for imaging devices are the following:

*This work is funded by the Nuclear Regulatory Commission.



(l) Individual y-rays or neutrons are not detected so that par
ticle discrimination cannot ’oe used to reduce backgrounds. (2 )
Wide field of view collimators are req.u-i.red’ and therefore core 
backgrounds will be more difficult to eliminate. (3) The undif
fracted light encountered in the reconstruction process reduces 
the contrast in the image.

The coded source geometry in particular exhibits potential 1 
■advantages rover the more conventional point source X-radiography . 
In the- full scale STF tests as they are now planned, fuel pin as
semblies as long as 2 n will have to "be observed, but the brems- 
stranlung angular distribution is so narrow at high energy in 
linear accelerators that the beam will have to 'be swept along the 
length of the assembly between the electron beam pulses. Also, in 
some proposed fuel motion experiments as much as 10° watts/cm^ of 
power will be delivered to the sample, and the background y-ray 
flux scattered by and generated in the fuel, will be very intense.

We feel that a small diameter X-ray source with sufficient 
intensity to overcome this background will be very difficult to 
build 'because each electron beam pulse vill severely damage the 
bremsstrahlung target and prevent operation in a multiple frame 
mode. On the other hand, very intense broad ar'oa X-ray sources 
are readily available. The HERMES II relativistic electron accel
erator ut Sandia Laboratories, for example , produces a 10 MeV 
bremostrahlung X-ray guise which reaches 10̂ -0 rads/sec at 1 meter 
from the output diode2 . It is not difficult to place many diodes 
at the output of this type of accelerator and therefore no beam 
sweeping would be needed. Furthermore even at high energies the 
angular distributionof electrons at the anode where the bremsstrah- 
lung is generated is broad so the X-ray distribution is also broad 
and provides a wide field of view.

The two problems with this type of accelerator are the present 
restriction to single pulse operation and' the broad area of its 
reliable beam operation ('v* 300 cm^). We believe that there is a 
reasonable possibility that multiple pulse capability for this 
type of accelerator will be developed in the future. In addition, 
we have shown experimentally that high spatial resolution can be 
recovered with the coded source technique.

THE FORMATION OF PSEUDOHOLOGRAMS

The coded aperture imaging techniques have been extensively 
applied in the field of nuclear medicine by K. H. Barrett^’  ̂ and 
others so that only -a, simplified summary of the principles will be 
presented here. It has been found that for long thin fuel-pin- 
shaped objects a linear coded source is the most appropriate. Our 
description of the technique will therefore be based on the geo
metry shown in Fig. 1. Within the first shield-block is mounted 
the coded aperture consisting of a set of transmitting and atten
uating zones. The boundaries of these zones as measured from the 
axis are given by r ' = r.̂  V"n where r^ is the boundary of the first 
zone. This modulated beam then passes through the object plane 
represented by the rod within the slot of the second shield wall. 
The shadow pattern which appears on the detection plane is a con
volution of the source distribution function and the object plane 
transmission function. If for example the object were simply a
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narrow slit, the. shadow pattern' would look like that'shown in’ 
Fig. 1. the

Figure 1. Coded Source X-Radiography Geometry
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If cne portion of the object were nearer to the source than 
another, r would be larger and that point would be imaged at a 
different aistance from the pseudohologram. This is the reason 
that the technique is tomographic. The spatial resolution is given 
approximately by the width of the outermost zone in the horizontal 
coordinate in Fig. 1 and "by the height of the aperture iii the ver
tical coordinate. '
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At the present time the active systems re 
tion 3 that are being considered are based on 
tested for the ACPR fuel motion detection syst 
cussed in the paper on that subject. The cons 
priate accelerators, question U , will be discu 
L. Posey. • Our investigations have thus far be 
answering the first two questions above. The 
be discussed.

The first, aperture used at the HERMES II accelerator was a 
Fresnel zone plate made of 1.27 cm thick Pb rings held in their 
proper spacing by fairly transparent zones of low Z epoxy. Its 
boundaries are represented schematically by the dashed circles in 
Fig. 1. To match the beam size the zone plate was 20 cm in dia
meter, had 20 zones and had r^ = 2.286 cm. It was found that when 
this aperture was placed next to the accelerator anode the modu
lation was very poor. Because we believed that, the very broad 
angular distribution of the X-rays at this location lead to severe 
scattering contributions from the modulated source , the zone plate 
was moved out to a distance of 1 meter. In this arrangement the 
object was 3.7 m from the zone plate and the film detector was 
placed b.J m beyond the object. Substantially improved modula
tion was obtained and an image of a small slot (about 0.5 x 1 cm) 
was successfully reconstructed with 2 mm resolution.

The dc level at one image point depends on the number and 
intensity of other object points whose pseudohologram shadow pat
terns overlap the image point. Therefore, for an extended rod 
shaped object there is much less of this overlap if a linear aper
ture is used. For this reason a lead wall with a 1.3 cm wide slot 
in it was placed in contact with the Fresnel zone plate to appro
ximate the linear aperture described above.

Fseudoholograms of two objects were obtained with this ar
rangement. The first was a 1.9 cm wide by 7.62 cm long slot in a 
5 cm thick lead wall. The second consisted of the same slot with 
a 0.95 cm diameter by 7.62 cm long lead rod placed inside slightly 
off center and at a slight angle to help us identify the rod loca
tion. Photoreductions of the two pseudoholograms are shown in 
Fig. 2. Although the exposure level on the second film was margi
nal, the fact that there were obvious differences in exposure and 
structure was encouraging. Unfortunately the second film was dam
aged by creases in the film which developed into black spots and 
by a pinhole light leak in the film packet which produced a large 
black spot. (Accelerator time was not available for additional 
shots.) The diffraction rings produced in the reconstruct ion by 
this spot were reduced somewhat by cutting it out of the film and 
placing in the hole another piece of film which was exposed at 
about the same level as the film in the vicinity of the spot.

A number of other coded apertures were considered for this 
experiment. We felt that off-axis coded apertures for elimination 
of dc in the reconstruction could not be used effectively because 
for the same resolution in the image they require a much higher 
spatial frequency modulation of the X-ray beam than an on-axis 
coded aperture. To modulate X-rays averaging 1 MeV, zones must be 
thick in the direction of the beam, but then the outer radial zone 
thickness needed for adequate spatial resolution severely limits 
the field of view (vignetting) at high spatial frequencies.

ferred to in ques- 
concepts being 
em and will be dis- 
iderations of appro-; 
ssed in the paper by 
en directed toward 
experiments will now
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^a) Slot pseudohologram (b) Slot with rod pseudohologram

Figure 2. Pseudoholograms of the Slot and Rod Objects

A four sector Fresnel zone plate was constructed for the 
HERMES II experiment. This plate is designed to eliminate the 
dc term in the reconstruction and does not require modulation of 
the X-rays at spatial frequencies higher than an on-axis plate. 
This aperture is illustrated in the sketch of Fig. 3. The techni
que for elimination of dc has been discussed fully by Barrett-*.

Figure 3. The Four Sectored Zone Plate
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The important point is that four pseudoholograms must be taken of 
the object, each vith the zone plate rotated by 90°. These pseudo
holograms are later combined by visible light techniques onto a 
single photographic plate with the aid of a high spatial frequency 
Ronchi ruling (a series of equally spaced opaque bands). Although 
a method for rotating this plate by 90° in 10 sec had not been 
devised, it was felt that the method was worth investigating 
because of our great concern about dc for extended objects. The 
zone plate modulations we obtained appeared to be very poor and no 
attempt has yet been made to reconstruct the image.

RECONSTRUCTIONS

The pseudoholograms of Fig. 2 were photoreduced by a factor 
of 1*0 onto precision Kodak glass plates and mounted in the recon
struction configuration shown in Fig- The photoreduction pro
cess increased the contrast and reduced the pseudohologram focal

(a) Reconstruction geometry

(b) Slot reconstruction (c) Slot with rod reconstruction

Figure k . Reconstruction Geometry and Reconstructions 
of the Slot and Rod Objects

length so that better quality images could be more easily obtained 
in a reasonably sized optical system. The light from a 30 mW 
argon ion laser was passed through a spatial filter and beam ex
pander which was adjusted to produce a slightly converging beam. 
Thus the dc light came to a focus at a large distance 170 cm). 
When the photoreduction was placed 82.5 cm in front of the dc 
focal spot an image was reconstructed about 6.3 meters away and 
was photographed directly on Polaroid Type 57 » 3000 speed film.
The slight beam convergence and long distances involved produced 
by far the best reconstruction because no noise producing optics 
at all were needed beyond the pseudohologram to magnify the much 
smaller image which would have been produced had smaller distances 
been used. Ii; addition, the use of the first order image beyond 
the dc focal point allowed us to block out that unwanted light 
with a 0.0025 cm diameter wire, thereby greatly increasing the 
obtainable contrast.
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At this time a fortunate coincidence was discovered. The 
zone plate used here is classified as negative because the central 
zone is attenuating. This means that vhen the laser light passes 
through the photoreduction , the dc light passing through the first 
•/.iiuc w illin ' 1.11 < ■ iiniij/,*- will lx- reconl. rue t.cd iout, of ph&r.c by LB0o 
at the focal plurie with the light which forms the image arriving 
from the open zones. Thus if the wire stop is placed so that the 
dc amplitude equals the peak amplitude of the reconstructed image, 
a high contrast negative reconstruction appears superimposed on 
the dc background. The images appearing in Fig. ^c and kd show 
both these characteristics, the high contrast and negative image 
of the vacant slot and the slot with the rod inside. Also the 
much poorer quality of the second reconstruction in comparison to 
the first is a result of the damage to the original film whose 
damage spots create diffraction fringes across the image.______

A number of other methods to improve the image; quality have 
been, investigated and most can be used to improve the imaging 
when particular problems occur. In weakly modulated pseudoholo
gram photoreductions slight variations in emulsion thickness pro
duce a slightly mottled appearance in the images. This effect can 
be reduced by placing ■‘‘he photoreduction in a tank containing an 
index of refraction mat:hing solution such as xylene. The 
entrance and exit windows of the tank are parallel optical flats. 
Some of the noise that appears in the image is of a higher spatial 
frequency than the resolution capability of the coded aperture.
In this case it is proper to spatially filter the laser beam at 
the dc focus (the approximate Fourier transfer plane of the pseudo- 
hologram). Bleaching of the photoreductions allows the production 
of much brighter images, but they tend to be more noisy than the 
unblcached reconstructions. In particular any sharp boundaries 
in the photoreduction such as the edge of the original recording 
film as it sits on the light table for reduction can cause severe 
diffraction fringes to appear. This effect in turn can be reduced 
with apodized apertures.

Even if high contrast, high resolution images can be obtained 
with any system that measures the spatial intensity distribution 
of radiation coming from or through the test object, there may be 
difficulty in directly relating these intensities to the mass of 
material actually present at the various locations in space. Spe
cifically if the radiation which is scattered in the object or in 
containment walls shows structure on a spatitl scale similar to 
that seen in the object, there will be no way to directly subtract 
its contribution to the intensity in the image. The simplest exam
ple is shown in Fig. 5. If the edge of an attenuating plate is 
illuminated by a uniform X-ray beam and a film detector is placed 
close enough behind it so that the structure of the scattered ra
diation (represented by dashed arrows) on the film is not uniform, 
the exposure near the edge is not a step function. It would be if 
only uncollided radiation were detected. Below the picture in 
Fig. 5 is a densitometer trace acrosSj-the radiograph of a slot in 
a .159 cm lead plate illuminated by Cf Y-rays. Just behind the 
edge the scattered radiation is less than it is further over

MASS DENSITY RESOLUTION
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behind the plate, and just outside the edge the scattered radia
tion adds to the uncollided contribution. Additional investiga
tions are planned to determine the possible contributions of scat
tered radiation to the problem of converting relative imat,e inten
sity to mass density profiles. We believe this is a. serious con
sideration for all diagnostic methods which use radiation to deter
mine fuel motion.

'/A T T E N U A T IN G  PLATE

M UNCOIL I DtD 

SCATTERED

Figure 5. Effect of Scattered Radiation at an Edge to the 
Detector Exposure. _______

Under the condition that the scattered radiation is uniform 
across the field of view other measurements were made at the ^ 2cf 
fission 7-ray source with Type M X-ray film exposed behind a 
1.27 cm lead plate with a .08 cm step in it. The exposure change 
across the step can be measured with a microdensitometer. The 
change in density across the step could just be seen. This means 
that for this lead plate the mass density resolution (6m/m) is at 
least 6%. We do not yet know what the mass density resolution 
limits for thicker objects may be.

IMPROVED CODED SOURCE GEOMETRY

The field of view is severely restricted if the zone plate is 
placed a meter in front of the X-ray source to improve the modu
lation of the beam. A new coded source is therefore being fabri
cated which should be superior. Instead of generating a broad 
area X-ray source by directing the electron beam onto a Ta anode 
and the modulating it with the zone plate, we will make the accel
erator anode of carbon, and epoxy upon it coded aperture zones of 
Ta about 0.15 cm thick. Thus the coding is accomplished directly 
during the X-ray production stage, and if slots are placed between 
the Ta pieces, no X-rey production will take place between the 
zones at all. The geometry is shown in Fig. 6 . Electrons which 
pass through the anode will be spread out and stopped on walls and 
collimators. Preliminary tests show that the 0.6 cm graphite will 
survive the electron beam, and that the Ta pieces can be held in 
place _

8



Figure 6 . Coded Source Generation at the Anode Surface

CONCLUSIONS

It has been shown that even in fairly poor geometry,;' iHiel pin 
shaped objects can be imaged with high spatial resolution and 
good contrast with the coded source geometry and a broad area, 
high energy X-ray beam. The most appropriate coded aperture for 
observing long thin objects appears to be a linear zone plate. 
Investigations will continue on ways to improve the coded source, 
on appropriate systems for high speed recording of pseudoholograms, 
on improvement in reconstruction techniques, and into ways to 
satisfactorily convert relative image intensities to relative mass 
density.

We believe that the results obtained thus far indicate that 
a fuel motion detection system based on the coded source X-radio- 
graphy technique is feasible and may be very effective for small 
fuel pin bundle observation. Its potential for large bundle diag
nostics is not established as we believe is the case for all ex
ternal core detection systems.
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DEVELOPMENT OF IN-CORE DIRECTIONAL NEUTRON AND GAMMA RAY
SENSORS FOR FUEL MOTION DETECTION*

by

S. A. Cox, R. A. Beyerlein and F. E. LeVert

Argonne National Laboratory 
Applied Physics Division 
9700 South Cass Avenue 

Argonne, Illinois 60439

ABSTRACT

In core neutron and gamma ray detectors should have wide use 
in the LMFBR safety program. Both types of detectors are under 
development at ANL. Studies in the Argonne Thermal Source Reactor 
demonstrate directional sensitivity and threshold type behavior.
The first field use of the detectors will be with the Sodium Loop 
Safety Facility program in early 1977.

I. INTRODUCTION

A program has been undertaken at ANL to develop in-core neutron and gamma ray 
detectors with directional sensitivity and with the capability of rejecting the 
low energy portion of the neutron and gamma ray spectra. The initial motivation 
for the development project was the need for fuel motion detectors for use in 
conjunction with the Sodium Loop Safety Facility (SLSF) experiments to be carried 
out in the core of the Engineering Test Reactor (ETR). Since the fuel bundle in 
the SLSF test section is surrounded by the driver fuel of the ETR, the detector 
must be capable of observing changes in flux from the fuel bundle in the presence 
of a large background flux from the ETR. The fuel bundle presents essentially a 
line source to a detector placed just outside the test section, thus a detector 
with directional sensitivity would enhance the signal from the fuel bundle relative 
to the ETR flux which is incident on the detector from all directions. In addition 
to directional sensitivity, the detectors should also have an energy discrimination 
capability. The neutron flux from the ETR is much softer than the neutron flux 
from the SLSF fuel bundle, thus it is desirable that the neutron detector discrimi
nate against the neutrons with energies less than approximately 1 MeV. Because of 
the presence of very intense x-rays and low energy gamma rays, it is also desirable 
that the gamma ray detector be designed to reject the low energy portion of the 
gamma ray and x-ray spectra.

The necessity for directional sensitivity can best be demonstrated by 
reference to Fig. 1 which shows a cross sectional view of an SLSF loop test section 
containing a 37 pin fuel bundle. The SLSF loop is inserted into a 6 in. by 6 in. 
square hole in the ETR core. The space between the cylindrical loop Outer con
tainment and the walls of the test hole is filled with aluminum. The detectors are 
to be placed at the comers of the aluminum filler piece in a vertical array just 
outside the outer concainment wall of the loop test section approximately three 
ins. from the center of the fuel bundle. At the corners of the aluminum filler 
piece a ID transport calculation indicates that the neutron flux from a 19 pin 
fuel bundle is 3-5% of the neutron flux from the ETR driver fuel, thus in order to

*Work supported by the U. S. Energy Research and Development Administration.



have a large enough fuel bundle signal it is essential that the detectors have 
some degree of directional discrimination.

Current effort is concentrated in developing two types of detectors, a 
hydrogeneous radiator proton recoil defector which serves as a neutron detector, 
and a thin lead radiator detector which serves as a gamma ray detector. Both 
detectors have flat plate electrodes with the radiator on one side only. The 
electrodes of both detectors are enclosed in an evacuated tube. In the present 
studies the thin hydrogeneous radiator in the neutron detector consists of a thin 
polyethylene or a thin titanium hydride layer. The proton recoil neutron detector 
provides a high degree of directional discrimination through the angular depend
ence of the (n,p) scattering cross section, and threshold type behavior due to 
the rapid variation of the proton range with proton energy. The principle of 
operation of the gamma detector is based on the photo electric effect. In the 
models studied thus far, the sensitive electrode consists of a thin layer of lead 
bonded to one side of a flat plate graphite substrate. Since the photo electri'j 
cross section varies as where Z is the atomic number, the photo electric cross 
section of carbon is completely neglibible compared with lead and thus the photo 
electric current produced is significant only in the lead layer. Photo electrons 
can be produced directly by the incident gamma rays interacting .in the lead or 
indirectly after the incident gamma rays have been compton backscattered by the 
graphite and reenter the lead. A detailed, if somewhat approximate calculation 
which takes into account all of the cross sections involved, the relative inten
sity of the backscattered gamma rays, and the ranges of the photo electrons 
produced demonstrates that the photo electron current produced by the second 
process is expected to be much larger than the current produced by the first 
process.

The majority of the measurements were carried out in the graphite pit of the 
Argonne Thermal Source Reactor (ATSR). The detector was placed near the wall of 
the pit closest to the reactor core, near the core center line, and centered with 
respect to the width of the pit. A schematic of the pit is shown in Fig. 2.
Since the ATSR is a thermal reactor it was necessary to convert the thermal 
neutrons to fast neutrons. For this purpose a metallic strip of 2.5 cm wide,
30. cm long and 0.1 cm thick was placed against the graphite pit wall adjacent to 
the detector. The vertical strip of uranium served as a line source of fission 
neutrons and as such was a simulation of the vertical fuel bundle of the SLSF 
experiments. For all of the measurements the 0 degree detector orientation was 
defined as that orientation with the radiator side of the detector facing away 
from the source.

Two modes of measurement were used in the ATSR. In one mode the detector was 
rotated while the uranium strip was maintained in a fixed position and centered 
relative to the width of the pit. In the second mode the detector was kept fixed 
in angular orientation at the center of the pit and the uranium strip was moved 
from side to side. The schematic drawing shown in Fî -. 2 shows the detector in 
the center position and indicates the traverse path of the uranium strip by the 
dotted line. An example of the response of one of the polyethylene proton recoil 
detector measurements made in the rotation mode is given in Fig. 3. The direc
tional sensitivity is evident. The response beyond 90 degrees on either side is 
relatively constant. This is just what one would expect from a hydrogeneous 
radiator detector. An example of the response of one of the lead-graphite gamma 
ray detectors made in the traverse mode is given in Fig. A. The detector was 
kept in either the 0 degree or 180 degree orientation whilo the uranium strip was 
moved from side to side along the width of the graphite pit. In accord with the

2



previous analysis of the gamma detector the response to fuel motion is nuch 
stronger with the detector in the 180 degree orientation than in the 0 decree 
orientation.

After the design parameters were determined by the ATSE measurements, detec
tors were fabricated for tests in the core region of the Argonne Research Reactor 
(CP-5), The locations chosen for the tests in CP-5 were at the core center line 
and a few inches outside the outer ring of fuel elements. The detectors were 
evacuated and since dynamic pumping was not feasible they were pinched off after 
careful bakeout, The gamma heat was extracted from the electrodes by two graphite 
wedges epoxied to the electrodes and the outside vacuum wall as shown in Fig. 5. 
The response of the gamma detector is given in Fig. 6. The front-back discrimina
tion is 10 to 1, i. e. the current is 10 times higher when the detector is 
orientated so that its line of maximum sensitivity is directed through the core 
center than when it is directed away from the core center. The angular response 
of the gamma detector was checked repeatedly over a five week period. The 
detector did not exhibit any deterioration during the five week period. The CP-5 
tests were carried out to insure that the detector performance in a high radiation 
environment was the same as the performance in the relatively low radiation 
environment of the ATSR. The results of the CP-5 measurements were in good agree
ment with the ATSR results when allowance was made for the different flux levels.

The purpose of the detector development program is to provide detsctors which 
will operate in reactor core environments with r.eutron flux levels up to 1015 
neutrons/sec/cm2 or greater. The initial use of the detectors will be in the 
SLSF tests. To this end a system, of detectors is being fabricated for use as fuel 
motion monitors in the forthcoming T3 experiment. The detector system will con
sist of 44 detectors placed in four vertical arrays just outside the SLSF test 
section. They will be in the ETR core water and will extend along the entire 
le-.gth of the fuel bundle. In the longer term it is hoped that detectors such as 
the ones we are developing will find application in other safety test facilities 
such as STF, PBF and TREAT.
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IN-CORE FUEL MOTION DETECTION FOR 
LARGE SCALE TESTS*

S. A. Wright 
S. A. Dupree

Sandia Laboratories 
Albuquerque, New Mexico

Abstract

An experimental program to test the feasibility of making 
and unfolding in-core measurements of fuel motion has been 
initiated at Sandia. The experiment calls for instrumenting a 
37-pin fuel bundle and exposing it to neutron pulses in the 
Sandia Pulsed Reactor SPR-III. Fuel motion will be similated 
by mechanically adjusting the fuel pins to create voids within 
the center of the bundle. A preliminary design of the experiment 
has been completed and analyses have been conducted on the 
application of an(j 235jj fission couple detectors to the
experiment. Formulation of the unfolding problem has pointed 
out the necessity of carefully instrumenting the experiment to 
maximize the resolution of the mass measurement. Ultimately 
a measurement resolution of 100-200 g of fuel should be possible 
for this experiment. The experiment will provide a realistic 
test bed for obtaining practical experience in detector design 
and data reduction.

K— ---------------
This work is funded by the Nuclear Regulatory Commission.
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Experimental verification of material motion models for 

core disruptive accidents will probably be required by the 

Nuclear Regulatory Commission for the licensing of LMFBR’s.

Of particular importance is the measurement of fuel motion since 

this governs the ultimate consequences of an accident. Diagnostic 

techniques which monitor fuel motion are needed for the facilities 

in which these fuel notion experiments will be performed. In 

response to this need, Sandia is performing experiments for the 

NRC which will determine the feasibility of using in-core 

detection systems to monitor fuel motion in large scale tests.

Initial studies presented at the first Fuel and Clad Motion 

Detection Conference, held in Albuquerque, New Mexico, 11-12 

November, 1975, showed that in-core neutron detectors might 

have adequate response to fuel motion if they arc sensitive to 

fast neutrons 1 MeV) and are placed near the position of 

fuel motion.^ Furthermore, these studies showed that in-core 

fuel motion detection (FP4D) systems were best suited for large- 

scale experiments. Because in-core FMD systems require no 

collimating slots and work well for large scale experiments, 

they are an excellent candidate detector system for SLSF, E3R-

II upgrade, and SAREF.

The success of in-core FMD systems rests on the availability 

of rugged in-core detectors and the ability to unfold the 

detector responses to determine fuel motion. Sandia's in-core 

FMD program addresses both of these topics. Miniature neutron 

detectors are being developed, and the feasibility of unfolding 

in-core measurements will be tested using data obtained from the 

detectors in reactor experiments.

I. Introduction



Presently, miniature fission couples appear to be the

best detector type for in-core application since they can

withstand high temperatures, high radiation l’ields, and can

be made energy sensitive by the choice of fissile isotope.

It is anticipated that these detectors will be placed inside

hollow wire wrap fuel rod spacers within the test assembly

itself. On the time scale of interest to fuel motion detection,

these detectors record fluence (nvt) changes and not flux

changes. For this reason and for correlation of large-scale

fuel motion, these detectors will be supplemented by detectors

placed just outside the test assembly, possibly directionally
il

dependent diamond or self powered detectors.

The problem of unfolding in-core detector measurements to

obtain the fuel configuration as a function of time has been
e;

addressed by Biggs and Renken. No fuel motion detection 

scheme proposed thus far measures the fuel distribution directly 

and thus the data unfolding step is common to all detection 

problems. The unfolding must be tailored to optimize the mass 

resolution for each scheme. For unfolding in-core detector 

measurements, Biggs and Renken have proposed the use of adjoint 

neutron transDort calculations to obtain importance functions for
£

use in the error-analysis option of the UNFOLD code. This 

technique allows the determination of the maximum possible 

spatial resolution using a given array of in-core detectors.

In solving for the mass distribution, the analysis may include 

any auxiliary information available such as conservation of mass, 

non-negativity of the neutron flux, and posttest data on the final 

distribution of the fuel. One may also constrain the fuel 

motion to a smooth pattern by use of the least squares analysis 

capability in the UNFOLD program.

Unfolding the in-core detector measurements to determine 

fuel motion will be tested using data obtained from mechanically- 

induced fuel motion in a fuel bundle placed inside the Sandia
7

Pulsed Reactor, SPR-III. In this experiment, 37 pins of

-3-
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UlOMo will be placed in the SPR-III experiment cavity ( s e e  Fig. 1). 

The fuel pins will be surrounded by polyethylene to increase the 

energy deposition within the test bundle, and the U enrichments 

in the rows of pins will be graded to provide a flat energy 

deposition profile across the fuel bundle. Each of the pins 

will be divided into two parts (see Fig. 2). The upper portion 

of the pins can be individually moved to create a void in the 

center of the test assembly. In this manner, a time-varying 

fuel geometry can be simulated. A series of pulses of the SPR-III 

reactor can be combined to create a specific sequence of fuel 

motion. It will then be the task of the unfolding codes to 

estimate the fuel motion based on the detector responses for 

comparison with the actual fuel motion.

This SPR-III FMD experiment is expected to be sufficiently 

prototypic of large-scale fuel motion experiments to serve as 

a realistic feasibility experiment. This experiment contains 

most of the problems associated with fuel motion detection and 

is prototypic in fuel pin diameter and pitch, mass of fuel 

moved, and neutron spectrum. Temperatures up to 700°C will 

be reached inside the test assembly.

II. Detector Response to Fuel Motion

To achieve a viable in-core FMD system, one must find a 

detector which is sufficiently sensitive to fuel notion to 

permit a reasonable measurement. Since earlier studies 

have shown that fast neutron detectors are more sensitive to 

fael motion than low energy neutron detectors, detectors with a 

fission cross section have been studied in detail for 

application to the SPR-III experiment. In addition, the neutron 

spectrum changes caused by fuel motion have been Investigated.

This latter investigation revealed some very interesting results 

and possibly identified better techniques to monitor fuel 

motion In some safety test facilities.
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FIGURE 1 : PLAN VIEW OF THE 37 PIN  FUEL MOTION DETECTION EXPERIMENT IN THE SPR I I I  REACTOR
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FIGURE 2 : CROSS SECTION VIEW OFTHE 37 PIN FUEL MOTION DETECTION EXPERIMENT IN SPR I I I
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Figure 3 shows the fuel motion response of a U detector 

in the SPR-III experiment. These results are based on one

dimensional transport calculations. The figure plots the
V

perturbed detector response divided by the unperturbed response as 

a function of mass removed from the test assembly. The different 

curves represent different radial locations of the detector.

It is seen that the most sensitive detector changes by 10$ 

when 20% of the fuel is removed. Similar calculations performed 

for the SAREF Class I reactor showed that an equivalent detector 

requires only a 3* fuel loss to change the detector output by 

10%.^ The difference in resolution between these two cases is 

deceptive and is caused partly by the size difference of the two test 

assemblies. One must keep in mind that 20% of the SPR-III test as-' 

sembly (4 kg) represents 0.8 kg and 3? of the SAREF test assembly 

(7^ kg) represents 2.2 kg.
P-Ptr

The response of 'J-U detectors to fuel motion in the SPR-

III experiment was also considered. Assuming that the detector

is a fission couple, the temperature rise at a function of fuel

removal is plotted in Fig. 4. These results are based on the one-
235

dimensional calculations. The U fission couple was assumed 

to be 25? enriched. For comparison the temperature rise of 

a U fission couple is also plotted along with a fictitious 

fission couple which has a constant neutron cross section of

0.01 c m ~ \  (This detector approximates the response of a proton 

recoil detector.) Clearly the l- detector is more sensitive 

to fuel motion than either the detector or the fiat detector.

Two-dimensional neutron transport calculations were used 

to determine the neutron spectral perturbations caused by 

moving fuel either away from or toward a central detector loca

tion. .Figure 5 shows this spectral change when k.2% of the fuel 

is moved from the center of the test assembly to the top.

The flux was obtained at the outside radius of the void and 

of the fuel plug (1.08-cm radius), respectively, and at axial 

locations half way between the top and bottom of the perturbed 

regions. Fuel removal causes the neutron flux in the resulting 

void above 17 keV to decrease and the neutron flux less than 17

- 7-
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keV to increase. The opposite effect results when fuel buildup

occurs, as shown by the response of the other detector. The

17-keV energy represents the lower threshold for the fission

neutron spectrum in the 16-group Hansen-Roach cross-section set.

Removing fuel from the vicinity of a detector removes the source

of fast neutrons and decreases the absorption of epithermal

neutrons. Calculations for the SAREP reactor revealed a similar

shift in the neutron spectrum.

For the SPR-III experiment, it is possible to make a

detector extremely sensitive to fuel motion by using this
2 'c:

spectral shift. This could be done by combining U and

fission couples. By differencing the output of these two

types of fission couples, such a detector can be made to give

a null output when fuel is in its initial geometry. Of course,
2 ^ 5

this requires a proper choice of the J U enrichment and the 

number of U microspheres. Figure  ̂ shows the response of 

this type detector (labeled U-235 & TJ— 238 Spectrum Sensitive 

Fission Couple) in the SPR-III experiment. This particular 

detector consists of one 25% enriched U microsphere and four
0 “5 A

U microsphere.

The spectrum sensitive fission couple is more sensitive to fuel
p OC

motion than either a U or U fission couple used separately, 

particularly at small values of Am/m. Furthermore,, the region 

of space over which the detector is sensitive appears to be 

smaller than that of a detector. This may ultimately improve

the accuracy of an unfolding analysis by improving the fuel motion 

spatial resolution capability. On the other hand, the spectrum 

sensitive detector will function only if a significant epither

mal neutron propulation exists in the test fuel. At present 

this appears to be the case in facilities with thermal driver 

cores such as TREAT, SLSF, or the ACPR-upgrade. A second dis

advantage is an apparent problem in unfolding such a detector

- 11 -



response to obtain the fuel distribution. This problem is 

discussed in detail in Section IV.

The fuel motion response of angular dependent detectors 

was also calculated. The detectors were located just outside 

the test assembly (2.2-cm radius) and were assumed to be 2ir 

directionally sensitive. The cross-sectional responses of 

fast, flat, and epithermal neutron detectors were assumed.

The results are shown in Fig. 6. Also, for comparison, the 

response of a collimated fast neutron detector was considered.

Even for the 2tt directionally sensitive detectors, it appears 

that some kind of energy sensitivity is necessary to achieve 

reasonable sensitivity to fuel motion. Note that the collimated 

fast neutron detector is only slightly more sensitive to fuel 

motion than the 2u fast neutron detector. These results are all 

based on one-dimensional calculations.

III. Detector Design and Fabrication

A variety of neutron detectors were identified during

the last fuel motion conference as potential detectors for in-
2 4

core fuel motion detection. * They included fission couples, 

fission chambers, diamond detectors, and ferroelectric detectors.

A review of these detectors showed that fission couples required 

the least amount of development and, in addition, have dem

onstrated their ability to incorporate neutron energy sensitivity, 

withstand high temperatures, survive high neutron fluxes and 

fluences, and be compensated for gamma rays. For this reason, 

fission couple detectors (FCD) were chosen for use in the 

SPR-III experiments.

Presently, two types of fabrication techniques for the FCD*s 

are being investigated. They are the conventional welding 

of thermocouple wires to microspheres of fissile material 

and thin film thermocouples heated either by chips of fissile 

material or a thick film ink doped with uranium oxide. The 

detectors selected must be easy to fabricate in large numbers

-12-
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(30-100) and be sturdy enough to permit repeated handling.

The detector assembly and connecting leads must be small enough 

to fit inside a hollow wire wrap tube 0.035" I.D. In addition, 

the thermodynamic properties of the FCD response should be 

approximately proportional to the integral of the neutron flux 

for time intervals not less than ^ 1 msec.

An FCD fabricated by welding thermocouple wires to micro

spheres is shown in Fig. 7. The illustrated detector uses
p ^ r  p q Q

U and' U microspheres to achieve the spectral sensitivity 

described earlier. The tungsten spheres are used for gamma 

heating compensation. The thermocouple wires have a ^ mil 

diameter and the microspheres are approximately 8 mils in 

diameter. Each microsphere is coated with 10 microns of nickel 

to facilitate welding the thermocouple wires.

Figure 8 shows three conceptual methods of using thin
8

film thermocouple technology to make FCD's. The thin film 

thermocouple leads (constantan and chromel) are sputtered 

onto the substrate (probably SiC^) with an R.F. sputtering device. 

Past experience has shown that the thin film leads must be greater 

than the electron mean free path to guarantee bulk thermodynamic 

p r o p e r t i e s . ^ The FCD shown in Fig. 8A is made by bonding a 

chip of 0 10 w/o M o  to a thin gold contact which covers the 

thermocouple leads. The FCD in Fig. 8b is similar to A but the 

microsphere is bonded directly to the thermocouple leads.

In Figure 8C the FCD is made by screening a thick film ink, 

heavily doped with sub-micron sized IJOg particles, onto a 

thin film thermocouple junction.

The advantages of the thin film fabrication technique 

compared with the conventional technique is the greater ease 

of fabricating large numbers of detectors, the uniformity 

achievable, and the mechanical rigidity of the product. The 

main disadvantage is the uncertainty in the heat transfer char

acteristics of the detector. Two-dimensional, time-dependent 

heat transport calculations are being performed to resolve 

these uncertainties.

- 1 4 -
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IV. Unfolding Analysis 

Use of the adjoint neutron flux for unfolding in-core 

detector response to determine the fuel distribution was dis- 

cussed by Biggs and Renken. Their approach was directed 

toward large test assemblies in which the neutron source could 

be approximated by

S(r,E,t) = W(t) i|»(E) p(r,t) (1)

where W(t) is the time-dependent power level, ^(E) is the fission 

spectrum, and p(I*“,t) is the time-dependent fuel mass distribution.

The signal Gi from a given detector i may be written 

in terms of the forward flux <J> as

G1 (t) = /4>(r\E,ft,t) R^r^Ejft) dP (2)

where the integral dP is over the phase space variables r*,E, and 

ft. R^ is the response function of the detector and may depend 

on neutron direction and energy. R^ is assumed to be zero 

outside some localized region.

Analogously, the detector signal may be expressed in terms 

of the adjoint neutron flux ^#or the adjoint source S* : -*-0

Gi (t) = /*•(?,E,a,t) S(F,E,t); dP = /(j»(r,E,If,t) S*(r,E,?) dP (3)

where S(r*,E,t) is the forward source of fission neutrans in the 

system^.as-. defined in Eq. 1 and S* is the adjoint source R^ 

of Eq. 2.
»

Equation 3 may be expanded by breaking the volume integral 

into two components, the first being over the volume of the 

driver core (D.C.) and the second over the test assembly (T.A.)
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G1 Ct)

Note that the source term Is also broken into two components 

representing fissions in the driver core and the test assembly, 

respectively. Alternatively, the detector signal may be expressed 

as the sum of the volume integral over the test assembly (second 

term of Eq 4) and a surface integral over some piecewise smooth 

surface A which surrounds all points at which S„ . / 0 and
X • i & •

excludes all points at which Sp „ / 0 (see, e..K. , E q . 6 of

Ref. 10 or Eq. 9 of Ref. 11). Thus, including the final expression of

where, n* is the unit inner normal for the surface A.

In the surface integral of Eq. 5 the product of the fluxes 

<j> and <f>* weighted by ft • n represents the inward directed forward 

and adjoint neutron currents through the surface. If the boundary 

surface is placed just outside the test assembly, then to a good 

approximation the forward current through this surface is un

affected by fuel motion and can be considered to be constant. This 

greatly simplifies the data analysis since <}> need not be calculated 

for each configuration of the test fuel. The adjoint current 

represents the probability that a neutron entering the surface A

will be seen by detector i. <j>̂, however, is sensitive to fuel 

motion in the test assembly, making the surface integral in Eq. 5 

a function of the fuel geometry. Specifically, when the fuel is 

moved away from a given detector, the surface integral of Eq. 5 

increases for that detector.

In the second integral on the right-hand side of Eq. 5, 

the term ST A represents the fission neutron source within 

the test assembly. This quantity is a function of the test fuel 

geometry but for. small fuel motions the source strength of

Eq- 3,

G1 (t) = ftp Si dP = fA (j>1 <J> B«n dA dE d9, + f



* * —
each fuel pellet will be approximately constant. = <}>,-Cr,E,&)

1
represents the probability that a neutron born in the test

assembly at point r*, of energy E, and traveling in direction Q
t h

will be seen by the i detector. When fuel is moved away from 

a detector, in that fuel decreases and therefore to a first
*

approximation causes the integral / . S„ dP to
I. » A  • 1  J. • H  «

decrease.

As expressed in E q . 5 S then, the two terms which contribute 

to the detector signal change in opposite directions with fuel 

motion. Therefore, for a detector to be useful for measuring 

fuel motion, its energy sensitivity and location must be chosen 

so as to force one of the terms to be significantly larger than 

the other. The appropriate type of detector to choose depends 

to a large degree on the type of facility in which the fuel 

motion experiment is being performed. For large test assemblies 

with high power densities, the test assembly source is. always 

dominant, while in smaller test assemblies the contribution 

of the driver core neutrons will be significant.

In E q . 5, only the volume integral over the test assembly 

contains the source term, S„ . , which is proportional (via 

Eq. 1) to the fuel mass distribution. Since the UNFOLD code 

requires the integral equation being solved to contain an 

explicit expression for the desired quantity (in this case S^ A ) , 

a detector choice which makes the test assembly source term dominant 

is presently required. In-core 2^^U detectors satisfy this 

criterion. In the SPR-III experiment, the epithermal neutron 

detectors or spectrum sensitive detectors emphasize neutrons 

which are born in the driver core and get slowed down in the 

polyethylene more than those born in the test assembly. Unfolding 

the response of these detectors will be difficult unless the 

adjoint flux on the surface A can be expressed in terms of the 

fuel density in the driver core in a manner analogous to E q . 1. 

Clearly, the adjoint leakage into A is related to the test assembly

-19-



geometry through the adjoint transport equation. Therefore, it 

might be simply expressed in terms of the test assembly mass 

distribution with the help of perturbation theory. This possi

bility is presently being examined

V. Spatial and Mass Resolution
0  *3 ft

For a U detector it was shown in Section II that a 10? 

change in detector response corresponded to an 800-g mass reso

lution in the SPR-III reactor and a 2.2 kg mass resolution in 

SAREP. These results were based on one-dimensional transport 

calculations which have been found in studies performed thus 

far to underestimate the response of in-core detectors to fuel 

motion by something like a factor of 5. The use of multiple 

detector correlation can further improve the mass resolution 

achievable. The lower limit of mass resolution measureable by 

U detectors therefore appears to be on the order of 100-200 g 

for the SPR-III experiments and ^00-600 gm in SAREP.

The precision to which in-core neutron detectors can resolve 

fuel motion depends on complex interrelations among the flux 

changes, the detector neutron cross sections, the detector 

positions, and the number of detectors. An accurate calculation 

of the fuel motion resolution must combine these relationships 

with the unfolding code. That is, instead of determining that a 

given amount of fuel motion will produce a certain fluctuation in 

a detector signal, one must determine what possible fuel motion 

could produce a given change in the detector signal. Such a 

calculation is underway at present.

Ignoring for the moment the. problem of data unfolding 

discussed in Section IV, spectral sensitive detectors should 

have excellent threshold sensitivity to changes in fuel geometry.

To a first approximation the temperature rise in such a detector 

is proportional to the fractional mass of fuel removed. Conversely 

the mass removed from the vicinity of the detector is proportional 

to its temperature output,
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The uncertainty in the corresponding mass is therefore

,/Am\ -vp/dC , dT\ _ Am/dC , dT\
d f e n  “ Ci (“  + f - ) iiT'C-  T - ' •

If the calibration coefficient, C, can be determined with a 

± 10$ uncertainty and the FCD output can be measured to ± 1°( 

accuracy, then

Combining the results of Fig. 6 with this equation gives the 

following estimate of the fuel motion resolution for three 

cases of fuel removal:

Am/m T d (Am/m.)

3% 2,2°C 2%

10% •IQ^CI 2%

20% 24.8*C 3% .........

On the basis of these numbers it would appear that a single 

detector of this type located at the edge of a region from which 

fuel is being voided would have a lower limit of resolution of 

about H% of the SPR-III test fuel mass, or 160 g of fuel. Note, 

however, that this analysis presupposes a particular geometry 

for the fuel motion and therefore that these results do not 

apply to the general case of arbitrary fuel motion. An assess

ment of the spatial and mass- resolution achievable with unrestricted 

fuel motion requires consideration of the detailed unfolding 

analysis as discussed in Ref. 5.
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SUMMARY OF FUEL MOTION CAPABILITIES

A. DeVolpi

Argonne National Laboratory 
Argonne. IL 60439

In reviewing the preceding papers on fuel motion. 1 offer the following 
observat ions:

1. The TREAT hodoscope continues to be the only system which is fully 
operational for fuel motion monitoring, having accumulated a decade of 
experience in monitoring a mixture of 80 transients.

2. For application to present and future safety facilities . a variety of 
alternative diagnostic techniques are being developed, including modifications 
to the hodoscope.

3. Using a flash x-ray accelerator. LflSL hos imaged a large bundle of 169 pins 
with excellent clarity. Among various candidate techniques/ this is the only 
experimental demonstration to date of capability for imaging such large bundles. 
Future worK will be directed towards imaging under reactor conditions and 
obtaining time-resolved data.

4. For the first time an aperture technique (pinhole) has imaged a single pin 
under reactor transient conditions. The pictures obtained in a time-resolved 
mode clearly show the fuel pin down to perhaps below 180 MU TREAT power. Future 
extensions require improvement in sensitivity, reduction in time resolution, and 
increase in spatial area coverage.

5. Sandia has made the most progress in advancing a coded aperture technique 
towards application in a reactor (ACPR). although images have been obtained to 
date only under simulated source conditions.

6. Development worK on in-core detectar devices is continuing at two 
laboratories, but the crucial questions of uniqueness of response, sensitivity, 
and time response in transient reactor mode have yet to be answered.

7. Extensive improvements and advancements have been made in the hodoscope 
technique, which has been adopted for use at CABRI and is being considered for 
cpplicotion at Petten. Calculations supported by extrapolations from existing 
data indicate that the hodoscope should provide adequate resolution for large 
test sections in STF. although experimental confirmation is presently lacKing.

8. There is a wide spectrum of potential applications of fuel motion diagnostic 
techniques, as suggested in the table below:

(1)



FUEL MOTION
Ex-core

High-resolution (STF, TREAT, ETR. CABRI. flCPR)
Coarse-reselution (STF plena. ETR. DMT, EBR-ID

In-core
Ex-vessel 
In-vessel 

Fuel-zone/FIena

MATERIALS
Fuel
Clad
Sodium

RADIOGRAPHY
In-situ
Three-dimensional
Fuel/Clad
Fuel-zone/Plena

9. In view of the spectrum of potential applications, it is apparent that some 
candidate methods of diagnostic instrumentation may be better suited in 
different roles and different facilities. In addition, some experiments require 
detailed phenomenological Knowledge while others may require optimization of 
other diagnostic capabilities.

10. There Is a tendency to underestimate engineering difficulties associated 
with bringing a conceptually sound system to practicable operation, especially 
under the diverse and somewhat hostile conditions of a transient test reactor.

11. Mutually understood definitions of resolution and Joint appreciation of 
cnalysis methods will be needed to provide a uniform evaluation of competitive 
techniques.

12. Intralaboratory 1iason and topical study groups would facilitate a better 
interim comparative evaluation of the potential application role of each of the 
techniques under development.

(2)
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By

C. L. Fink, A. De Volpi and G. Stanford

Reactor Analysis and Safety Division 
Argonne National Laboratory 

Argonne, Illinois 60439

ADVANCES IN CLAD BLOCKAGE DETECTION*

ABSTRACT

The use of high energy (> 6 MeV) capture gamma rays as a means of 

detecting steel movement in a transient test has been investigated. 
Experimental results for steady state reactor operation indicate that 
this method is capable of providing a reasonably unique signature of 
steel. In addition, the signal-to-background ratio of an R-series 7-pin 
test capsule was measure to be approximately 0.6 for 1 cm^ of steel. It 
is estimated that this value will permit a time-resolved steel detection 
capability of ^0.2 cm3. Implementation of this method to the 122-cm 
hodoscope required a minimum of modifications, and preliminary results 

using this array support a steel detection capability at least to the 
level of blockage formation.

INTRODUCTION

During destructive tests performed on fuel pins at TREAT, steel 
motion can play a significant role in the subsequent course of an acci
dent sequence. In particular, steel blockages due to clad and structure 
materials can prevent cooling of fuel within a test section and impede 
dispersal of fuel out of the core region. Consequently, the time his
tory of steel movement is important in understanding the accident se
quence of a transient and in the calibration of accident codes used in 
the prediction of more complicated accidents.

One major problem in the implementation of a steel motion capabil
ity is the difficulty in developing a detection method that provides a 
clear distinction between steel and fuel. A  second problem, which also 

makes steel detection difficult, is the separation of the steel motion 
within the test section from the large constant background of steel 
structural components which surround the test section. At present, the 
most promising method for overcoming these problems consists of using 
the high energy (>6 MeV) capture gamma rays produced in steel. Since 
most of the gamma rays from the components of steel (iron, nickel, 
chromium) occur above 6 MeV and since the gamma rays from the. fuel are 
concentrated at lower energies, this method appears capable.of providing 
a distinguishing signature between steel and fuel. In addition, back
ground gamma rays produced in the reactor core are expected to have

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

- 1 -



an energy distribution similar to that of fuel and therefore, even if 
these gamma rays are scattered by the fuel, they will not contribute to 
a masking of the "steel" response.

The material presented in this paper deals primarily with the de
tection of steel motion by the use of capture gamma rays. Data taken 
within a reactor environment are presented on the steel-to-fuel response 
as well as on the signal-to-background ratio for a typical test capsule. 
In addition, a brief description of a gamma detection array for the new 
122-cm hodoscope is briefly described together with a discussion of some 
of the preliminary transient results obtained.

MEASUREMENT OF THE STEEL-TO-FUEL RATIO

The data presented in Ref. 1 show that the steel-to-fuel ratio can 
be made greater than one. Because of the limited data available at the 
time, it was decided to perform a new series of measurements of this 
ratio using the 122-cm hodoscope. The central column of the hodoscope 
was scanned across a test section composed of a steel tube (2.54 cm in 

diameter by 0.159 cm thick) and a single R-series test pin (14% enriched 
UO2 with an estimated calibration factor of 7 W/g-MW [TREAT]). Scan 
data were simultaneously collected using both the fast neutron detectors 
and a 1.27 by 2.54 cm NAI(TJl) detector.

The results of these scans are shown in Figs. 1 and 2 for two dif
ferent gamma ray thresholds. The solid points represent the experimental 
data while the open circles were obtained by reflecting the experimental 
points from the lower gauge readings about the center of the steel tube. 
The difference between the reflected and experimental points corresponds 

to the fuel and clad contribution, and this contribution is shown at the 
bottom of the figures. The observed position of the fuel and clad from 
the gamma ray scans is in good agreement with the position of the fuel 
pin as given by the fast neutron scans. The division between the fuel 
and clad was calculated from the measured steel response at the center 

of the tube and is based on the assumption that the clad-to-steel re
sponse at this point is given by the ratio of the clad and steel tube 
thickness.

The data presented in Figs. 1 and 2 clearly show the steel response 
rapidly exceeding the fuel signal as the gamma ray threshold energy 
increases. Experimental data on the steel-to-fuel response as a func
tion of energy are shown in Fig. 3. The test section was the same as 
that used in the measurements presented in Figs. 1 and 2 but the size of 
the Nal crystal was changed to 1.91 by 2.54 cm. In addition, the gamma 
ray beam was incident on the crystal in a direction perpendicular to the 
symmetry axis of the crystal. For convenience, the data has been nor
malized to a source volume of 1 cm3 and a TREAT power of 1 MW. Figure 3 

also contains a theoretical prediction2 of the fuel and steel count rate 
based on the gamma ray yield of constituent elements at thermal energies.

Considering the simplicity of the. theoretical model and the diffi
culty in obtaining the experimental data, the agreement between theory 
and experiment is reasonable. The largest uncertainty in the model is
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in the gamma ray efficiency of small Nal detectors at high threshold 

energies. In particular, variations in the assumed pulse height distri
bution of monoenergetic gamma rays in the crystal car. change the calcu

lated results by a factor of 2 to 4.

The calculations and data of Fig. 3 demonstrate that the steel re

sponse dominates the fuel response as the gamma ray threshold increases. 

Also the slow decrease in the steel response allows the use of high 
threshold energies without a significant reduction in the measured count 

rate. Using an 8 MeV bias as a typical value, results in a steel-to- 

fuel ratio of approximately 20 lor a 14% enriched R-series fuel pin. As 

the enrichment of the fuel pin increases, this ratio will decrease, but 
even in the case of a 65% enriched pin, the expected steel-to-fuel ratio 

will still have a minimum value of 4. The value of the steel-to--fuel 

ratio sets a lower limit on the minimum amount uf steel movement which 

can bo*. directly detected when there is significant fuel motion. Since 

the neutron detectors are sensitive only to fuel motion, however, this 

lower limit can be extended by analytic treatment of the data.

SIGNAL-TO-BACKGROUND RATIO

One of the most important physical parameters in determining the 

detectability of steel motion in an actual transient situation is the 

signal-to-background (S/B) ratio. Because of statistical limitations on 

the number of counts collected, the S/B ratio sets a limit on the titae 

interval over which data must be collected in order to be statistically 
certain that a given volume of steel has moved. Also from a practical 

point of view, a small S/B ratio may result in small spurious effects 

masking steel motion. Examples of such effects are: drifts in the 

electronic gain of the detection device with time or reactor power, 

variations in the calibration factor within the test section as fuel 

motion begins, and possible spatial changes in the background due to 
variations in the flux within the core of the reactor.

A  series of measi rements were made of the S/B ratio of the R-series 

test capsule when p o r t i o n e d  inside the TREAT reactor. The S/B ratio 
was measured by performing a gamma ray scan of the test loop for two 

different axial positions of the 7-pin fuel assembly. The two positions 

corresponded to a location in which the fuel pins contained U O 2 fuel 
pellets and a location in which the UO2 fuel pellets had been replaced 

by Inconel reflector rods, A  schematic of the R-series test loop and 

the positions of the axial scans are shown in Fig. 4. The positioning 

of the loop in the reactor was such that ̂ o t h  the primary containment 

vessel as well as the downcomer vessel ^Kere in the hodoscope line of 

sight. The total wall thickness of these two tubes was 2.8 cm.

The results of the scans are shown in Fig. 5. The reactor power 

was 80 KW and the data was collected using the gamma detection array 

described in a subsequent section of this paper. It is estimated that a 

single hodoscope channel subtends approximately 1 cm3 of material from 

the 7 test pins when centered on the test section. Thus, the results 

from row 3 indicate that under these conditions the S/B ratio for 1 cm3 
of steel is 0.6 ± 0.2. Note that the background includes both fuel and 

steel contributions.
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Since this value is approximately a factor of 2 larger than would 
have been predicted using the thickness of the relative materials, there 
is a considerable reduction in the steel background due to flux and 
ganuna ray attenuation in the surrounding steel structure.

Another interesting feature of Fig. 5 is the insensitivity of the 
gamma ray detector in row 7 to the fuel present at this position. This 
result adds confirmation to the steel-to-fuel ratio results presented in 
the previous section.

It is interesting to estimate the maximum amount of steel motion, 
which can be time-resolved, by using experimental results from the fast 
neutron detectors. The minimum S/B ratio for the Homyak buttons has 
been determined to be approximately 0.12 for a 7-pin test assembly.
This corresponds to approximately 0.5 g of fuel. If the assumption is 
made that steel detectors have the same minimum S/B, then the
smallest amount of steel which we would expect to detect is approxi
mately 0.2 cm3 per channel. For reference, the volume of clad subtended 
by a single hodoscope channel, when centered on a single fuel pin* is 
0.1 cm^.

It should be noted that this discussion is based on statistical 
considerations and does not attempt to take into account other spurious 
effects which might tend to increase this minimum volume.

A GAMMA DETECTION ARRAY

Since a large steel-to-fuel ratio was achieved in a steady state 
reactor environment, it was possiVle to proceed to a transient test. 
Because of a limit on the number of data channels which could be handled 
by the present recording system, the number of gamma channels was re
stricted to 108. This is not a significant limitation, since this 
number of channels permits coverage over the three central hodoscope 
columns. These three columns in turn provide a complete coverage of the 
fuel test section in a 7-pin test although penetration of the flow tube 
at the extreme lateral edges it; not covered. The interface problems of 
this array with that of the fast neutron array were reduced by using the 
same electronic boards, power supplies and photomultiplier tubes for the 
gamma and neutron detectors. Because of positioning and calibration 
problems, the gamuia array was placed between the hodoscope collimator 
and the Hornyak button detector enclosure. A picture of the array, 
before the enclosure covers were installed, is shown in Fig. 6. Since 
there is only a limited space in this region, it was necessary to have 
the gamma ray beam incident on the crystal in a direction perpendicular 
to the crystal's symmetry axis. The crystal dimensions were chosen as 
1,91 x 2.54 cm in order to provide a complete coverage of the collimator 
channel and in order to fit directly onto the 1.91 cm photomultiplier 
tube. The entire assembly is encased in 1.3 cm of lead which in turn Is 
covered with cadmium. Fabrication and installation of the gamma detec
tion array required approximately three months and the array was first 
used for transient R8.

PRELIMINARY TRANSIENT RESULTS

While a detailed analysis of the gamma detection array results for
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Fig. 6 Photograph of the Gainma Detection

Array for the 122-cm Hodoscope before 

the Back and Side Enclosures were 
Installed.
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transient test R8 has not been completed, certain general observations 
can be made. The most important observation is that steel motion was 
detected in R8 and that the gamma ray detectors do not appear to be un
duly sensitive to fuel motion. There were systematic effects, however, 
which tended to mask the steel motion. Most of these effects occurred 
as slow variations in the detector response as a function of time. While 
aome of these variations may have been due to electronic gain changes, 
the majority appear to be due to variations in the background emitted by 
the structure material surrounding the test section. These variations 
can be corrected analytically but they do complicate the unraveling of 
steel motion.

SUMMARY

Experimental results described in this paper have shown that high 
energy capture gamma rays are capable of providing a reasonably unique 
signature for steel placed in a typical test capsule. The results also 
indicate that the signal-to-background ratio of an R-series 7-pin test 
assembly is approximately 0.6 for 1 cm3 of steel and that this value is 
expected to allow a time-resolved steel capability of 0.2 cm3. Imple
mentation of this technique to the present hodoscope required a minimum 
of modifications. Finally, preliminary results have been obtained which 
appear to support a transient steel detection capability at least to the 
level of blockage formation.

-11-



REFERENCES

A. De Volpl, C. L. Fink and R. R. Stewart, "Monitoring Clad Block
ages," Information Exchange Conference on Reactor Fuel- and Clad- 
Motion Diagnostics, Nov. (1975).

S. T. Cheng, "Steel and Fuel Gamma Ray Response Rates," Resident 
Summer Associate Report, (Summer, 1976).



Advances in Clad Detection

ADDENDUM 1

An additional problem in the analysis of steel movement under transient 

conditions is caused by changes in the flux depression due to fuel when signi

ficant axial motion of fuel occurs. In particular it has been observed that 

as fuel slumped axially in R8 , the increase in flux in the steel containment 

vessel at the voided elevation produced a fictitious movement of steel into 

this axial region. This effect would be expected to be largest for the R- 

series test train since there was no thermal filter:'.ig and thus flux depression 

effects may be larger than when neutron filtering is used. Further investigation 

will be necessary before a quantitative decision can be made on the observation 

of steel blockages when significant axial motion of fuel occurs. The results 

from preliminary analyses of R8 do indicate, however, that steel blockage 

detection is possible before significant axial motion of fuel begins.

Since the movement of fuel is directly monitored by the neutron detectors, 

in principle it would be possible to apply a model-dependent correction which 

relates neutron flux (and hence the specific rate of neutron capture in the 

steel) to the measured data.
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HODOSCOPE IN-SITU RADIOGRAPHY* 
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ABSTRACT

The fast-neutron hodoscopes at TREAT and proposed for STF can be adapted 
to perform high-resolution radiography, in addition to their role of time- 
resolved test fuel imaging. Time resolution may be traded for increased 
spatial resolution by remote motorized scanning of the collimator, simul
taneous collection of data from the detector array over extended time in
tervals, and deconvolution of the data from the collimator response func
tion. Calculations and analysis of initial scanning experiments at TREAT 
indicate that an acceptable level of fuel density resolution can be achieved 
for TREAT and STF in-situ radiography.

I . INTRODUCTION

Following destructive transients at TREAT, test capsules are removed 
and typically radiographed by thermal neutron and x-ray transmission and 
by autoradiography. Radiographs are performed on the intact test capsule 

and at later stages of disassembly, in order to provide a preliminary view 
of the outcome of the experiment and to obtain images useful for post-test 

stripping, sectioning, and examination.1 Radiography will also be necessary 
following STF transients.

The disposition of material in the test capsule can easily be disturbed 
after the transient and prior to radiography, due to mechanical stresses 
caused by handling, cooling, and sodium re-entry. Disagreement of final 
hodoscope fuel images with radiographs for some TREAT transients provides 
evidence that such disturbances occur. The lack of a correct detailed 
radiograph of the final disposition of material can confuse interpretation 
of the detailed metallurgical examination. The larger STF test capsules 

are likely to be even more susceptible to such disturbances.

There are two further limitations of present radiographic techniques 

which can lead to misinterpretation of results.1 For larger test assem
blies s low energy neutrons and photons penetrate the material only far 

enough to produce mainly surface features (ie. shadowgraphs), while true 
material volume density is needed. In addition, at best only density vari
ations are recorded, no distinction being made between fuel, steel, and 
sodium. For many transients, the final disposition of material has mixed 
components and bears little resemblance to the initial configuration, and 

so the radiograph is subject to ambiguity. These limitations will be more 
severe for the STF test assemblies, which will be considerably larger than 
those used at TREAT.

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



The question arises as to whether the facility imaging device for m a 

terial motion detection during transients (the hodoscope, in the case of 

TREAT2) can provide in-situ radiographs immediately following transients, 

thereby minimizing disturbances to the test capsule prior to radiography.

If this device detects fast neutrons emitted by the test fuel (such as the 

TREAT hodoscope), it is capable of providing needed volume density distinc

tion of fuel, as well. Recent experiments3 with the TREAT hodoscope indi

cate that a distinctive steel signature can be obtained by detection of 

high energy capture y-rays emitted by the steel components, to the point 

of clad blockage monitoring. Thus, volume density distinction of steel 
is also possible. Ex-core radiography would continue to be performed 

where favorable, but would be supplemented (and in some cases, perhaps 

supplanted) by in-situ radiography.

II. HODOSCOPE IN-SITU RADIOGRAPHY REQUIREMENTS

The current 12?. cm hodoscope at TREAT provides horizontal and vertical 

detection channel separations of 6.6 mm and 34.5 mm, respectively,** with a 

hodoscope spatial response function FWHM of <̂6 mm and ^20 mm, respectively.

The channels are arranged in an array of 10 columns of 36 rows. Table 1 
shows the projected capability of an STF hodoscope for multi-subassembly 

tests,5 indicating horizontal and vertical channel separation of 2 cm and 
5 cm, respectively. Although the degree of spatial resolution necessary 

to provide useful in-situ radiographs is not firmly established, it would 

be  expected to be considerably finer than provided by a hodoscope. Any 

fuel-motion detection device successfully meeting STF fuel-motion detection 
criteria would probably provide little more spatial resolution than the 

"necessary" level, due to the space-time resolution trade-off required to 

detect a minimum number of counts per pixel in a time-resolved interval. 

However, since no time resolution is required for radiography, time reso

lution may be traded for space resolution by scanning the hodoscope in 

small increments between channels horizontally and vertically, collecting 
enough counts at each point to provide a recognizable image. The increased 

spatial resolution is to be provided by deconvoluting the data from the 

hodoscope response function.

1. Hardware

The reactor power must be limited to its steady-state range (< 80 KW for 

TREAT), and must be low enough that enough heat is not generated in the test 

capsule during the radiographic scan to change the disposition of the mater
ial. The capsule will have limited capability to dissipate heat, since 

coolant flow is not allowable. Count rates will be low and total scanning 

time will.be relatively long and will need to be'minimized. It may be nec
essary to separately monitor the capsule temperature (recognizing that the 

transient may have destroyed all interior thermocouples normally instrumented). 

In order to reduce the total scanning time to a reasonable value, data should 

b e collected from all detection channels for each scan position. The neutron 

(fuel) and 7-ray (steel) data would be collected simultaneously at each scan 

point. Overlapping adjacent channels in the scan will allow determination 

and correction of individual channel responses. The basic existing (or 

planned) data acquisition system can be used, since it must be capable of 

collecting a large amount of data for the transient itself, but it must be 

modified to accept data in a different format and to cover a much longer 

time interval.
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TABLE 1. HODOSCOPE FUEL MONITORING CAPABILITY FOR STF-MS TESTS

Requirement 

Field of View 

Height 

Width 

Depth

Channel Intervals (Spatial Resolution) 

Height 

Width 

Depth

Mass Resolution

Capability Criterion Achieveable

180 cm 

30 cm 

30 cm

5 cm 

2 cm 

2 cm

80 g

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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The provision for scanning the hodoscope collimator (or the test cap

sule) horizontally and vertically in precise, reproducible increments must 

be designed into the system. The total scanning time required will be re

duced substantially by the (necessary) integration of automatic, (preferably 

computer-controlled) remote scanning into the data acquisition system.
This would automatically increment the hodoscope collimator in a prepro

grammed sequence, using stepping motors.

It would be desirable to integrate the readout of one.of the reactor 
power monitors into the data acquisition system, to supplement the hodo

scope side-channels used for transient power normalization.4 It would be 

desirable as well fco have an on-line computer with scope and hard copy 

graphics capability for limited real-time data analysis and facsimile trans

mission, in order to check operation during the scans and provide preliminary 

results.

2. Data Processing

The data is in digital form, which is an advantage over normal radio

graphy, because the data is directly compatible with quantitative analysis 
and computer processing. (A normal radiograph must be scanned and con

verted to density values to be of quantitative use, a process hampered by 
film nonlinearity). Data analysis programs and techniques used for trans

ient analysis can be applied to the scan data with minor modification.

The data must be corrected for reactor power normalization, test 
capsule power profile, spurious noise, and individual channel response 

differences, all of which are corrections applied to transient data as 

w e l l .4 The data is then in form for digital deconvolution, after which 

it can be displayed, in hodograph or profile form for example,4 like 

transient data. Steel and fuel data can be superimposed. Pre-test as 

well as post-test scans can be performed, and difference data between 

the two can be displayed. (The pre-test scan could be used also to 
calibrate the detectors and center the collimator). Image enhancement 

techniques-, such as-.background subtraction, differencing, and filtering, 

are easily applied, if desired. The data processing can be performed 

off-line or on-line, depending on available facilities. Real-time 

processing, though not essential, would be desirable.

III. DECONVOLUTION

The key to success of hodoscope in-situ radiography is the ability to 

deconvolute the scan data from the hodoscopa spatial response function to 
produce an image of the desired spatial and density resolution. (By den

sity resolution is meant the sensitivity to a count rate change caused by 

a given density change, at a given confidence level. Density resolution 

is higher if the number of counts collected per channel is higher.)

Deconvolution entails accurate determination of the hodoscope spatial 

response function, at least to much better accuracy than the desired image 

accuracy. To first order, it may be calculated from the geometric optics 
of the collimator and assumes the form of a truncated four-sided pyramid 

for the TREAT 122 cm collimator design (with edge truncations in the verti
cal direction due to occultation by the front collimator), varying slightly 

from center to edge channels. Scattering changes the shape, particularly
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near the edges of the function (producing tails), but the effect is diffi

cult to calculate, as it depends un the neutron energy dependence of the 

reactor signal and of the detector and on the collimator geometry. The 

response function can be determined experimentally by  scanning the hodoscope 
over an approximation to a point neutron source, such as a piece of fuel, 

inserted in the center of the reactor core, while, the reactor operates at 

steady-state conditions. The dimensions of the source should be smaller 

than the desired resolution width, leading to a very low count rate, so 

that the scan could consume a great deal of time. Fortunately, the mea

surement need only be performed once.

For digital computation, the deconvolution integral equation translates 

into a set of linear inhomogeneous algebraic equations for the image count 

rates at the resolved points corresponding to the scan positions. These 

equations are easily solved in terms of discrete Fourier transforms.5’6 Un 

fortunately, the solutions are usually unstable with respect to noise, par

ticularly noise of high spatial frequency, and the random fluctuations of 

count statistics contain high frequency components. The instability in

creases, the greater the degree of resolution (and number of resolved 
p oin t s ) . This requires the number of counts per pixel to be greater than 

indicated by count statistics for construction of an image of given variance.

A  technique due to Hunt6 ’7 obtains reduced variance at the expense of a biased 

image. The method is equivalent to a particular filter which attenuates high 

spatial frequencies. The technique will be  successful if a large variance 

reduction can be obtained while introducing only a small image bias. In ad
dition, there are more general techniques which can be applied to the in

s tability.8’9

IV. TOMOGRAPHIC RESOLUTION

Inspection of Table 1 reveals a depth resolution criterion of 2 cm 

for fuel motion in the STF-MS tests, equal to the horizontal resolution 

criterion. A similar depth resolution requirement exists for oC h e t .STF 

tests. Presumably, depth resolution (but much finer) will be required for 
STF radiography also, to remove ambiguity in the final disposition of ma 

terial in the large test assemblies.

It is proposed to attain depth resolution in STF tests for fuel motion 

monitoring by using two hodoscopes at right a n g l e s,5 Each right angle, view 

contains m  lateral pixels for each vertical resolution segment plane, the 

count rates from each lateral pixel being related to the yum of the emitted 

radiation, or projection, from the m  lateral pixels behind it. Since there 

are 'Mu'- total pixels for each vertical plane, one has only 2m  equations in 

'Mn'1 unknown pixel count rates. From Table 1, m=30/2=15, so there are 30 

equaLions in ^225 unknowns, a rather indeterminate system. However, it is 

hoped that by following the motion from known initial to known final con
figuration, application of physical constraints, comparison with computer •. 

accident codes, and use of suitable tomographic reconstruction algorithms9 1-2, 

a reasonably unambiguous three-dimensional fuel motion picture will arise.

In-the case of hodoscope in-situ radiography, if say a resolution in

crease of a factor of 10 (0.2 cm) for the STF-MS case were needed, one would 

have 300 equations in ^22,500 unknown pixel count rates, a highly indeter

minate system. The spatial resolution attainable by application of physi
cal constraints and computer code accident sequences cannot be expected to
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be sufficient to remove the resulting ambiguity. What is needed are pro

jections at other orientations to add a sufficient number of independent 

equations. These are obtained by rotating the test capsule in small; discrete 
steps, scanning the collimator at each angle. Thii; is a variation of CAT 

(Computerized Axial Tomography) scanning, a procedure well-developed in 

theory and practice in the field of nuclear medicine.9 12 There is no gen

eral agreement, however, as to the exact number of view angles necessary for 

proper reconstruction, either in theory or practice. Different results are 

obtained for different situations, depending particularly on the amount of 

symmetry present in the o b j e c t .12 The use of ^m distinct orientations seems 

to be a good rule of thumb. With two hodoscopes at right angles, only rw / 2  
discrete rotations of the test capsule would be required. For STF tests, 
both pre- and post-test tomographic scans may be necessary to provide the 

initial and final configurations mentioned above as needed to aid in re

moving the ambiguity in fuel motion, as well as to satisfy post-test ex

amination requirements. A large amount of memory and much computation will 
be  required for tomographic reconstruction of in-situ radiographs, probably 

requiring the facilities of a large fast computer.

Noise instabilities can occur in tomographic reconstruction algorithms, 

just as in deconvolution. The amount of noise amplification varies greatly 

in practice, depending on object characteristics and the algorithm used,'and 
for many algorithms is not completely understood in theory." One of the 

simplest algorithms, 'Fourier reconstruction,' is amenable to a theoretical 

treatment of noise. This algorithm generally produces faithful and artifact- 

free images, but is also relatively sensitive to noise, having a count noise 

amplification factor of m/4n where n is the number of distinct orientations.11 
The noise amplification will generally be less for most other reconstruction 

algorithms. Noise-attenuation techniques similar to that mentioned in Sec.

Ill can be applied to 'Fourier reconstruction.,6,°’11

V. LIMITATIONS

There are several limitations to hodoscope in-situ radiography associated 

with the attainable spatial and density resolution. The first to be examined 
is the measurement-time limitation. The time allowable for measurement is 

limited by the reactor availability, and perhaps, the heat input to the test 
capsule during post-test scans. A measurement time of several days would 

strain the schedule at TREAT but not at STF, since STF tests would be spaced 

farther apart in time. In TREAT scanning experiments performed after the 
R8 transient, test capsule heating was not a problem, as the temperature 

saturated at a safe value. Extensive calculations performed prior to the 

R 8 test indicated that the probability for relocation of material in the 

test section during 80 KW  steady state operation of the reactor would be 
very remote. This does not necessarily apply co STF tests, for which a 

separate analysis would be required.

The availability of a limited measurement time implies a trade-off 

between density resolution and spatial resolution. The number of counts 

N per pixel (signal plus background) required for detection of a frac
tional signal change y=AS/S for a signal-to-background ratio a=S/B is 

given by count statistics as

N q = "^(l+a-1 )[l+2y-1 (1+ a -1) ] .(1)
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for a hodoscope, where B is a confidence level factor (6=1 is: a 68% confidence 
level, B=2 is 95% confidence level). As a rule of thumb, it seems reasonable 

to require that the Mass resolution per pixel for the in-situ radiograph be as 

great as that required for the associated transient (ie., if the spatial 

resolution of the radiograph is to be 10 times that for the transient, M.02 
times more total counts than required for the transient will be needed for 

the entire planar image, or M.0 3 times more counts for a tomographic image).

In Table 1, 80 g is given as the mass resolution for a 2 cm x 2 cm x'-5 cm 

resolved volume for fuel motion in STF-MS tests , so. that the detectable 

fractional mass change u=AM/M=80/300=0.10. This figure is based on detection 

of neutron emission by a 3 MeV threshold detector of 3 x 10 3 efficiency 
(attainable with stilbene). Calculations5 indicate that in this case 

Y %  11= 0.10 and a ^  2.9, so that N %  375 (assuming 3=1). It will be assumed 

that 80 KW is the allowable steady state level of the STF reactor, as well 

as for the TREAT reactor (although it may prove to be considerably higher). 

The 3 x 10 3 efficiency detector is calculated to produce only M. cps at 
80 K W 5 in each channel. However, it may be possible to develop a 0.10 ef

ficiency detector (with minimal reduction in a) for STF, which is highly de

sirable in order to extend the fuel motion time resolution to lower power 

for MS tests (see Table 1). The 0.10 efficiency detector would produce 
"•'33 cps per channel at 80 KW.

In Table 2 are compiled the measurement times for STF-MS tomographic 
in-situ radiographs for the 1 csp and 33 cps detectors, for 5 times and 10 

times the transient spatial resolution. N =375 counts were required per 

channel for each scan step. Channels were fully overlapped one channel 
horizontally and vertically in order to continuously monitor the differences 

between adjacent channels, so that 4N =15(00 counts were required per pixel. 

This also allows for residual instabi?ities in deconvolution and tomographic 

reconstruction.6’1 * As suggested in Sec. IV, the number of orientations of 

the test capsule was taken equal to the number of lateral projections at any 

one orientation (75 for a resolution factor of 5 and 150 for a resolution 

factor of 10). Two hodoscopes at right angles were assumed to be mounted, 

reducing the total rotation of the test capsule to 90° (rather than 180°).

A positioning time of 10 sec was assumed for each scan and angle step. It 

is seen that a spatial resolution even 5 times that of the transient may 

require too long a measurement time for the 3 x 10 3 efficiency detector, 

providing added impetus for the development of a 0.10 efficiency detector.

At a TREAT power level of 80 KW, each channel produces ^20 cps for a 

7-pin test assembly, with a signal-to-background ratio about the same as 

above. Thus for detection of a y=0.10 fractional signal change, the same 

number of counts N is required as above. This value of y appears rea
sonable for TREAT m - s i t u  radiogc iphs. Measurement, times for TREAT in-situ 
radiographs have been calculated under the assumptions made for STF above 

(except that TREAT possesses only one operable hodoscope) and are given in 

Table 3. It is seen that planar radiographs of both 5 times and 10 times 

the transient spatial resolution can be obtained in. a reasonable period, 

but that a tomographic radiograph of 10 times the transient resolution would 

consume too much time. The TREAT hodoscope has no provision for easily 

scanning the collimatoi.1 vertically over the test capsule, so that the test 

capsule would have to be incremented vertically (in 10 sec steps) to obtain 
the vertical resolution of Table 3. A redesigned test assembly and contain

ment vessel or redesigned collimator may be necessary for vertical scanning.

-7-



TABLE 2. MEASUREMENT TIMES FOR STF-MS TOMOGRAPHIC IN-SITU RADIOGRAPHS AT 80 KW

Resolution 
Mult. Factor

Width & Depth 

Resolution
Height
Res.

Orien
tations

Angle
Sten

Scan Steps per 

Orientation

M e a s . Time 

(1 cps)
M e a s . Time 
(33 cps)

5 4 mm 10 m m 38 2.4° 100 17 da 1.0 da

10 2 mm 5 mm 75 1 .2° 400 134 da 7.4 da

TABLE 3. MEASUREMENT TIMES FOR TREAT IN-SITU RADIOGRAPHS AT 80 KW

Resolution 

M u l t . Factor

Width (& Depth) 
Resolution

Height 
R e s .

Scan Steps (per 
orientation)

Meas. Time 
(planar)

Orien
tations

Angle

Step

M e a s . Time 
(tomographic)

5 1.32 m m 6.90 m m 100 48 min 50 . 3.6° 1.7 da

10 0.66 m m 3.45 m m 400 3.2 hr 100 1 .8° 13.3 da



The measurement times indicated in Table 2 and 3 are probably conserva

tive figures (provided the uncertainties in the calculations for STF are not 

too great). However, as a precaution, the worst potential case needs consid

eration. Suppose that 4N counts per pixel were just sufficient to compen

sate for deconvolution instability.6 Then if straight 'Fourier reconstruc

tion' were used to produce three-dimensional radiographs11 (see Sec. IV), 

even the 0.10 efficiency detectors would require 2.8 days to radiograph an 
STF-MS assembly at 5 times the transient resolution, and a tomographic TREAT 

radiograph at 5 times the transient resolution vrould require h days. All 
other cases in Tables 2 and 3 would become infeasible.

Even if unlimited measurement time were available, certain limitations 
in spatial and density reasolution must be considered. In hodoscope in-situ 

radiography, spatial resolution is ultimately limited by radiation scatter

ing from the test capsule, the reactor background, accuracy of the hodoscope 

response function, collimator and test capsule positioning accuracy, and 

truncation buildup in the numerical algorithms (due to finite computer word 
size). Density resolution is ultimately limited by accuracy of correction 

for response differences of individual channels and by effects related to 

the fact that fuel fast-neutron emission (rather than fuel mass) is mea

sured, such as flux depression, self-shielding, and spatial variations in 
reactor power.

VI. ALTERNATIVE TECHNIQUES

One can envision lowering a scanning apparatus into the reactor fol

lowing a shutdown after tht2 transient, ‘in order to perform CAT. One might 

detect emitted "frays or neutrons transmitted by a source. In either case, 

the residual reactor background is likely to swamp the signal, and in 

neither case would volume sensitivity or distinction of fuel, steel, or 

sodium be attained (particularly for large STF test assemblies).

Another possibility is to provide a full reactor slot (instead of the 

half-slot needed by a neutron emission hodoscope) and install an electron 
beam accelerator to perform high energy x-radiography, in the hope of at

taining high-resolution in-situ radiographs without time-consuming scan
ning. However, the high energies required, and the large scattering pro

duced, by large STF test assemblies may necessitate a hodoscope-like col

limator aperture in order to obtain a large enough signal-to-baclcground 

ratio. In addition, it would be difficult to justify the high additional 

cost necessary for high-energy x-radiography on the basis of in-situ radio
graphy alone. If, on the other hand, the accelerator equipment were already 

in place as a major part of the fuel motion diagnostic system, one must con

sider that it would provide detection of only density variations (no dis

tinction between fuel, steel, and sodium). A separate system for fuel 

imaging, such as a fast-neutron hodoscope, would probably be needed for 
both fuel motion diagnostics and in-situ radiography.

One might also consider replacing the hodoscope. collimator by a dif

ferent aperture, such as a pinhole or coded aperture, which provides greater 

transmission for a given resolution, in the hope of decreasing the measure

ment time. By using such an aperture of the same resolution as the hodoscope, 

the count rate would increase. By using such an aperture of high resolution, 
along with a high-resolution detection system, scanning could be eliminated.
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Calculations indicate that the signal-to-backgound ratio deterioration of 
such apertures, except possiblv for the pinhole, more than offsets signal 

gain by a considerable margin. 3 The use of high-resolution position-sensi
tive detectors would produce a further substantial degradation in signal-to- 

background ratio.

VII. APPLICATION TO TREAT HODOSCOPE

For TREAT, in-situ radiography must be fit into an existing hardware 

and data processing system, rather than being designed in, as is possible 

with STF. However, hardware and software modifications which have been 

implemented to date and which are being contemplated are straightforward.1 
The readout from one of the TREAT reactor fission chamber power monitors has 

been integrated into a spare hodoscope electronic channel by use of a vol- 

tage-to-frequency converter. This allows more accurate power normalization 

over the relatively long measurement time required for in-situ radiography.

1. Interim Hardware Modifications

At the present time, neither the 51 cm nor the 122 cm hodoscope allows 

easy vertical scanning over the test capsule, and no mechanism for verti

cally incrementing the test capsule while the reactor is under power exists. 

In the absense of vertical scanning capability, effort has concentrated on 

horizontal scanning for experimental determination of the potential and 

limitations of hodoscope in-situ radiography. In the hodoscope data ac
quisition system for TREAT transient tests, digital pulses from each hodo
scope channel are fed to a binary-coded lamp array, which is photographed 

by a high-speed framing camera.2 This system is difficult, to modify for 

camera synchronization at the very low framing rates required for scanning 

and does not allow real-time data inspection and analysis. Therefore, a 
lamp--array decoder strip, which senses the lamp images from 2 detection 
channels at a time, has been hung from a notched slide over the lamp ar
ray. The decoder output is fed into the microprocessor which normally 

controls the source positioner used for calibrating the 122 cm collimator 
detectors. This microprocessor has the capability for recording the posi

tion of the neutron calibration source and the detector count rate on a 

teletype printer and paper tape, as it automatically steps the source over 
the detector array. A program is fed from the teletype paper tape reader 
into this microprocessor to allow recording of the decoder data.

In operation, the collimator is incremented (cranked) manually to a 

new horizontal position as indicated on a dial readout, which is typed 
manually on the teletype, and recorded on paper tape. The counts are then 

accumulated from each hodoscope channel by the transient data acquisition 
system over the desired time interval and displayed on the lamp panel.

The decoder is moved manually from notch to notch over the lamp images cor
responding to the desired channels, and its readout is automatically re

corded on the teletype printer and paper tape. Operation is tedious and 

time-consuming (approximately a second per channel per scan position) but 

adequate for the purpose, provided not many of the 334 channels (including 

neutron and y -ray  channels) need to be decoded. In order to minimize the 

number of channels required, the policy up to the present time has been to 

scan a single column (36 neutron and 36 Y-ray channels) over the entire 

test capsule.
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The scan data on thfc i?aper tape produced at TREAT is processed and 

analyzed at the ANL-Easfc' RAS minicomputer display and analysis station-1* 

Programs normally used to'process transient data have been modified for 
in-situ radiography, Program TPLT^ was modified to produce single and 
composite graphs of t h e .individual channel scans and vertical profiles 
on the electrostatic printer/plotter, including capabilities for power 

normalization and post-pre-transient scan difference plots. Program 
HGRF^ was modified to produce intensity-modulated images of the required 

fine horizontal resolution on the display scope and the electrostatic 
printer/plotter. Program EFFI4 was modified to provide channel efficiency 

and reactor power profile corrections for the scan data based on a least- 
squares fit to an expected count race profile for a pre-transient scan.

In practice, pre- and post-transient scans are performed at TREAT. 

Using HGRF, TPLT, and TREAT printer output, the paper tape data are cor
rected for spurious effects. EFFI corrections determined from the cor
rected pre-transient data are then made and new I1GRF and TPLT output 

are produced. Deconvolution of the adjusted data from the assumed hodo
scope response function is the next step (the final step, if tomographic 

radiographs are not desired). A deconvolution program based on a modifi
cation of Hunt's method6’7 is being written, but has not been completed.

Pre-transient neutron (test fuel) scan data for transient R9 and 

pre- and post-transient neutron (fuel) and y-ray (steel) scan data for 
transient R 8 have been obtained, at 1.2 mm intervals in the horizontal 

direction. Only the neutron data has betin fully analyzed and is reported 
here. Correction for spurious effects, which were few in number, was 

easily done. Reactor power varied so little over the time span of measure
ment that power normalization, though provided, was hardly necessary. As 

found during transient tests, relative channel efficiencies were found to 
vary by factors of 3 (or less) at a reactor power level of 80 KW, despite 

pre-transient calibration.4 However., even larger efficiency variations 
are routinely handled by EFFI successfully in transient analysis, although 

a reduction in this variation would undoubtedly lead to higher density 

resolution.

Two unexpected effects were encountered in the R8 and R9 scan data. 
First, it was found that relative signal-to-background ratios varied among 
individual channels. This effect was successfully corrected for by adding 

a second fitting parameter for each channel in EFFI, except that channels 

at the extreme top and bottom of the scanning column, which view no test 
fuel in the pre-transient scan, cannot be corrected. The density changes 

ascribed to any fuel relocated to the viewing area covered by these chan
nels are somewhat uncertain. Second, the responses of several channels 

near the bottom of the scanning column were four.d to be too large (by a 
factor of k or less) in the R8 pre-transient scan. This was determined 

from a comparison of the (power normalized) background data for the pre- 
and post-transient scans (which should be the same). The responses of the 

remaining channels were judged to be unchanged. The count rates of the 
afflicted channels were adjusted in the R8 pre-transient scan to provide a 
(power-normalized) background equal to that of the post-transient scan.

2. Present Data Processing
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Despite the difficulties with individual channel responses, satisfactory 

renditions of the scan data have been obtained which are suitable for de- 
convolution to the stipulated density resolution of 0.10 (see Sec. V).
Graphs and a discussion of the R 8 scan data may be found in the Appendix.

3. Future Plans

The anomalies in individual channel response for R8 and R9 neutron 
scans mentioned above are to be investigated, in order to reduce the ef

fects and obtain greater potential density resolution. In addition, analysis 

and correction of the R 8 y-ray scans is to be completed, in preparation for 
deconvolution. Future TREAT transients will also be scanned.

The deconvolution program is to be completed and applied to the experi
mental scan data. , In addition, computer experiments are planned in which 

simulated signal and background combinations will be convoluted with assumed 
hodoscope response functions, count fluctuations will be added using pseudo

random number routines, and the results will be deconvoluted and compared to 
the simulated test assemblies. These computer experiments are to be used to 

optimize the deconvolution process and determine its limitations. One ef
fect to be examined is the sensitivity to inaccuracies in the hodoscope 

spatial response function. The response function will need to be determined 
to the required accuracy, which can probably best be done by a combination 
of scattering calculations and experimental verification and correction. 

Further comments on deconvolution are contained in the Addendum.

A new minicomputer-controlled magnetic disk data acquisition system, 

with magnetic tape data transfer unit, is to be installed on the TREAT hodo
scope in the near future, replacing the present system, which will serve as 
a backup during transients. The new system will have 0.6 msec time resolu
tion, will store over 3000 cycles of data, and will record the data on mag
netic tape in digital form, eliminating the present necessity of development 

and scanning of photographic film.2’4 This system can be used for control
ling and recording the scan data for in-situ hodoscope radiography, but an 

additional disk or tape unit may be required. To complete the radiographic 
system, a remote motorized scanning apparatus controlled by the minicompu

ter is needed, along with a means for vertical scanning, either by incre
menting the test capsule or the hodoscope collimator. If it is decided 

that tomographic radiographs are desired, a device for automatically in
crementing the test capsule through a 180° rotation in small steps will 
also be necessary. Further desirable additions include hardware and soft
ware mentioned in Sec. II for real-time (or off-line) image construction, 

enhancement, and display.
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APPENDIX

HODOSCOPE IN-SITU RADIOGRAPHY

In this appendix, the figures presented at the meeting are shown., along 

with a discussion. In Figure 1 is seen the layout of the TREAT reactor, 

showing the 51cm hodoscope collimator and neutron radiography facilities.
In Figure 2 is shown a post-test neutron radiograph of TREAT Test E8 , with 

a comparison to the dissection examination. The lack of volume distinction 
and material differentiation is obvious, even for a 7-pin test assembly.

For large STF assemblies, it would be considerably worse.

A comparison of uncorrected pre-test horizontal scans in Figures 3 and 
A shows that both the efficiencies and signal-to-background ratios varied ; 

among individual detection channels in the R8 scans. Figure 5, the un

corrected post-test vertical background profile, displays the usual 
"truncated cosine" reactor power profile, while Fig. 6 , the uncorrected 

pre-test vertical background profile, displays the anomalously high count 
rates observed in rows 29-35. A  comparison of Figs. 7 and 8 , the uncorrected 

and corrected pre-test vertical test fuel profiles, and of Figs. 6 and 9, the 
uncorrected and corrected pre-test vertical background profiles, indicates 

the corrections are adequate for reactor power profile, individual detector 

efficiencies and signal-to-background ratios, and anomalous pre-test count 

rates.

Figure 10, the corrected post-test overall vertical profile, when 
compared to Fig. 8 , illustrates the fuel slumping from rows 5-18 into rows 

29 and 30 which occurred during TREAT transient R 8 . The fuel relocation 

is exemplified in more detail in several graphs in which the post-test scan 

is subtracted from the pre-test scan. The fuel void in the upper part of 

the test assembly is seen in Fig. 11. Fig. 12 indicates more dispersal to 
the sides than slumping in the middle region of the test assembly, and 

Fig. 13 shows the accumulated fuel in the lower part of the test assembly. 
Two-dimensional fuel distribution information is presented in Figs. 14 and 

15, which are corrected pre- and post-test intensity-modulated pseudo
radiographs. It should be noted that these results refer only to the 

static final distribution of fuel in the transient, with no reference to 
the sequence of fuel motion events leading to this distribution (vhich 

awaits analysis of hodoscope dynamic measurement data).
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Fig. 14. Corrected pre-test intensity-modulated pseudo-radiograph of R8 7-pin test assembly, column of
36 detectors and 30 horizontal scan positions.
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ADDENDUM

HODOSCOPE IN-SITU RADIOGRAPHY

Following presentation of this paper at the meeting, a comment was made 
by H. Barrett that the deconvolution noise instability, using the method 
in Sec. Ill, is probably a good deal worse than assumed in Sec. V, perhaps 
requiring impractically long times to perforn radiographic scans. The 
validity of this comment will be established by the computer experiments 
referred to in Sec. VII.3. If his comment is found to be valid, other 
deconvolution methods will be investigated. One potential technique, not 
mentioned in the text, is the maximum entropy algorithm (see Ref. 9 of text 
and * below).

Of course, the need for deconvolution could be eliminated by using 
an aperture having the required resolution, sucn as a hodoscope collimator 
with narrow slots or pinholes, or a simple pinhole. By combining such an 
aperture with a position-sensitive detection system, counting time could be 
reduced and scanning could be eliminated. However, t.he signal-to-background 
ratio would be substantially reduced, depending on the aperture and detector 
designs. The best system for in-situ radiography depends to a large extent 
on the required spatial and density resolutions, which are not yet established.

*B. Roy Frieden and William Swindell, "Restored Pictures of Ganymede, Moon 
of Jupiter", Science 19.1, p. 1237 (26 March 1976).
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STF SIMULATION WITH PARKA AND APPLICATION TO 
DIAGNOSTIC INSTRUMENTATION EVALUATION*

J. D. Orndoff and A. E. Evans
Los Alamos Scientific Laboratory 

Los Alamos, New Mexico 875^5 U.S.A.

ABSTRACT
The PARKA critical assembly at LASL has been modified \p 

to serve as a driver for an array of 37 enriched UOgfuel pins. '■ 
Utilizing good simulation of typical STF conditions, fuel 
motion diagnostic methods will be evaluated at low power for 
multipin assemblies. Initial experiments are to establish 
the capability of the neutron hodoscope and in-core detec
tors. Preliminary results are reported for the latter tech
nique.

SUMMARY
The PARKA critical assembly at LASL has.been modified 

to serve as a driver for an array of 37 highly enriched UC^ 
fuel pins representing fast r,eactor fuel. PARKA is a Rover 
Project Kiwi 'reactor loaded with graphite-uranium fuel elements 
These are one-hole bead loaded elements that were used for 
critical assembly studies for Rover reactor design. Four en- 
riched uranium loadings of 100, 200, 300, and 400 kg/m are 
distributed to give approximately flat fission density across 
the 0.89-m fueled diameter. Figure 1 is a photograph of the 
PARKA core with a 37 fuel-pin array at the center.

Onetran transport code calculations have been run for 
the 37 pin array at the center- of PARKA and also; for the case 
of a central subassembly (217 pins) surrounded by six half 
subassemblies. The 37 pin array calculations had Na, HgO, or 
void in the region between fuel pins. Water was included since 
its density is the same as Na and its moderating properties

• v r •
sThis work is funded by the Nuclear Regulatory Coremission.
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significantly increase the Figure-of-Merit (FOM)*0 For 
experiments that are based on neutron emission from the test 
region, when the presence of water may be undesirable, the 
fission distribution curves of Figure 2 show that void is. a 
reasonable substitute for sodium. Addition of the test sec
tion in PARKA v/as computed to increase reactivity 3.2$ for 
the water filled cell and 0.9$ and 1.1$ for void and sodium 
respectively. The computations gave FOMs in the range of
10 to 20.

Calculations for four subassemblies inserted into the 
center of PARKA more nearly approximate proposed SAREF test 
geometries including appropriate sodium content and stainless 
steel containers. For this 868 pin array, fuel v/as also as
sumed to be highly enriched U0o. Because of the large self
multiplication of four subassemblies, the PARKA system reac
tivity increases by 23$. The effect of the test assembly is 
to depress the fissions in the adjacent PARKA fuel by <"̂ 25$.
The FOM is . .11 with a peak-to-minimum ratio in the fuel ;p.ins 
of 1.33 as shown by the dotted curve in Figure 3.

The 23$ of excess reactivity in PARKA can be reduced 
easily either by enlarging the central hole in the hexagonal 
.fuel elements to increase core void fraction or by adding 
boron loaded graphite rods to the central hole. We concluded 
that boron would harden the PARKA spectrum to give both a 
smaller peak'-to-minimum variation across the test assembly 
and an ‘increased FOM. This v/as confirmed by calculations with 
boron uniformly distributed over the driver portion of the 
PARKA core. The boron required to reduce reactivity the re
quired 23$ is equivalent to 6.3 g per PARKA fuel element. The 
computed fission ratio to the base case is shown as the solid 
curve in Figure 3. Although the boron poison causes a large 
perturbation in the driver fission profile, the resulting FOM 
is <^20 and the peak-to-minimum fission ratio in the fuel pins 
is only 1.10. Maintaining a flat fission density profile in

*F0M = ratio of minimum power density in the test fuel to 
maximum power density in the driver.
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FARKA is of no particular concern for the driver application. 
It thus appears that PARKA can be adapted to serve as an ex
cellent driver for a four subassembly array of fast reactor 
fuel pins.

Initial measurements made with the 37 pin array in
PARKA show that the addition of the UOp fuel to the stainless
steel cladding tubes increases reactivity by 1.1$. The UO.,

i-

length of 0.91 :n is centered relative to the 1.32-m lour;
PARKA driver fuel. The measured relative fissions per fuel 
pin is plotted against radius in Figure *) compared with the 
computed results.

A 100-mrn long slot (shown in Figure 5) has been provided 
through the PARKA reflector arid core to allow viewing of the 
fuel pin assembly with a hodoscope or coded aperture detector 
system. A four channel steel hodoscope collimator is shown 
in Figure 6 adjacent to the port extending into a shielded 
detector room where the hodoscope is to be installed.

The PARKA system is an excellent test bed for iri-core 
detector studies. Initial in-core detector studies have been 
made with and 2^ U  fission chambers. These chambers,
^5-mm in diameter, are designed to be inserted into one of 
the stainless fuel pin cladding tubes from which the UO^ has 
been removed. Figure 7 is a cross sectional view of these

O *3 Rdetectors. The U detector is sensitive to neutrons above
1 MeV and will thus respond primarily to neutrons from the

23c>test section. In contrast, the response weights the low
er energy neutrons and is more sensitive to neutrons leaking 
into the fuel pin array from the driver.

Measurements have been made with the fission chambers 
located in the central fuel pin cladding. Detector response 
was determined when fuel pins were removed from each of the 
three hexagonal rings of pins surrounding the detectors. 
Results summarized in Table 1 show that the U detector 
counts decrease as the fuel pins are removed whereas counts 
from the -^U detector increase. The U/ U counting ratio
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FIG, VIEW OF PARKA REFLECTOR SHOWING SLOT FOR DIAGNOSTICS 
EXPERIMENTS
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can be seen to be more sensitive to fuel loss than cither 
detector separately. For these experiments, entire fuel pins

TABLE 1

Detector Response For Removal of Fuel Pins

Relative detector counts 
Geometry 2 3 ^  ^ u / ^ BU

Reference 1 1 1
Six pins from ring 1 1.098 0.892 1.23
Six pins from ring 2 1.093 0.928 1.18
Six pins from ring 3 1.058 0.970 1.09

were removed, however, it is expected that similar results 
will be obtained if short lengths are removed in the vicin
ity of the 10-mm long fission detectors.

Results indicate that in-core detectors are capable of 
providing diagnostic infdrmation in multipin STF tests. For 
SAREF we would propose that one or more fuel pins be replacedpOCwith "hardened" channels enclosing a line of alternate U 

238and J U fission chambers cooled by flowing argon gas. The 
235U detectors then serve as monitors of local neutron fluxp o O
driving fuel pins, while the U detectors are sensitive to 
the proximity of fuel. For the high power levels in SAREF 
tests, ion current signals as a function of time would be pre
ferable to counting rates.

As an alternative to in-core detectors, directional 
detectors located just outside the fuel pin array, have been 
suggested. We are investigating small proton recoil chambers 
for this application and a potential design is shown in 
Figure 8. We will investigate proton recoil counters of this, 
general type including characteristics such as directional 
response, sensitivity, discrimination against spurious signals,
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signal-to-noise ratio, and vulnerability. It should be noted 
that proton recoil detectors are much more difficult to 
construct and operate than fission chambers.

The PARKA experiments planned for the immediate future 
will be run at relatively low power, using sensitive detec
tors and long counting times. At a later stage, high power 
transients may be initiated, if justified, in order to 
conduct imaging experiments. In any case, PARKA will provide 
the capability of evaluating diagnostic instrumentation 
application to large fuel pin arrays. This capability is 
not currently available at any other facility.
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PSEUDO REAL-TIME IMAGING SYSTEMS WITH 
NONREDUNDANT PINHOLE ARRAYS*

by

K. S. Han, G. J. Berzins, and W. H. Roach 
University of California 

Los A3 amos Scientific Laboratory 
Los Alamcs, New Mexico 87545

Coded aperture techniques, because of their efficiency and 
three-dimensional information content, represent potentially 
powerful tools for LKFBR safety experiment diagnostics. These 
techniques should be even more powerful if the data can be in
terpreted in real time or in pseudo real time. For example, to 
satisfy the stated goals for LMFBR diagnostics (1-ms time resolu
tion and 1-mm spatial resolution), it is conceivable that several 
hundred frames of coded data would be recorded. To unscramble 
all of this information into reconstructed images could be a 
laborious, time-consuming task.

A way to circumvent the tedium is with the use of a hybrid 
digital/analog real-time imaging system, such as one that we are
currently assembling. Some of our intermediate results are des-.

1 2cribed briefly below and in two recent publications. '
Coded aperture imaging is inherently a two-step process. A 

recording step of the coded image, or pseudohologram, is followed 
by a deconvolution process resulting in the final reconstructed 
image,, tfe have used two schemes, one analog, the other digital, 
which can be used either separately or in combination.

The analog scheme is an incoherent optical technique which 
utilizes the principle of reversibility of optical rays. In,this 
scheme we view the coded image with a TV camera and display it on 
a monitor. Tha monitor, in turn becomes the light source for 
the reconstruction process, and is viewed, through a reconstructing

*Work supported by the U.S. Energy Research and Development 
Administration.



mask, by a second TV camera. The monitor display from the second 
camera then contains the final reconstructed image. The coding 
and decoding are accomplished essentially simultaneously during 
the scanning of two sequential 16-ms TV frames. Because, of the low 
light levels involved, we found that intensified vidicons were 
necessary.

In the digital scheme the recording step used a film camera. 
The film was microdensitometered and the information stored on 
magnetic tape in a 512 x 512 format. The digitized coded image 
was then deconvolved in the Fourier domain using software developed 
in our laboratory. The linkage between the optical data and the 
digital computer can be accelerated by replacing the film camera 
and the microdensitometer with a camera capable of on-line digi
tizing. A few versions of such systems are commercially available. 
By connecting the digitizing camera to a large computer one can 
achieve a pseudo real-time, digital, coded aperture imaging system.

The coded aperture used in all of the above work was a 15-
3element nonredundant pinhole array developed by W. Klemperer.

To assess the feasibility of slanting further development of 
these concepts toward LMFBR diagnostics, we are preparing a simp
lified imaging experiment at TREAT. The primary objective of the 
TREAT experiment is to determine a reference point for coded aper
ture techniques. Specifically, we wish to determine whether or 
not currently available camera systems have sufficient sensitivity 
to see into the reactor core.

In this preliminary pinhole experiment (Pinex) we will attempt 
to image a fuel pin (PNL-59-10, supplied by HEDL) through a single 
pinhole onto a scintillator. Light from the scintillator will be 
photographed with intensified vidicon and intensifier-film cameras. 
Best available estimates indicate a video signal level of 50-100 mV 
from neutrons, above a camera noise level of 'vlO mV. In addition 
to determining the camera sigr.al-to-noise ratio, we wish to estab
lish a reference for a scene contrast ratio (i.e., fuel pin/back
ground brightness).

2



We feel that an observed camera S/N comparable to that ex
pected, and a scene contrast ^2:1 would constitute results favor
able toward continuation of this work. Improvement with NP.PA 
systems containing n elements should go approximately ast̂ n.

We hope to have preliminary data from the TREAT experiment ,, 
available at the meeting.

REFERENCES

1. K. S. Han and' G. J. Berzins, "A Pseudo Real-Time Coded Aperture 
Imaging System- with Intensified Vidicon Cameras," Los Alamos 
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SODIUM VOID DETECTION
A. DeVolpi

Argonne National Laboratory 
Argonne-IL 60439

The voiding of’sodium coolant is a.property of significant interest 
in the LNFGR scfety program* largely because of sodium's positive reactivity 
coefficient and because of the- consequences associated with a loss of flow, 
fit present there are existing methods of inferring the general characteristics 
of boiling and dryout from instrumentation inserted within the test section. 
However. none of these methods provide either differential or universal 
coverage over the entire tost region. The hodoscope has been optimized for 
detection of fuel motion and recently clad blockage accumulation. It 
may not be possible to detect sodim voiding with the same degree of 
detailed coverage afforded by the hodoscope. but it may be possible to achieve 
coarse space and lime resolution by the method described below.

The conditions under which the voiding of sodium may take 
place are important to note: For LOF experiments, this voiding typically 
occurs several seconds prior to clad or fuel motion. In TOP 
experiments, the voiding may occur in conjunction with the overpower 
dispersal. Background for any detection method will involve potentially 
competing signals from fuel, steel- and other sodium. For example, upcomers 
and downcorners may introduce a curtain containing several centimeters of liquid 
sodium around large tost sections. The fact that the sodium neutron absorption 
rale is low in hard-speclrum reactors is another limiting factor.

PRIOR INVESTIGATIONS.
Several variations of gamma ra<-; identification schemes have been 

evaluated at Argonne. The first approach focussed on high energy capture gamma 
rays in the range of several MeV and above 6 MsV. It was found that competing 
background from fission and capture in other materials obscured a statistically 
signficant response. (In fact, the observation of a a very prominent back
ground due to capture radiation from the components of steel led to ci scheme 
for detection of clad accumulations). Effort was later directed towards 
detection of the 4?3 KeV capture peak- but again competition, including 
annihilation radiation, appears to defeat this method. Another technique 
which appears unsuccessful includes detection of capture radiation from high 
thermal cross section elements dissolved in the sodium.

NEU APPROACH.
A new approach involves neutron detection. As shown in Fig. 1. there 

is a very large (several hundred barns) scattering resonance in sotfium 
at 2.85 keV. Fig. 2 taken from STF calculations shows that there is a 
substantial depletion in flux at the cnetral pin at the sodium resonance 
energy and a corresponding downshifting (due to multiple scattering) of 
neutrons to a peak of about 1.5 keV. At this stage. I do not have 
adequate quantitative data on the leakage rate of neutrons in this range, 
but the switching effect would appear to run from 13% to perhaps 50X for the 
small bundle experiment.

It is difficult to delect neutrons in Ihe vicinity of 2 keV. One 
method that appears promising is to use a scandium filler. Fig. 3 
shows that scandium has high transmission at about 2 keV (merely 0.05 b 
cross section), and strongly attentuates neutrons above and 
below this energy. In Fig. 4. the information from the preceding 
three figures is combined to show lhat the bandpass of a suitably selected 
filler (5 cm of scandium combined with 1 crn of sodium, for example) os such 
as to provide a good capability for detection of the downscattered neutrons 
(over 50ti transmission).



The fractional fission rate at this energy is only about of the 
neutrons available above 1 HeV. Thus one needs a detector with an 
efficiency of about Z'/. in order to achieve the same statistics as the HornyaK 
button detector for fuel motion; however, it is probably not necessary to 
have so stringet a statistical criterion.

For use behind a filter, there are a variety of suitable 
detectors* such as B-10 or He-3 flast-response counters. In the absence 
of a filter, it might be possible lo achieve unique detection by a two-step 
process involving sodium as a scattering element in the beam and an off-beam 
flat-response neturon-detector. Moderating detectors may also be useful 
in either of these approaches.

APPARATUS.
The hodoscope could in principle be adapted for sodium void 

detection* although the tandem detection system would be further 
complicated by multiple detectors for neutron and gemma detection 
situated ahead in the beam. It may be necessary to devise 
separate slots assigned only to sodium void detection, especially in the 
TREAT situation. For STF this would be no particular problem inasmuch as 
this reactor is still in the conceptual design stage. ,

It may Do that tho neutron pinhole type of collimator is better 
suited for this purpose? becciucc? accoptanee angle is larcjsr then 
tho hodoscopo and some of the problems associated with deconvolution of 
sharp edges arc? not limitations? when integration over relatively large 
vclurrras con be accepted.
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HIGH-SPEED X-RAY PHOTOGRAPHY 

H. Mizuta 

(PNC. Japan)

CA brief report of worK being done in Japan in the use of 
high-speed x-ray photography for out-of-pile experiments was gi<^en by 
K. Kauashima. The information below is edited from notes and 
illustrations provided by K. Kauashima on behalf of H. Mizuta],

A low-energy x-ray generator is being used lo image out-of-pile 
fuel motion caused by direct electrical heating. A diagram of the test 
capsule shows that there is a sodium-argon interface approximately 
midway along the length of the clad.

The clad has an OD of ? mm and an ID of 6.5 mm. Pellet 
diameter is 5.4 mm, and there are five pellets, each 10 mm high. A 
boron ring of ID 5.9 mm and OD 6.45 mm is apparently between the clad 
and fuel.

The x-ray tube supplies radiation at an applied potential of 140 
KV and 3 mft anode current. The transmitted beam is recorded by 
a high-spoed framing camara operating at 1500 fps and focussed al 
infinity. The notes do not indicate the method of conversion to light.

A single-frame image from the high speed camera is illustrated 
along with a better line resolution (but longer time resolution) TV 
monitor picture which shows details of the liquid-gas interface and the 
thermocouple shadows.
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“EVALUATION OF EX-CORE IMAGING APERTURES FOR STF11 
AND

"HODOSCiFE IN-SITU RADIOGRAPHY"

COMMENTS ON

H. H. Barrelt

CNOTE: The following paper uas not presented at Ihe meeting; thus il did nol 
undergc Ihe process of preprint distribution, prior study by participants, and 
Knowledgeable criticism at the meeting. The paper is presented in its entirety 
as received from Dr. Barrett.---A. DeVolpi1



Comments on "Evaluation of Ex-core Imaging Apertures for STF*' and

"Hodoscope In-situ Radiography"

H. H. Barrett
Optical Sciences Center 

and
Department of Radiology
University of Arizona
Tucson, Arizona 85721

Introduction
This note will serve to point out certain areas of disagreement 

with two papers presented at the Second Tschnical Exchange Meeting 

on Fuel-and Clad-motion diagnostics for LMFBR Safety Test Facilities. 
These comments are based on the preprints distributed before the meeting 

and the oral presentations. Conceivably some of the differences may 

have been resolved in the written versions of the papers as they appear 
in the proceedings.

These comments certainly do not imply that any final decisions have 

been reached regarding the most suitable imaging instrumentation for the 

STF program. Indeed, it seems quite likely to the author that there is 

no "ideal" system, and that each system will have its strengths and 

weaknesses. For reasons to be discussed below, the best instrumentation 

for single-pin tests is probably not the best for multiple-subasscmbly 

tests.

Clearly a great deal of dispassionate analysis and careful 

experimentation will be required to fully elucidate the capability of 

each candidate imaging system. This necessary work can best be carried 

out by those most conversant with each system, rather Oft an 
adversary basis bv nrononcnts of alternative systems. The danger in the



adversary approach is that a newcomer to a field can draw conclusions 
without being fully aware of all current, research in the field. As 

indicated below, I believe that this is what -happened in_the 
two papers being discussed here.

Unfortunately time limitations prevent this note from being a 

detailed rebuttal, which would have required an analytical effort comparable 

to the two papers themselves. Instead it serves merely to identify 
the areas of disagreement and, hopefully, to open up channels for further 
communication and research.

Ex-Core Imaging Apertures

The first paper under consideration* presents a rather unorthodox

derivation of the noise properties of coded aperture imaging systems,
based heavily on an ill-defined quantity p, referred to as a "signal-
to-aperture background ratio." The related quantity (1 + p *) * is

claimed to be the "fraction of counts actually decoded as signal."

It is clear from later discussion that the author intends for this

factor p to somehow account for the well-known fact that coded-aperture

systems produce overlapping shadows, so that counts collected from one

object point can contribute to the noise at the reconstruction of nearby
points. This idea is discussed in considerable detail in the published

3-5literature on coded apertures. . The shadow overlap results m  a 

partial loss of the collection efficiency advantage of coded apertures 

whenever the object is larger than a single resolution cell.
Quantitative treatment of the extent of the reduction requires that

consideration be given to the decoding algorithm, an aspcct 
ignored by Rhodes.



This ncglcct leads to equations that appear to be in formal 

agreement with the literature, but which are seriously misinterpreted 
when numerical results arc derived. Much of the difficulty is 

associated with the parameter m defined by Rhodes as cither the "total 

number of objcct pixels" (p. 12 of the preprint), the "number of image 

pixels" (p. 15) or "the number of pixels required to be resolved"

(p. 17). The proper parameter that should appear in the signal-to-noise 

equation depends in a complicated way on the object distribution, but for 

small number of closely spaced equal-intensity point sources, Rhodes’ 

equations can be reproduced if m is taken as the number of point 

sources. Similarly, for a small uniform object, m should be interpreted 
as the ratio of the area of the object to the area of the resolution' 

element. In neither case, however, is it valid to extend m without 

limit. If the object size is increased, eventually the shadows produced 

by points on the opposite sides of the object will no longer overlap 

and noise from one point will not degrade the reconstruction of the 

other. Rhodes seems to be unaware of this effect and takes m to be 
the ratio of the area of the entire field of view t.o the area of the 

resolution element. This would be valid only if the object completely 

filled the field and all points in the field produced fully overlapping 

shadows. Under these circumstances it could indeed be disadvantageous 

to use a coded aperture compared to a pinhole. If, however, the object 
filled only a portion of the field, or the field area was smaller than 

the area of the zone plate suitably scaled (as discussed in detail in 

ref. 3), then there would still be an advantage to the zone plate.

Rhodes summarizes his considerations on this point by saying that 

ei "FZP aperture can perform better than a pinhole of the same resolution



only if n «  n " where n is the number of zones (p. 17 in the
preprint}. We must disagree with this statement on three counts:
(1) m is misinterpreted as discussed above; (2) a factor of eight

2 2has been dropped, since 8n rather than n is the collection efficiency 
ratio between the FZP and pinhole; (3) the inequality should be a 

simple "less than1' rather than "much less than."

On another point, Rhodes has discussed the effects of penetration 
of the nominally opaque zones of the FZP by high energy neutrons. This 

penetration is described by a parameter X called a "background 
enhancement factor." From eq. 4 in the preprint it seems that 1 + X must 

be the ratio of solid angles for background and signal counts. With 

this definition it is easy to show that X cannot exceed 1 for a 
two-dimensional FZP, although Rhodes claims that "a crude estimate"

gives A ** 17. of course, penetration of the opaque zones also reduces
the percentage modulation of the aperture and therefore reduces the
signal. This effect should be taken into account, hut it is not

included in X if eq. 4 is to be believed since that equation involves

only background and not signal. In any event, our experience in medical

applications of FZP imaging show that a 30% Denetration can be tolerated

without noticeable degradation. It is doubtful that any well-designed
FZP system would exceed this figure.

Comment is also required on the subject of image artifacts. On

p. 11 of the preprint, Rhodes says that "artifacts are caused by

lateral and longitudinal nonuniformities of the autocorrelation function"

and that they can be reduced "only at the expense of reduced time or

spatial resolution" (emphasis added). This latter comment refers to two
6 7techniques ’ developed by the author for reducing artifacts in FZP

2



imaging. One of them** docs indeed result in a loss of spatial resolution
7and the other results in a loss in temporal resolution. There is a 

temptation here for the ynwarv to complete the syllogism and conclude that 

such losses are inevitable. That this is not the case is clearly 

demonstrated by recent results on an iterative background (artifact) 

subtraction scheme developed in the author's laboratory. These results 
will be published soon.

Although it does not figure prominently in his conclusions, Rhodes 

also mentions (p. 7) detector non-uniformity as a problem.with hodoscope 

systems. We cannot resist pointing out that coded aperture systems are almost 
completely insensitive to this noise source since the information from 

each object point is spread out over all detector elements. _Whgn this 

noise source predominates, a coded aperture is clearly the right choice.
Other objections could also be raised. For example, the choice of

SQ and will influence the numerical comparison of imaging systems,
and Rhodes' choice is clearly not optimum. (The discussion given by

8Barrett and Horrigan will be of some help here, but there are also 

questions related to shielding and size of the reactor slot to be 

considered). The conclusions regarding required detector size and three- 

dimensional capability are also open to serious question. Time does 
not permit a full discussion of these questions here, but it is 
essential that they be resolved.



The main thesis of the second paper is that the hodoscope, in addition 

to its fuel motion capability, is also useful as a substitute for flash 

radiogranhv for post-transient in-situ examination of the test assembly.

It is acknowledged early in the discussion that the hodoscope has 

inadequate spatial resolution and provides no depth information, but the 

paper argues that these deficiencies can be removed by two simple 

expedients, deconvolution and projection reconstruction, respectively.

I believe that the discussion on both of these points contains serious 

errors.

The proposed deconvolution would serve to increase the image

resolution five- or ten-fold. According to ref. 2, it would be carricd
9-10out using a method described by Hunt , the method being originally

11-12 13 14due to Phillips and Twomey . Both Frieden and Hunt have shown

that the Phillips-Twomey deconvolution algorithm, which is one of the

better algorithms available for this purpose, is basically linear

filtering. The equivalent filter function is specified by the blur

function to be deconvolved (a convolution of two rectangles in the

hodoscope case) and a single adjustable parameter y. This parameter is

then fixed by the requirement that the resolution must be increased by

the specified amount.

Thus ref. 2 gives us enough information to know quite precisely

how the deconvolution will be carried out'. This permits us rather easily

to analyze the noise behavior of the process. The noise calculation

is a simple one based on the noise kernel approach developed by Akcasu

and co-workers^ in a coded aperture context. Indeed, the deconvolution

may be regarded as decoding a coded-aperture imago obtained with a

very poorly chosen aperture function. For this reason we can be quite

confident of our calculntional procedure since it has repeatedly given

6

Hodoscopc Tn-Situ Radiography
2



results in excellent agreement with experiment for a variety of coded 

apertures.

The calculation consisted of writing a program to implement the 

Phillips-Twomey algorithm, empirically adjusting y to obtain the 

desiied resolution, and then printing out the resulting filter function. 

Knowing this function, it was then straightforward to compute the noise 

enhancement factor.

The results were dramatic, but hardly surprising to anyone familiar 

with deconvolution problems. It was found that even a five-fold 

improvenifint in re5£l>”-ion (in one dimension onĴ t) degraded the 
signal-to-ncdse ratio by about a factor of 1000. Stated differently, 

the exposure time would have to be increased one million times to 

maintain the same SNi* as before deconvolution. Since the exposure time is

measured in days even before properly accounting for noise magnification, 

thi£ increase is clearly unacceptable. .

At tlie risk of belaboring the obvious, I would like to insert a few 

remarks here about the trade-off between exposure time and resolution 

in a hodoscope. Suppose we impose the constraint that the total number 

Of detectors (and therefore hodoscope channels) is to remain constant, 

but that the resolution is to be increased. This can be accomplished 

by using finer channels and scanning the hodoscope to cover the object, 

field, or by retaining large channels and deconvolving. Since the latter 

approach has already been examined and found wanting, let us briefly 

examine the former.

' It is very easy to show that the exposure time required to maintain 
a constant SNR must be proportional to 5 where 6 is the spatial 

resolution distance. This result, well known in nuclear medicine, assumes



that the resolution in both the x and y directions is changed

proportionately. Obviously the solid angle subtended by a detector is
2proportional to 6 and the total activity in the view of the channcl at

2any instant is proportional to 6 . Furthermore, the number of positions
-2the hodoscope required to cover the object is proportional to 6 

The S ® relationship follows easily from these considerations. Thus 

a five-fold increase in resolution (or decrease in the resolution 

distance 6) in both dimensions requires that the exposure time be 

increased by a factor of (1/5)”  ̂= 5^ = 15,625. As drastic as this 

may seem, it is still far preferable to deconvolution.

Some final comments are in order on the subject of reconstruction 

from projections. The authors rej/ml. their lack of familiarity with 

that field by stating that the exact number of view angles necessary for 

proper reconstruction is not known. In fact, it can be determined 

simple application of the Whittaker-Shannon sampling theorem. They 

state further that the noise properties of various algorithms are not 

understood. In fact, there is a considerable literature on this subject

(see ref. 15 and work cited therein) and the SNR is easily calculated for 

any analytical reconstruction algorithm.

Lack of familiarity with the field would in itself be no great

flaw, but it leads the authors to make rather extravagant claims for 

the method. For example, the notion that good reconstructions can be 

obtained with only two views by appealing to computer accident codes 

really strains the credibility. One always hesitates to say that some

thing cannot be done, but it would be a remarkable accident code indeed 

if it would permit solving 30 equations in 225 unknowns. In that 

coso the code would tell us far more about the configuration than the 

measurement did.
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Conclusions

The only conclusion to these comments is that timriL are no 

conclusions. The Argonne group has not demonstrated cither tha.t 

hodoscope in-situ radiography is feasible or that coded aperture imaging 

.is not feasible; this note has certainly not demonstrated the converse 

in either case. The discussion must go on.
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Second Technical Exchange Meeting 
on

Fuel- and Clad-motion Diagnostics 
for

LMFBR Safety Test Facilities

Saturday, 9 October 1976, Chicago, Illinois, USA 
Continental Plaza Hotel, Buckingham Room, 2nd Floor

Technical Program

Chairperson, A. Millunzi, ERDA 
Program Coordinator, A. De Volpi, ANL

Presentation Discussion
Time, min Time, min

Introduction 15
(ERDA, NRC, ANL)

Diagnostic Requirements (Co-chairperson, T. Hikido)

On-going Experiments 15 15
(C. E. Dickerman, ANL)
Safety Experiment Needs 5 5
(M. G. Stevenson, LASL)
SAREF Program 5 5
(M. A. Grolmes, ANL)
Licensing Needs 5 5
(R. Bari, BNL/NRC)
Summary 10 5
(D. Rose, ANL)

BREAK

Fuel Motion Capabilities: Hodoscopes (Co-chairperson, A. Bowman)

Performance Review 10 15
(G. S. Stanford, ANL)
Improvements in the TREAT Hodoscope 10 10
(C. L.. Fink, ANL)
CABRI 10 10
(M. Kuchle, Karlsruhe)
Material Motion Capabilities 10 10
for SAREF
(A. De Volpi, ANL)

Served Luncheon (Mayfair Room, 3rd Floor)
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Presentation Discussion 
Time, min Time, min

Fuel Motion Capabilities: Coded-apertures (Co-chairperson, M. Kuchle)

.1:45 pm ACPR Upgrade Fuel Motion Detection 15 15
(J. Kelley, Sandia)

2:15 pm Neutron Pinholes 5 5
(C. Berlins, LASL)

2:25 pm Evaluation of Ex-core Imaging 10 15
Apertures for STF 
(E. A. Rhodes, A.\'L)

Fuel Motion Capabilities: X-rays (Co-chairperson, 0. Tretiakoff)

2:50 pm Flash X-ray Cinematography 5 5
(W. Stein, LASL)

3:00 pm Flash X-radiography 5 5
(L. Posey, Sandia)

3:10 pm Coded-source X-radiography 5 5
(J. Kelley, Sandia)

3:20 per, 3REAK

Fuel Mocior. Capabilities: In-core Detectors (Co-chairperson, K. Han)

3:35 pm Development for SLSF 5 5
(A. Cox, ANL)

3:45 ?m In-Core Fuel Motion Detectors 5 5
for Large-Scale Experiments 
(S. Wright, Sandia)

3:53 pm Suanary of Fuel Motion Capabilities 10 5
(A. De Velpi, ANL)

Other Topics (Co-chairperson, J. Powell)

4:10 pn Advances in Clad Blockage Detection 10 5
(C. L. Fink, AM.)

-i:33 Hodoscope In-situ Radiography 10 5
(E. A. Rhodes. ANL)

i:A0 pa STF Simulation with PARKA and 10 10
Application to Diagnostic Instrumentation 
Evaluation 
(J. Orndorff, LASL)

5:00 pm Additional Topics and Discussion (Co-chairperson, R. W. Wright) 30 

5:30 Adjournment

Sponsor: Reactor Development and Demonstration Division, ERDA
Host: Reactor Analysis and Safety Division, AJIL
Arrange-cnts: K. K. Stewavt and J. ?. Regis
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