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Introduction 

On November 11 and 12, 1975, a conference on Reactor Fuel and 

Clad Motion Diagnostics was held in Albuquerque, New Mexico. The meet

ing was sponsored by the U. S. Nuclear Regulatory Commission (NRC) and 

the U. S. Energy Research and Development Administration (ERDA), and 

was hosted by Sandia Laboratories. The purpose of the conference was to 

exchange technical information on needs, capabilities, and current research 

in the field of fuel and clad motion diagnostics for LMFBR safety test 

facilities. 

The conference was attended by representatives from virtually every 

major U. S. laboratory working in the LMFBR field, as well as from pri

vate industry and universities. In addition, representatives were present 

from France, Germany, the United Kingdom, and Japan. 

Twenty-six papers were presented on subjects ranging from experi

mental needs to specific devices. From the "needs" papers it is clear 

that substantial improvements will have to be made in the diagnostics to 

provide the required data for future LMFBR safety tests. 

For the past ten years the fast neutron hodoscope has been the only 

device available for use in fast reactor safety studies. It is currently 

being improved. Some new technologies developed for the medical, weapons, 

and space programs are now being applied to the material motion detection 

problem. They have the potential for providing improved resolution and in 

some cases three dimensional imaging. However, their capabilities must 

be proven in reactor environments under test conditions. Both NRC and 

ERDA are currently funding development programs in these areas. 

Although the meeting addressed needs and capabilities for safety 

test facilities in general, a large vein of interest in the proposed SAfety 

9 
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* Research Experiment Facility (SAREF) permeated the meeting. This was 

reflected in Dave Rose's paper on the SAREF assessment (Section VI) and 

in Charlie Kelber's and Bill Hannum's comments (Sections II and III) which 

concluded the meeting. It was evident at the end of the meeting that as 

work on SAREF and other facilities progresses there will probably be a 

need for additional information exchanges on this subject. 

In conclusion I want to thank Bob Wright of the NRC for his help with 

the technical program and Wilma Salisbury, Don Hosterman, Hank Willis 

and Ann McFarland for their help with the many details of the meeting. 

J. E. Powell 
Progr am Chairman 

~:<At the time of this meeting, November 1975, the term SAREF was used 
to denote a planned single large LMFBR safety test facility. The term 
was so used at this meeting and in these transactions. By July, 1976 
the term SAREF was used to denote a program for the construction of 
several test and support facilities to be used for LMFBR safety research 
in-tlletJ-;-::;~ 



Comments 

C. N. Kelber 
D. S. Nuclear Regulatory Commission 

As we came to this meeting, two facts were evident: 

1. Fuel motion detection yielding high quality data is vital to con

firmation of FBR safety analyses. 

2. Incorporation of fuel motion detection capability into safety test 

facilities makes a profound impact on facility design and func

tion. 

These considerations furnish the impetus for this work and the in

formation exchange. 

Coming away from the meeting I carried these additional thoughts: 

3. There is no universal solvent: 

- coded apertures are good for 3-D viewing over small to inter

mediate volumes, at high intensities; 

- the technical basis for improving the fast neutron hodoscope 

exists, but an analytical prediction of its ultimate capability 

is in dispute; 

- linear electron accelerators have good potential at low inten

sities, but are limited by build-up considerations; 

- totally contained ("in-core") detection remains an outside pos

sibility worthy of further investigation: it may be most useful 

for large proof tests where the motion is expected to be well 

characterized; 

- the provision of two slots to provide 3-D capability is probably 

insufficient in large tests. 

4. There exists a solid analytic and experimental foundation for fur

ther development. Well before the construction is completed of 

11 
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major new facilities it should be possible to specify the modes 

of fuel motion detection. 

Finally, I wish to complement Sandia and Jim Powell for such fine 

assistance in carrying out the fuel motion detection meeting. The meet

ing was successful because of these efforts. 



Comments 

W. H. Hannum 
U. S. Energy Research and Development Administration 

The current subject of fuel and clad motion diagnostics is a very 

timely topic. We appreciate the opportunity to participate in this meeting. 

We would like to approach this topic not as a reactor problem but as an 

experimental technique problem. 

I n fact, there are two different problems we are addressing with the 

subject techniques. The first is basically differential; that is, we need to 

understand the basic mechanisms that would be associated with loss of 

fuel integrity. This requires that we observe detailed and differential (in 

space) motions. The second problem is that, should there be a gross core 

failure, there could be fuel motion. Since the subsequent course of events 

is strongly influenced by reactivity changes, and these in turn could be 

controlled by fuel and clad motions, we need to "observe" gross fuel and 

clad motions as might characterize such situations. Specifically, there is 

good reason to believe that all gross fuel motions following gross failure 

would be dispersive rather than compactive. It would be useful to be able 

to observe such gross motions differentially in time. Both of these 

"observations" would be in the presence of very high background. 

As we begin, it would appear that there is a need for invention here. 

Timing is also important, in that we are actively considering a new facility 

(SAREF) and we need to know what is available. 

Among other things, I will be listening for the following factors in 

the various approaches being discussed: 

A vailabili ty 
Technical feasibility 
Sensitivity to background 
Density, time, space resolution 
R&D required & probability of success 
Cost 
Facility implications 

13 
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The following represents a personal summary of lessons learned at 

the Sandia Conference on Fuel and Clad Motion Diagnostics in LMFBR 

Safety Test Facilities, November 11-12, 1975. 

I divide the fuel and clad motion problem into three basic areas; 

that of sources; means of information extraction and transmission; and 

information recording. 

Sources 

As for sources, one can use internal radiation sources or external 

sources. For internal sources, optical monitoring is, of course, not 

feasible for LMFBR tests. This leaves in practice only gammas and neu

trons. For clad motion, effectively gammas are the only potential source. 

It is in principle possible to use external gammas (x-rays) to radiograph 

test elements during the test, but very high power x-ray sources would be 

required for this. It is judged that very substantial development effort 

would be required to develop multiple pulsing capability in the very large 

accelerators in order to produce satisfactory sources for this. There are 

several approaches for the smaller tests. A linear electronic accelerator 

might be feasible and is reasonably well developed. Concepts costing in 

the $lM to $10M range might be available to provide such a source. For the 

larger tests, the much larger machines corresponding to Sandia's HERMES, 

or LASL's PHERMEX machine, either being upgraded to multiple pulse 

capability, would be required. This, in my judgment, is not feasible for 

SAREF. This judgment is colored somewhat with the fact that the internal 

sources appear to be generally adequate for the sort of information which 

is required. 

The major question is that of sensitivity. The required fuel motions 

appear to be the order of 1 % density change. This is discussed a bit fur

ther below, under the topic of Information Recording. 

Information Extraction 

A§J9rinf9rma.t!QXL ~:x:trac1i9I1, _ thi$ !$_som_eyr)l~t differ~Il:LE-Il<i~2P_~~

ently aligns reasonably directly as to whether one is speaking of neutrons 



or gammas as the source. For neutrons, the concept of the hodoscope or 

something very similar appears to be the only feasible technique. This 

combines collimation and high discrimination bandpass so as to observe 

neutrons in the presence of extremely high gamma background. Develop

ments at Argonne under de Volpe, which are also now being tried by the 

French for CABRI, give good evidence of the feasibility of this approach. 

I f gamma rays are used as the source, there are two alternate 

approaches that are, in principle, available here. One is the matter of 

collimation and the other is that of coded apertures. The apertures, in 

principle, appear feasible for gammas, giving the substantially increased 

information at little increased cost. The only counterforce here is that 

of energy discrimination. With current approaches and techniques, it does 

not appear straightforward to apply energy discrimination to a coded aper

ture type recording. The information density requires essentially contin

uous recording and continuous recorders are not well suited to energy dis

crimination. The significance of energy discrimination is that the gamma 

source from a steel clad is much higher in average energy than that from 

the fuel. Thus, with energy discrimination, it may well be feasible to ob

serve and differentiate between clad motion and fuel motion. 

The basic developments required here are the reduction to practice 

of a coded image gamma type device. This is being pursued as part of the 

RSR Sandia program for ACPR. If it is demonstrable on that scale, it 

should be fairly readily adaptable to existing and proposed devices having 

external beam capability. 

The only supplemental work that appears to be appropriate for con

sideration would be to try to combine energy discrimination with coded 

aperture recording. This can probably wait until a proof-of-principle 

demonstration is accomplished at ACPR. 

Recording 

For information recording, again the hodoscope and the gamma are 

quite separate in terms of the available techniques. For the hodoscope, 

15 
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these are two techniques normally used. One is a Hornack button and the 

other is fission counters. These appear to be generally satisfactory for 

the application. It was suggested at this meeting that dielectric recording 

might be capable of higher sensitivity and better precision than either the 

counters or the Hornack buttons. This would be a low cost development 

and adaption of the hodoscope. Current experimental evidence indicates 

2% density discrimination from a hodoscope which is close to the required 

1 %, but this is viewed by some with a bit of skepticism. Gamma detectors 

with the collimator type device, where one uses a fairly gross mesh record

ing, can be done with counters so as to apply an energy pulse height dis

crimination. In using the coded image type apertures. essentially contin

uous spatial recording is required. To date, all work on this has used a 

converter of gammas to optical light, and then normal optical imaging and 

recording on films. orthicons, etc. 

The counter type recording has a fairly high sensitivity, whereas the 

optical recording techniques to date have been demonstrated to no better 

than 5% density discrimination. This may be a problem in trying to gain 

substantially improved sensitivity. 

Internal Fuel Motion Monitors 

I nternal counters for fuel motion monitoring would perform both the 

extraction and recording functions, and with dramatically reduced config

uration demands. There are three approaches that were discussed. One 

is a fission counter of some sort which has spatial discrimination. such 

as Compton diode. The response of this system, based on preliminary 

experiments at ANL, is very poorly understood leading to substantial un

certainty as to the development potential of this instrument. The second 

type is a diamond detector, which apparently has the sensitivity and back

ground capability, but again will require significant development so as to 

be at a usable point. The third approach is that of using a fission couple. 

This requires rather complex unfolding, in order- to have any time resolu

tion at all. 



Sandia estimates that the development of a usable fission couple 

device would require 4 to 5 years, and a diamond detector type scheme 

much longer than that. The ANL work on this is substantially further 

along (Applied PhySics Division) and is focusing primarily on the Compton 

diode. 

Summary 

I n an overall sense, we can conclude that the neutron hodoscope as 

a complete system is clearly feasible. For smaller tests, it should have 

the appropriate sensitivity. There is some lingering doubt as to whether 

the sensitivity and background discrimination will be adequate but indica

tions are favorable. The cost, except for the facility application, of having 

to have a large slot (or probably several slots) does not appear prohibitive 

and the continuing R&D costs appear again reasonable. The major diffi

culties or shortcomings with this system are some limitation in resolution. 

For larger tests, there remain substantial questions as to sensitivity, and 

no indication of any capability for clad motion diagnostics. 

As for external devices based on gamma rays, the coding imaging 

approach appears quite promising, but is not yet an established capability. 

The potential will be demonstrated in the RSR ACPR program. The sensi

tivity appears to be significantly less than that required. At this point, 

there is in principle the capability of differentiating between clad and fuel 

motion, but that will require considerable further development. 

External gamma devices based on the collimator type principle are 

quite clearly feasible and should be able to distinguish fairly readily be

tween clad and fuel motion but will be significantly limited in sensitivity 

and resolution. 

I see no basis for pursuing solely for our own purposes the develop

ment of external sources for x-raying in situ during tests. These develop

ments may be accomplished on other (weapons) programs. There are also 

questions as to cost scale for test reactor applications. 

17 
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The attractiveness of internal counters in terms of their reduced im

pact on facility must be pursued. All three of the approaches proposed at 

this point are at a preliminary stage and little confidence of final success 

is assured. The development costs at this point also are quite modest. 

A few minor miscellaneous points based on the meeting. With an 

external beam capability, the feasibility of in situ radiography appears to 

be, in principle, straightforward. The direct use of Godiva type thermal 

expansions in existing pulse reactors represents a readily available test 

bed for fuel motion monitors. 

A rather wild idea, but one which appears at least worthy of further 

discussion (from Albrecht from the University of Washington) is the con

cept of coding fuel tests with recoverable microsphere tracers; for exam

ple, small tungsten spheres containing fuel which could be tagged and re

covered, giving a traceability of fuel motion in large disruptive tests. 

All in all, the meeting was quite beneficial and, in my judgment, a 

large number of people, including myself, developed a significantly better 

comprehension of the state of the art relative to fuel and clad motion 

diagnostic techniques. 



Experiment Needs and Measurement Requirements 

by 

J. F. Marchaterre 

Reactor Analysis and Safety Division 
Argonne National Laboratory 

9700 South Cass Avenue 
Argonne, Illinois 60439 

':< 

My discussion of experiment needs and measurement requirements 

focuses on in-pile testing needs associated with core-disruptive accidents 

or potential initiators of core-disruptive accidents. This is true by defini

tion since if we are interested in measuring fuel motion we are studying 

core-disruptive phenomena or a potential initiator of core disruption. It 

should be kept in mind, however, that fast reactor safety includes much 

more than the study of core-disruptive phenomena and that the solution to 

fast reactor safety problems requires more than in-pile tests. A com

plete discussion of safety research needs is beyond the scope of this paper, 

but it should be noted that extensive analysis and out-of-pile testing is also 

required. 

The key safety issues which we have identified are as follows: 

(Figure 1) 

(1) Protection Against and Propagation of Local Faults -- This 

means that a combination of design features and understanding of phe

nomena must be shown to preclude single-subassembly faults (i. e., block

ages, failure propagation) as whole-core initiators to an acceptably low 

level of probability. 

(2) Establish that there are No Autocatalytic Effects in the Initiating 

Phase of Accidents - - Our studies of FFTF and CRBR have led to the con-

elusion that in a reactor with a small or negative sodium void coefficient 

This work supported by the U. S. Energy Research & Development 
Administra tion 
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the most likely course of a whole-core loss-of-flow accident with failure 

to scram is a gradual core meltdown with no energetic burst. 

This same conclusion would be true for a large reactor in which the 

large positive sodium void coefficient had been designed out. The same 

conclusion may not be true for a reactor with a large positive sodium 

void coefficient where combined fuel and coolant motion could lead to 

large reactivity insertions. Even if the sodium void coefficient is made 

small or negative we must still establish that there are no combined effects 

which could lead to large reactivity insertion rates. 

I t should be noted that the fact that there are some accident paths 

(i. e., transient overpower accidents with failure to scram) which lead to 

early termination does not change the conclusion that the important issue 

is to show that there are no mechanisms for changing a mild initiator to a 

severe excursion. 

(3) Accident Energetics and Recriticality -- If we assume that the 

answer to (2) above is that a gradual meltdown is the most probable course 

of an unprotected accident (or the dominate path that must be considered) 

then the next key issues are to show that no recriticalities can occur and 

lead to severe excursions and that the large amount of molten fuel involved 

in a whole- core meltdown cannot interact rapidly with sodium (vapor ex

plosion). It is our current belief that dispersive mechanisms will prevent 

any energetic recriticalities and that true vapor explosions cannot occur 

between U02 and sodium. 

(4) Radiological Consequences and Postaccident Heat Removal -

The central issue, of course, in LMFBR safety is assuring that the radio

logical consequences of any accident are acceptable. This means assuring 

that the melted core does not lead to breaching the containment and eval

uating the adequacy of the containment or confinement systems following 

various postulated accidents. 

The -accident scenarios andexperiment-neeEls derived from them must 

always be considered in terms of these key issues. In determining experi

ment needs we have considered three scenarios as representative. They 



are (1) fuel failure propagation, (2) transient overpower accidents, and 

(3) loss-of-flow accidents. (Figures 2, 3, and 4) 

Fuel Failure Propagation (Figure 5) 

The primary objective of studies of fuel failure propagation is to pro

vide reactor designers and reactor operators with the information needed 

to make the most reasonable design choices to minimize the potential for 

failure propagation in LMFBRs. For convenience, failure propagation 

studies can be divided into two areas: pin-to-pin and subassembly-to

subassembly phenomena. Fuel pin failures during normal reactor oper

ation and off-normal transients may occur both randomly and coherently. 

Pin-to-pin failure propagation studies are concerned with the potential of 

these failures propagating to make continued operation unsafe, or gross 

subassembly failure imminent. Subassembly failure propagation studies 

are concerned with assessing the probability of a gross subassembly fail

ure propagating to adjacent subassembly and ultimately to a whole-core 

accident. 

Current studies have shown that rapid fuel pin failure propagation is 

unlikely and that longer term effects can be investigated in existing or 

planned facilities. Current studies are also showing that rapid subassembly

to-subassembly failure propagation from any credible local fault initiator 

can be demonstrated to be very small, but an evaluation of the consequences 

is necessary in order to establish: 

(a) That if these potential local faults do occur, they can be detected 

and the reactor shut down in a timely manner. 

(b) If these local faults are undetected, the effects can be confined 

to a single subassembly. 

(c) If unprotected subassembly-to-subassembly failure propagation 

does occur, the inherent shutdown mechanisms (e. g., fuel dispersion) 

and/ or design modifications will limit the event to consequences which are 

within the "whole-core" accident envelope. 

21 
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The confinement of malfunctions and their effects to a single sub

assembly is an important line of assurance for LMFBR safety. If it can 

be shown that local faults do not propagate beyond the confines of a single 

subassembly, public safety is not endangered. 

The implications for LMFBR design and licensing are: 

( 1) Establishing what protection systems against local malfunctions 

are required, e. g., subassembly instrumentation. 

(2) Enabling the consequences of the accident to be determined for 

risk assessment. 

Core-Disruptive Accidents 

The course of an LMFBR whole-core disruptive accident is, in gen

eral, controlled by reactivity effects. In turn, the reactivity history de

pends on a number of interrelated phenomena and, most importantly, those 

involving core material displacement. In a large LMFBR, sodium voiding 

can add sufficient reactivity to lead to a rapid power excursion. A fast 

reactor also is very sensitive to fuel motion, and compactive motion can 

also produce an excursion. In situations in which the reactor protective 

system is assumed not to be effective, some form of dispersive fuel motion 

(reactor disassembly) is required to provide sufficient negative reactivity to 

terminate a given accident sequence. 

The whole- core accidents usually considered in evaluating the safety 

of LMFBRs can be classified in two broad categories: (1) transient under

cooling (usually loss-of-flow) without scram accidents, and (2) reactivity

insertion (or transient overpower) without scram accidents. These acci

dents can be further subdivided into an initiating phase and a core-disruptive 

phase. The accident can either terminate at the end of the initiating phase 

with a largely intact core, or proceed into complete core disruption either 

by gradual melting of the whole core or by a severe prompt-critical excur

sion which directly disassembles the core. An unprotected loss-of-cooling 

aee-ident -e-an-i-tse-l-f-1e-ad-pote-ntia1-l.y--tQ-the-addition- of significanLamounts..of 

reactivity. However, during the initial stages, important differences exist 



between loss-of-cooling and reactivity-insertion accidents.. One basic dif

ference lies in the temporal sequence in which the temperatures of the fuel 

and cladding rise. In the case of a reactivity-insertion accident, it is the 

fuel temperature that rises first. 

Transient Overpower Accidents (Figure 6) 

I nasmuch as coolant temperatures rise relatively slowly in a tran

sient overpower accident, considerable fuel melting can occur before 

sodium voiding and, at some point, fuel-pin failures (cladding ruptures in 

the core region) can occur. The reactor protection system should be de

signed to prevent fuel failures for anticipated transients. After fuel-pin 

failure, rapid sodium expulsion from the coolant channels potentially can 

be induced because of the ejection of molten fuel and fission-product gas 

(for irradiated fuel) from the fuel pins. Particularly in large LMFBRs, 

sodium voiding can lead to rapid reactivity insertions. However, the ex

pulsion of fuel from the reactor core region through sweepout by sodium 

vapor and liquid or through expansion of the fission gas-fuel mixture, can 

counteract with negative reactivities and tend to terminate the excursion. 

If this is not effective, the sodium void reactivity, in combination with the 

initiating reactivity, possibly can lead to a prompt-critical excursion with 

a resultant core disassembly due to high fuel vapor pressures. The inter

play between the positive and negative reactivity effects is complex and 

depends on the fuel-pin failure times, locations and modes, and on the 

magnitudes of the fuel and sodium reactivity worths. 

The key problems in the initiating phase of transient overpower 

accidents that require in-pile testing are: 

(1) An understanding of transient fuel performance and fuel failure 

thresholds to determine operating design margin. 

(2) The nature and location of fuel pin failures. 

(3) The rate and direction of fuel and coolant movements following 

fuel pin failure. 
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(4) The characteristics of extended motion of fuel, including any 

freezing or plugging and ultimate coolability of the core, if the initiating 

phase of the accident does not lead directly to a mechanical disassembly. 

The implications of these key problems in the design and licensing 

of LMFBRs are the following: 

(1) A knowledge of transient fuel performance and fuel failure 

thresholds is necessary to set operating limits for LMFBR cores, and 

thus directly affects reactor performance. 

(2) An ability to predict the nature and location of fuel pin failures, 

the rate and direction of fuel and coolant movements following pin failures 

are essential to analyze transient overpower accidents. In large reactors 

with a large sodium void coefficient this may be the bounding accident 

which sets the structural design basis of the plant. 

Loss-of- Flow Accidents (Figure 7) 

Whole-core loss-of-flow accidents potentially can be initiated in 

several ways. However, the initiating event usually considered is that 

of loss of off-site power with a resultant coastdown of all pumps and with 

an assumed failure of the protection system. In such a flow coastdown 

without scram accident, the first substantial temperature increase occurs 

in the coolant and the cladding. If no protective action is taken, this leads 

to sodium boiling near the top of the core. After sodium boiling and ejec

tion from an assembly, a thin liquid film remains on the fuel pin, but the 

film dries quickly. Following this sodium-film dryout. essentially no heat 

transfer occurs from the fuel. This fuel temperature increases rapidly 

while simultaneously the temperature distribution within each pin tends to 

become flat. In the meantime, the cladding melts and can be followed by 

fuel melting and slumping, which may add significant amounts of reactivity 

and lead to a prompt-critical excursion, or by fuel dispersal which will 

rapidly reduce power. 

For a small LMFBR, the reactor power may remain fairly low during 

the voiding phase of a flow-coastdown accident, and, as noted above, fuel 



temperatures may increase little until after the cladding melts. However, 

for larger reactors, the larger positive sodium-void worths can lead to 

fairly rapid increases in power because of sodium voiding in the hotter. 

assemblies. For the large portion of the core that remains unvoided, the 

accident appears much like a reactivity-insertion accident, and fuel melt

ing with consequent fuel failures may occur before sodium voiding in the 

unvoided channels. Again, the interplay of reactivity effects will strongly 

determine the detailed sequence of events. 

The key problems in the initiating phase of a loss-of-flow accident 

that require in-pile testing are: 

(1) The rates of sodium voiding and clad movement in the first 

assemblies to boil. 

(2) The rate and direction of early fuel movements in the first 

assemblies to melt and specifically whether clad and fission gases can 

cause early fuel dispersal. 

(3) The rate and direction of fuel and coolant movements in unvoided 

channels. 

(4) The nature and extent of any cladding or fuel plugs which would 

inhibit fuel dispersal. 

The implications of these key problems in the design and licensing of 

LMFBRs are the following: 

( 1) An ability to predict the consequences of this accident will prob

ably be a necessity for licensing LMFBRs, and may set the structural de

sign basis for the plant. 

(2) If a large sodium void coefficient in large LMFBRs causes 

adverse fuel and coolant movements in the unvoided channels, then core 

design will be affected (i. e., spoiled geometries). 

Transition Phase and Disassembly (Figures 8, 9, and 10) 

For both loss-of-flow and transient overpower accidents, the initial 

motion of core material may result in a neutronic shutdown. If stable 

cooling of the partially disrupted core can be established at that point, 
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then the accident would be terminated prior to gross core disruption. If 

not, the accident will proceed to either a complete and rapid disassembly 

of the core, if reactivity-insertion magnitudes and rates are high, or to a 

more gradual meltdown. 

In recent years, as the methods used to analyze whole-core disrup

tive accidents have become more detailed, the initial excursions have 

been shown to be milder than anticipated. The net result of this is that 

the accident sequence tends to proceed into a gradual meltdown of the core, 

instead of ending in an early disassembly excursion. This does not mean 

that a disassembly excursion cannot be induced at some point in the acci

dent, but merely that it is less likely in the initial phase. This is partic

ularly true for smaller reactors in which sodium voiding reactivity is not 

dominating. 

As the subassemblies successively progress through the stage of 

coolant voiding and melting, the pressures generated may be too low to 

cause a massive dispersal of molten fuel from the core region. The sub

assembly duct walls are quickly melted and growing regions of molten 

fuel and steel begin to form in the hottest portions of the core. This stage 

of the accident can be accompanied by a number of mild excursions induced 

by continued fuel motion in other parts of the core, or possibly by the re

entry of fuel that was temporarily dispersed by mild pressurizations. This 

state of the accident has been termed the "transition phase. " 

Once an accident has entered the transition phase, it appears likely 

to proceed into whole-core involvement. Thus, ensuring an end to the 

neutronics events requires attainment of a subcritical configuration through 

the permanent dispersal of a large fraction of the core. This dispersal can 

result either from an energetic excursion ending in a classical disassembly, 

or from more gradual mechanisms such as boil-out and melt-out. It is 

currently believed that the most likely termination of a core-disruptive 

accident of this type is a gradual fuel ejection. 



A common point to all fast reactor whole-core accident scenarios in 

which loss of active shutdown devices is assumed is that irreversible dis

persive fuel motion must occur in order to provide permanent neutronic 

shutdown. Thus, without regard to initiating events, three generalized 

accident scenarios involving somewhat different fuel dispersion processes 

can be identified, although these may overlap. 

( 1) Situations in which small amounts of fuel can be removed per

manently through hydraulic forces or mild internal pressurization from 

fission products, cladding vapor, and/or fuel vapor. Subassembly geom

etries could be retained and in-place cooling maintained or established under 

low fission power or decay heat conditions. 

(2) Situations similar to (1) above, but in which either permanent 

fuel removal or in-place cooling are not maintained or established early 

in the accident sequence and which proceed to the "transition" phase in

volving a gradual loss of subassembly geometry. Fuel removal and neu

tronic shutdown would occur either through a series of mild pressurization 

events or through gradual melt-out and boil-out processes. 

(3) Situations in which gross fuel removal occurs due to a general 

"mechanical" disassembly. In this case, sufficient internal pressuriza

tion is implied such that the core is well dispersed. The damage conse

quences from this type of event can vary significantly depending on whether 

the pressurization that causes the disassembly is by fuel vapor pressure 

or gaseous fission products. 

During and following the events leading to termination of the accident, 

the thermal energy generated and stored in core materials can be converted 

to work energy. Work can come from either the expansion of the core 

materials or the interaction of these materials with the sodium coolant. 

Once the energy partition is established, the response of the system can 

be determined. After the work energy is released and imparted to the 

system structure and containment, the whole-core disruptive accident 

enters its final phase involving long-term decay heat removal from the 
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fuel. The final disposition of core materials and the measures required 

to assure cooling of the core debris are, of course, dependent on the re

actor size and design. 

The key problems in the transition phase and disassembly of the core

disruptive whole-core accident which require in-pile tests are: 

( 1) The nature of extended motion of core materials following a non

energetic meltdown. It is currently believed these are dispersive and 

would essentially preclude severe secondary criticalities. 

(2) In cases where an accident proceeds to disassembly with sodium 

in the core, the rate of transfer of heat from the fuel to sodium must be 

established. 

(3) Whether fission gases can exert pressures to disassemble the 

core at low fuel temperatures must be established. 

(4) The ultimate coolability and containment of core debris. 

The implications for design and licensing of these key problems 

are the following: 

( 1) Demonstration of the dispersive nature of a disrupted core 

which would preclude secondary criticalities would eliminate one of the 

major accident issues for LMFBRs, allowing the structural design basis 

for the reactor to be set by considerations of the initiating accident. 

(2) If fission gases can exert pressures to disassemble at low core 

temperatures, accident energetics are correspondingly reduced, thus re

ducing design requirements for containing the accident. 

(3) It is our current belief that heat transfer from fuel to sodium 

cannot occur on a rapid enough time scale to significantly add to the damage 

potential from an excursion. Verification of this for sodium in excursions 

is required. 

(4) Ultimate coolability of disrupted core materials must be shown. 

How this ultimate coolability is achieved will vary with reactor design but 

requires at least small-scale demonstration tests. 



Fuel Motion Measurement Requirements (Figures 11-17) 

Other papers at this conference will address in more detail fuel and 

clad motion measurement requirements but the following examples illus

trate the approach we have used in setting requirements for SAREF. Three 

accident calculations which were carried out for CRBR were examined to 

establish the calculated rate of change of fuel density. From these require

ments for measuring fuel density changes and time resolution were deter

mined. 

The three accidents which were examined were a transient under

cooling, transient overpower, and a core disassembly (from ANL/RAS 

75-29). Examination of the fuel motion calculated in these accidents indi

cated that the rate of density change for both the transient undercooling 

and transient overpower accidents was approximately O. 02 gm/ cm 
3 
/msec, 

and that 5 msec would be an acceptable resolution time. The rate of den-
3 

sity change for the core disassembly accident was 0.12 gm/cm /msec and 

a time resolution of O. 5 msec would be required. 
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KEY SAFETY ISSUES 

In terms of the need for the measurement of fuel and clad 

motion, they are focused on phenomena of importance in 

the analysis of core-disruptive accidents. 

Protection against and propagation of local faults. 

Possible autocatalytic effects in initiating phase. 

Transition phase behavior - recriticality - disassembly. 

Figure 1 



SEQUENCE OF EVENTS - FUEL FAILURE PROPAGATION 

Pin-to-Pin Failure 
Propagation 

Subassembly Inlet 
1. Defective Cladding 

Blockage 2. Local Blockages 
3. Enrichment Errors 

Reduction of Overall 
Subassembly Flow 

+ 
Subassembly Voiding 

_t 
Subassembly Meltdown 

t 
Subassembly-to-Subassembly 

Propagation 

+ 
Whole- Core Accident 

Figure 2 
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Fuel Sweepout 
Accident Termination 
With In-Place Cooling 

Reactivity 
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Assumed Loss 
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,. 
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-
Transition to 
Gross Core 
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Figure 3 
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FUEL FAILURE PROPAGATION 

Key Issues 

(1) Pin-to-pin failure propagation 

(2) Effects of meltdown of an LMFBR subassembly 

Design Implications 

(1) Protection system requirements 

(2) Consequences of accident for risk assessment, 
i. e., is it a whole-core initiator 

Fuel and Clad Motion Implications 

(1) Clad motion important in blockage formation 

(2) Fuel motion may determine heat load on 
adjacent fuel assemblies 

Figure 5 



TRANSIENT OVERPOWER ACCIDENTS 

Key Issues 

(1) Transient fuel performance and fuel failure 
thresholds 

(2) Nature and location of fuel pin failures 

(3) Rate and direction of fuel and coolant movements 
following fuel pin failure 

(4) Extended motion of fuel materials 

Design Implications 

(1) Operating limits 

(2) Structural design basis for reactor 

(3) Core design 

Fuel and Clad Motion Implications 

(1) Clad motion probably not important 

(2) Fuel motion determines whether early termination 
is possible 

Figure 6 
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LOSS-OF-FLOW ACCIDENTS 

Key Issues 

(1) Rates of sodium voiding and clad movement 

(2) Rate and direction of early fuel movements 

(3) Rate and direction of fuel and coolant 
movements in unvoided channels 

(4) Nature and extent on any cladding or fuel plugs 

Design Implications 

(1) Structural design basis for reactor 

(2) Core design 

Fuel and Clad Motion Implications 

(1) Clad motion important both because of its role 
in blockage formation and its reactivity effects 

(2) Fuel motion determines course of accident 

Figure 7 
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TRANSITION PHASE AND CORE DISRUPTION 

Key Issues 

(1) Nature of extended motion of core materials 
following a nonenergetic meltdown 

(2) For sodium in disassembly, the rate of heat 
transfer from fuel to sodium must be estab
lished 

(3) Whether fission gases can exert pressures to 
disassemble the core at low fuel temperatures 
must be established 

(4) The ultimate coolability and containment of 
core debris must be shown 

Figure 8 

37 



38 

TRANSITION PHASE AND CORE DISRUPTION 

Design Implications 

( 1) Demonstration of the dispersive nature of a disrupted 
core which would preclude secondary criticalities 
would eliminate one of the major accident issues for 
LMFBRs, allowing the structural design basis for the 
reactor to be set by considerations of the initiating 
accident. 

(2) If fission gases can exert pressures to disassemble 
at low core temperatures, accident energetics are 
correspondingly reduced, thus reducing design re
quirements for containing the accident. 

(3) It is our current belief that heat transfer from fuel 
to sodium cannot occur on a rapid enough time scale 
to significantly add to the damage potential from an 
excursion. Verification of this for sodium in excur
sions is required. 

(4) Ultimate coolability of disrupted core materials must 
be shown. How this ultimate coolability is achieved 
will vary with reactor design but require at least 
small- scale demonstration tests. 

Figure 9 



FUEL AND CLAD MOTION IMPLICATIONS 

( 1) Clad motion is of interest but steel is probably 
dispersed in fuel 

(2) Extended motion of core materials determines 
ultimate dispersal 

(3) Small scale, short-time scale fuel motion is of 
importance in disassembly phenomena 

Figure 10 
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ACCIDENTS CHOSEN TO SET REQUIREMENTS 

Transient Undercooling 

Transient Overpower 

Core Disassembly 

Figure 11 
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TRANSIENT UNDERCcx)LING 

First Event 

Rate of density change per msec is approximately 
3 

0.02g/cm /msec 

Event lasted 40 msec 

5 msec is an acceptable resolution time 

Figure 15 



TRANSIENT OVERPO WER 

Average absolute difference between total fuel 

distributions is approximately O. 4gj cm 
3

. Time 

difference is 20 msec 

Rate of density change is again O. 02gj cm 3jmsec 

Figure 16 
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CORE DISASSEMBLY 

Rate of fuel density change found from VENUS 

calculations to be O. 12g/ cm 
3 
/msec 

Time resolution of O. 5 msec required 

Figure 17 



Fast Reactor Safety Experiment Needs 
and Measurement Requirements* 

by 

M. G. Stevenson 

Reactor Safety and Technology Division 
Los Alamos Scientific Laboratory 

University of California 
Los Alamos, New Mexico 87545 

The usefulness of in-reactor safety experiments depends strongly on 

the quality and quantity of data which can be obtained to extend our know

ledge of phenomena and to allow detailed comparison with theoretical 

models. It is imperative that the design of new safety research facilities 

optimizes data acquisition possibilities within the constraints of other ex

periment requirements. This is most important in relation to fuel and 

cladding motion diagnostics. 

I n the analysis of postulated LMFBR core disruptive accidents (CDA), 

there are five key considerations or questions, as listed in Figure 1, each 

of which is related to an accident phase or to the threshold between major 

accident phases. Each of these also defines an analysis area and the type 

of analytical techniques used for that area. For situations in which fuel 

pins and subassembly cans are intact, computational methods are relatively 

straightforward. Detailed analysis is not only feasible, but also can be 

well verified. Beyond fuel pin failure, both analysis and related experi

ments become more difficult. 

It is generally assumed in CDA analysis that some potentially dis

ruptive accident has been initiated, and that the normal reactor scram is 

unavailable. Therefore, neutronic shutdown processes involving substantial 

Work performed under the auspices of the United States Energy Research 
and Development Administration and the Nuclear Regulatory Commission. 
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fuel removal and dispersal from the core region are necessary so that 

further fission energy generation does not occur. Fuel removal could 

occur either through a relatively brief and energetic disassembly process 

or through the more gradual boilout and dispersal typical of transition 

phase behavior.! In any case, the sequence leading to neutronic shutdown 

is important in defining accident energetics and the final energy state of the 

core materials. 

Primary system integrity is obviously a critical question, since if it 

is maintained indefinitely no substantial hazard to the public can occur. 

The energetics of the neutronic shutdown processes and of any subsequent 

interactions between molten core materials and liquid sodium determine 

whether the primary system integrity is in immediate jeopardy due to 

mechanical damage. A subsequent question is whether molten core mate

rials and solid debris can be cooled and/ or retained, if not in the primary 

system, then in a configuration that does not lead to an unacceptable re

lease of radioactive material to the environment. 

It is the final consideration that determines the ultimate severity of 

the accident. Obviously, radioactive material transport occurs throughout 

the disruptive accident sequence and must be analyzed sufficiently to deter

mine its disposition and any leakage through barriers (fuel pin, primary 

system boundary, final confinement system boundary) if loss of barrier 

integrity occurs. 

I n the analysis of disruptive accidents, technical problems can be 

defined in four major areas as shown in Figure 2. Similar sets of in

reactor experiment types are shown in Figure 3. These analysis areas 

and the related experiments are bound closely together and must be directed 

towards answering the key questions discussed above. 

Before discussing experiment information needs, it is prudent to look 

for a moment at some current developments in analysis methods. To be 

successful, new methods must be based on and verified thoroughly by ex

perimental information. As an example, the SIMMER code,2 being developed 



at the Los Alamos Scientific Laboratory, is a complex two-dimensional 

coupled neutronics-hydrodynamics code. It is intended primarily for the 

analysis of core disassembly and extended fuel motion but also offers the 

capability of analyzing transition phase sequences as well. Further, the 

methods used in SIMMER may be applicable to the analysis of phenomena 

related to postaccident heat removal. 

As shown in Figure 4, the SIMMER code uses, as a framework, a 

fixed Eulerian grid for the two-dimensional coupled neutronics-hydrodynam

ics calculation. Within each grid mesh, considerable modeling detail is 

allowed through the use of a two-field calculational technique
3 

treating liquid 

and vapor flow with separate conservation equations and, in addition, a 

pseudo-field
4 

which allows the inclusion of structural elements (intact fuel 

pins, cladding and wire wraps, and subassembly can walls). Subassembly 

can walls, if intact, restrict radial motion between cells. In this way, the 

methodology can encompass a multichannel treatment as in initiating phase 

codes. 

The modeling framework allows, in principle, the inclusion of thermal 

and mechanical interactions between any phase (solid, liquid, or vapor) of 

any component (sodium, steel, fuel) and another phase of the same com

ponent or any phase of another component. This is indicated in Figure 4 

by the arrows. The liquid phase is represented by dispersed droplets and 

is in a continuous vapor field which is a mixture of the three component 

vapors. 

Achieving experimental verification of a code of this complexity will 

be difficult. A reasonable procedure is to develop and verify the detailed 

modeling as much as possible through laboratory experiments using simu

lant materials. This can be followed by proof-testing using the reactor 

materials in in-reactor experiments. Although this is an involved process, 

it could be simpler than with a less complex code since there are less re-

1 strictive assumptions. Further, a more detailed code allows a greater 

capability to extrapolate from one experiment to another and, finally, to 

reactor conditions. 
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I n any case, verification of analysis methods requires in-pile ex

periments, since fission heating is the best, if not only, way to achieve 

proper thermal conditions using actual reactor materials in a reasonable

sized experiment. Further, the usefulness of the experiments depends on 

the quality of the data obtained. Since the final check on the analysis 

validity is with material motions, the monitoring of these motions, i. e. , 

"visual ll data, is essential. 

The next figures delineate what we believe are good targets for 

fuel motion monitoring resolutions in various experiments. Figures 5 

and 6 note single-pin behavior. In these experiments we wish to investi

gate the transition from pin geometry to either an early shutdown and 

cooled configuration or to a disrupted subassembly situation. Of particu

lar interest is detailed fuel motion near the time of fuel pin failure. We 

wish to resolve fuel motion to the extent that initial expulsion into the cool

ant channels and motion inside the fuel pin can be determined. This leads 

to a desired radial resolution of about 1 mm. In a rapid TOP-FeI we need 

to know the spread in fuel failure times and this leads to a time resolution 

of 1 ms. Time resolutions for slower transients probably do not need to 

be shorter than 10 ms unless detailed resolution of the ejection process 

cannot be achieved through out-of-pile experiments. 

I n larger experiments, the spatial fuel density resolution require

ments are much less stringent since we are no longer interested in single

pin detail but in gross fuel and steel motion. Figures 7 and 8 indicate the 

kind of information needed for resolution 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. Figure 9 

provides a rationale for the order of magnitude of desired resolution. If 



we look at an FTR-sized subassembly, as shown in Figure 10, we can 

envision that with overcooling of the outer two pin rows and possibly with 

a power gradient across the subassembly, we might wish to resolve fuel 

motion down to groups of about 20 - 40 pins. 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 fuel worth gradient we get a resolution of . 1 - .2¢/ 

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 motion data with a density resolution as noted, and if these agree with 

numerical models, then the reactivity history for the accident shall be 

accurate within a few cents provided that the neutronics calculations are 

accurate also. 

Figure 11 indicates that the resolution for multi-subassembly experi

ments 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 subassemblies 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 

necessary part of the program, however, since it is required for the 

development and verification of models sufficiently detailed to permit extra

polation to the reactor accident conditions. 
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KEY CONSIDERATIONS 

Pin and subassembly can integrity 

Permanent neutronic shutdown 

Primary system integrity 

Core material retention and cooling 

Radioactive material transport and release 

Figure 1 
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ACCIDENT ANALYSIS 

Initiating Phase 

Fuel behavior and pin failure 

Sodium boiling 

I nitial cladding and fuel motion 

Transition Phase 

Subassembly disruption 

Fuel/ steel expulsion, plugging, reentry 

Thermal interactions 

Accident Energetics and Consequences 

Neutronics/material motion coupling 

Energy/work conversions 

System damage 

Material transport and release 

Post Accident Heat Removal 

Figure 2 



REACTOR EXPERIMENTS 

Small Bundle 

Fuel pin failure 

I nitial cladding and fuel motion 

Fuel/ steel/ sodium phenomenological behavior 

Subassembly 

Extended dispersive fuel/ steel motion 

Rapid fuel/ steel expulsion 

Fuel/ steel reentry 

Subassembly disruption 

Accident sequences 

Multiple Subassembly 

Transition phase dynamics 

Large- scale energetics 

Neutronics/material. motion coupling 

Fission product transport 

Material retention and cooling 

Accident sequences 

Figure 3 
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Fuel 

Typical Mesh Cell 

Cladding 

Vapor 
Mixture 

Subassembly 
Can 

• .. Arrows represent possible mass, 
energy, and momentum couplings. 

Core 
Region 

Eulerian Grid for 
Neutronics and Hydrodynamics 

z 

Subassembly 
Channel 

Reflector 
Region 

Figure 4. Typical SIMMER Calculation 



SMALL BUNDLE EXPERIMENTS 

Experiment 

Pin failure and fuel motion (TOP) 

Key Questions 

Loss of pin integrity 

Neutronic shutdown process 

Post shutdown cooling 

Phenomena of Interest 

Pin failure time, location, and mode 

I nternal fuel motion 

Fuel expulsion and motion in channel 

Fuel sweep out, plugging, reentry 

Coolability 

Visual Data Requirements 

1 mm Radial 

10 mm Axial 

10-50 ms Time 

Figure 5 
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SMALL BUNDLE EXPERIMENTS 

Experiment 

Rapid TOP FCI 

Key Questions 

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 

Figure 6 



SUBASSEMBLY EXPERIMENTS 

Experiment 

Fuel/ steel motion during LOF- induced TOP 

Key Questions 

Neutronic shutdown process 

Subassembly failure threshold 

Post- shutdown cooling 

Phenomena of Interest 

Pin failure conditions 

Fuel/ steel expulsion, plugging, removal 

Fuel/ steel reentry dynamics 

Can failure 

Melting attack 

Visual Data Requirements 

100-1000 g-cm Axial 

10-100 g-cm Radial 

10 ms Time 

Figure 7 
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SUBASSEMBLY EXPERIMENTS 

Experiment 

Fuel/ steel boilup 

Primary Objective 

Neutronic shutdown process 

Subassembly failure threshold 

Post- shutdown cooling 

Phenomena of Interest 

I nitiation 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 

Figure 8 



SUBASSEMBLY SCALE VISUAL RESOLUTION 

Consider FTR-size subassembly (9 rows, 217 pins) 

Might have groups of 20-40 pins behaving coherently 

Suppose we wish to detect axial fuel motion of 10% of fuel 
in 10 cm of length in 20 pins 

This gives about 400 g-cm of fuel motion 
(2 g/em/pin x 20 pin x 10 cm x. 1 x 10 em) 

This translates to . 1 - . 2¢/ subassembly or of the order of 
a few cents in the accident progression 

Figure 9 
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Max density 

3 
Fuel p = 10 gm/ cm 
Na p = 1 gm/cm3 

Neglect clad 
0.63 cm dia. rods 
217 pins 
0.75 cm pitch 

Min density 
(Na only) 

very small angle 

Figure 10. Arrangement of a 217 pin subassembly 
showing fuel and sodium areal densities. 



MULTI-SUBASSEMBLY EXPERIMENTS 

Experiment 

Transition to Molten Region 

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 

Figure 11 
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Methods Used and Kind of Results Obtained 
in SCARABEE Facility About Fuel 

and Clad Motion Diagnostics 

Previsional Development 
for SCARABEE Nand CABRI Facilities 

J. B3rdy 
G. lVlanent 

by 

L. Roche 
A. Tattegrain 

Department de Surete Nucleaire 
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I - INTRODUCTION 

Since 1971, the Division of Nuclear Safety have performed an ex

perimental program on L M F B R loss of flow studies using first 

single pin, then seven pin bundle tests. This program, called 

Scarabee, was completed in July 1974. 

Now two further projects are in progress. They will begin operating 

in the beginning of 1977 and their objectives are: 

SCARABEE N to continue the former program with irradiated fuel 

and increasing bundle size (up to a maximum of 37 pins). A study of 

the feasability of an experiment on the P. A. H. R. is just starting up. 

CABRI the study of transient over power (following or not a loss of 

flow), with a single pin device first with fresh then with irradiated 

fuel. 

In this paper, we have in view: 

- first to present the techniques used for the previous Scarabee pro

gram to point out the fuel and clad motions. This presentation will 

be illustrated by pictures giving some results obtained with seven 

pin bundles. 

- second to present the methods we think appropriate for the ex

periments in the new facilities, taking into account their objectives 

and emphases. 



II - MEA NS USED FOR SCARABEE PROGRAM 

The Scarabee facility has been installed in an existing building. It 

was not possible to carry out extensive modifications such as for ex

ample, the installation of an hodoscope. 

It has been necessary to use less sophisticated methods. You can 

see, on the following table, the methods used and the associated re

sults obtained (Table 1). 

The techniques are not new, but we have obtained interesting results 

using the following methods: 

- The most important part of the work was to perform experiments 

one after the other, increasing each time test condition severity or 

inserting only one new condition 

With this method, we can fix the fuel state after tests of increasing 

severity and try to understand the fuel movements. 

- The neutron radiographs and the gamma scanning are performed 

in the test reactor building itself with a minimum of handling, the 

stringer remaining in the vertical position. 

- Two gamma scannings have been done, before and after the trans

port between the test reactor building and the hot cells where the 

macrographic sections are done. 
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TABLE 1 

Method Kind of Results 

Neutron radiography - length of the fissile column 

- qualitative axial distribution 
of fuel and clad 

Gamma Scanning - length of the fissile column 
(Na I detector) 

- quantitative axial distribu-
tion of fuel 

Macrographs - radial distribution of fuel 
Autoradiographs and clad on some points 

- granulometry 

- temperature of fuel amount 
of molten fuel 

Power trace of time detection of fast 
driver core molten fuel movements 

Thermocouples time detection of molten 
in sodium or material movement 
in the external wall 
of an experimental 
channel 
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III - RESULTS 

III. 1 - Single pin tests. 

We have on~y seen large fuel displacements on one single pin stringer 

(Scarabee 17). 

In this test the clad failure was obtained with the following conditions: 

- linear power 

- internal pressure 

- outlet sodium temperature 

~ 1 400 w/cm 

90 bars 

850 0 C 

The Rod Drop was initiated 2. 8 sec after the clad failure. 

You can see the state of the fuel after this test in the upper part of 

the test section in the Fig. 1. We have no information on the dynamics 

of the phenomena. 

III. 2 - Seven pin tests. 

In these tests we have tried to obtain information about fuel and clad 

motion during loss of flow. We have performed the tests in various 

conditions as given in Table 2. 

The postmortem examination has given the following information: 

Test 7. 1 - Fig. 2 and Fig. 3 

In this test, no fuel melting occurred, the clads have melted and the 

material is located in the inner part of the bundle in a kind of crucible 
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shape about 2 cm high and against the Niobium containment above 

this crucible. 

TABLE 2 

Power When 
Number State Clad Failure 
of Test of Fuel Occurs Observations 

7. 1 Fresh O. 5 P Nt Power held 10 sec after 
zero flow 

7.3 Fresh 0.3 P
N 

Power held 30 sec after 
zero flow 

7. 5 Fresh 0.3 P
N 

Power held 10 sec after 
Internal clad failure 
pressure 
of 30 bar 
(cold) 

7.6 Fresh 0.3 P
N 

Power held 60 sec after 
Internal clad failure 
pressure 
of 30 bar 
(cold) 

7. 7 Fresh 0.36 P
N 

Power held 50 sec after 
Internal clad failure 
pressure 
of 30 bar 
(cold) 

tp = Nominal power. 
N 

A shortening of the fissible zone of about 5% can be seen in Fig. 3 

due to the rearrangement of the pellets after the clad movement. 

The problem is to separate the effects of the test and the handling. 



Test 7. 2 - Fig. 4 and Fig. 5 

We can see the same kind of fuel and clad arrangement as in the 

test 7. 1 except that the whole of the clad material seems to be 

located in crucible on the first 15 cm of the fissile zone. 

The same shortening of the fissile zone can be seen in Fig. 5. 

Test 7. 5 - Fig. 6 and Fig. 7 

In this test, the pins were pressurized at 30 bars in (cold conditions). 

The blockage is located 10 cm after the inlet of the fissile zone. No 

fuel melting can be observed. 

No shortening of the fissile zone occurred (Fig. 7). 

It is difficult to separate the influences of the pressurization and the 

power level when we compare this test with 7. 1. 

Test 7. 6 - Fig. 8 and Fig. 9 

The conditions of this test are the same as those of 7. 5 except the 

time of rod drop. The power was held for 60 sec after clad failure. 

The blockage is 10 cm high beginning at the inlet of the experimental 

channel. The major part of the clad material is located in this zone. 

The length of the fissile zone is unchanged but you can see on the 

neutron radiographs (Fig. 8) and on the gamma-scanning that the 

central parts of the pellets above the blockage have melted out. This 

molten fuel is located above the blockage as you can see in Fig. 9. 
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Test 7.7 - Fig. 10 

The conditions of this test were the same than of 7. 6 except that 

the power was 20% higher. 

You can see on the gamma-scanning a large difference in the loca

tion of the fuel and an increase in the length of the fuel column. 

It seems that a new phenomenon has appeared, perhaps clad vapor

ization, and the fuel has been displaced towards the inlet and outlet 

of the experimental channel. 

Information on the dynamics of this phenomenon can be found on the 

power trace of the driver core. 

It seems that with all the information in various conditions given by 

these experiments, we begin to have an understanding of the phe

nomena which may follow a loss of cooling accident. We have now 

to write the corresponding code which will be tested against the ex

periments in larger bundle up to a maximum of 37 pins. 

IV - METHODS IN PROGRESS 

IV. 1 - Scarabee 

/\s the gener~l limitCltions of the installation are still the same the 

methods we intend to develop are: 

a/ Gamma scanning 

The previous equipment will be improved and will be made auto

matic. A collimator and a semiconductor spectrometer will be 



installed. The fission product distribution in the test pin or bundle 

will be deduced from these measurements. The results will be 

obtained using a self-calibration method. Provided there is no 

migration of fission products in the fuel, the relocation of the fis

sion products gives the new configuration of the fuel. 

When this assumption is not valid the location of fuel will be ob

tained by carrying out a gamma scan after a low power reirradia

tion with low fuel temperatures, to be done in the loop itself. 

b / Reactivity variations 

This method seems to be usable in spite of the low reactivity worth 

of pins or bundles. It is now being studied and it is necessary to 

perform: 

- Neutronic calculations checked by experiments carried out in a 

critical mock-up on a few typical arrangements, to be performed 

~... about March 76. 

- Local flux measurements in the loop near the tested fuel in order 

to observe fuel movement. This is difficult because of the neutron 

background from the driver core. 

- Reactivity and flux measurements after the experiment, at low 

temperature level, in order to observe any difference between 

the state of the fuel immediately after the experiment while it is 

still hot, and after it has cooled. 

- A perfect knowledge of the driver core reactivity and of all the 

factors influencing it. 
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An on line computer could be necessary. 

c / Other methods 

Other methods (neutron radiographs, micrographic sections, tem

perature, etc.) will still be used. 

IV. 2 - Cabri 

Taking into account both the brevity of events and the magnitude of 

reactivity insertions in the cabri experiments it has been decided to 

fit a fast neutron hodoscope, which has been described by Herr BLUHM. 



G 

Haut de l'oxyde 
avant essai 

Figure 1. SCARABEE 17 
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Haut de I' oxyde avant essai ... 

Bas de I' oxyde 

Macrographie Xl 

Neutronographie Xl 

Figure 2. SCARABEE 7-1 
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Figure 3. SCARABEE 7-1 
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Figure 4. SCARABEE 7-3 
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Figure 5. SCARABEE 7-3 
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Figure 6, SCARABEE 7 - 5 
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Haut de lloxyde avant essai 

F igure 8. SCARABEE 7 - 6 
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Abstract 

Current Developments in TREAT __ H(~doscope Technology* 

by 

A. De Volpi 

Reactor Analysis and Safety Division 
Argonne National Laboratory 

Argonne, Illinois 60439 

The development of fuel motion monitoring is traced from its in-

ception, through present operation, and into future programs. After 

noting the role of fuel motion studies in terms of safety assurance for 

the LMFBR, the history of in-pile fuel monitoring is reviewed. The 

operational record of the present TREAT fast neutron hodoscope is sum-

marized with attention to various performance features. Development 

plans for the TREAT hodoscope are described in some detail. Application 

of the hodoscope has been considered for eight safety facilities other 

than TREAT. In addition, there is a possible role for fuel monitoring 

techniques to be extended to real-time ex-vessel core surveillance in 

operating reactors. Certain intrinsic strengths of the hodoscope tech-

nique for material monitoring are identified. The pattern of develop-

ment may be characterized as an adaptation of several technologies to 

fit available requirements and resources. 

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

Assurance of ultimate safety in nuclear reactors depends on pre
venting accidents, limiting core damage, containing postulated excur
sions, and attenuating possible radiological impact. The activities 
reported in this paper deal with experimental efforts ~imed at observa
tion of the initiating, sustaining, and terminating aspects of various 
accident scenarios. 

The overall program is characterized by substantial theoretical 
modeling and experimental simulation of accident sequences. On one 
extreme, measures -- such as clad integrity -- which prevent or limit 
core disturbance have been the subject of extensive testing. On the 
other extreme, measures which lead to final containment of a hypotheti
cal core disruption -- such as postaccident heat removal -- are just be
coming the subject of close attention. Between the two extremes of 
failure threshold and core debris, there has been a need to monitor core 
condition during accident simulations. 

Of greatest interest has been fuel motion detection, although the 
integrity or dismemberment of any structure in the reactor core are of 
concern to safety evaluations. Clearly, information desired in such a 
comprehensive program can be acquired in a variety of complementary 
ways. Out-of-pile testing can clarify underlying physical phenomena. 
In-pile testing causes the experimental simulation to be more proto
typical of an operating reactor environment. 

There are roles in-pile for both steady-state irradiations and for 
transient £xperiments, though the most significant safety issues ap
parently are best addressed through brief high-power reactor-driven 
exposures. Although the remainder of this paper deals primarily with 
in-pile fuel motion monitoring from its original application at the 
transient reactor TREAT, possible applications to other reactor systems 
will be discussed. 

Observation of fuel redistribution has always been a difficult 
problem because of a number of factors that stretch the limits of avail
able technology. Perhaps foremost has been the requirement for time
resolved diagnostics. Compounding the problem are the inevitable con
tainment, structure, and coolant placed around a sample tested in a 
burst reactor environment. As a result, the standard techniques of 
radiography have been inapplicable, and it has been necessary to search 
for new methods. 

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



History of In-Pile Fuel Monitoring 

Initial success in monitoring fuel motion was achieved by direct 
photographic techniques at TREAT. Because of plans for use of opaque 
coolants, alternatives were examined and development of a gamma ray 
scheme was commissioned in 1957 prior to beginning of the experimental 
work in TREAT. Although gamma ray methods failed to achieve adequate 
sensitivity, the door was opened for neutron techniques which did prove 
successful. A continuing search has been underway for improvements and 
additional alternatives. 

Photographic 

High-speed color photography of fuel element tests was performed 
soon after the TREAT reactor was placed in operation. 1 In order to 
provide an optically clear path, the sample was placed in an elongated 
capsule faced with a transparent window at one end. The transparent 
capsule fitted into a slot running half way through the core. A high
speed framing camera, triggered by the transient program timer, was 
focused on the area surrounding the fuel pin. Self-illumination from 
the source and a low level zenon floodlight caused the film exposure. 

The results from experiments on LMFBR pins were excellent, leading 
to observation and discovery of a number of phenomena dealing with clad 
damage and fuel motion. 

Clouds of vaporized sodium from the fuel-cladding bond caused 
limitations on the technique by obscuring results during part of the 
experiments. More serious limits were inability to use sodium as a 
coolant, to use fuel clusters, to use high pressure autoclaves, or to 
use plutonium fuel. 

Gamma 

The Naval Research Laboratory was requested by Argonne prior to 
19602 - 4 to develop an instrument to observe the position and motion of 
fuel utilizing emitted gamma radiation. The desired space resolution 
was 2.5 mm at 1 msec intervals. 

Early investigations were directed towards a gamma-ray pinhole 
camera. The intention was to view with a TV chain an image of fuel 
elements formed upon a sodium-iodide screen. NRL concluded that "im
proved time resolution and dynamic range with greater flexibility and 
reduced cost" could be achieved with the same space resolution by an 
alternate system. 3 They proposed to replace the pinhole camera with a 
rotating cylinder having a large number of small collimating holes 
scanning across the test section. Signals from scintillation detectors 
placed behind the drum would intensity-modulate multi-gun oscilloscopes. 
A continuously moving film camera would record these sweeps. 

Reference 4 recounts the development from initial stages through 
termination. The radiation scanning device proposed by NRL was built 
and tested at TREAT. An appraisal of the technique 4 indicates that the 
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fuel signal could not be measured in strong contrast with signals from 
background sources. During a steady-state scan for a 6%-enriched pin 
the signal/background achieved was about 0.65. During a transient, this 
would probably be reduced by a factor of about two because decay gammas 
would not be available to contribute to the signal. In addition, these 
measurements had been made under artificial conditions in which the 
amount of extraneous steel and other gamma-producing materials was 
minimized. 

Neutron 

In 1963, as a result of experience with new techniques in fast 
neutron detection, scanning of fission neutrons was proposed, and ade
quate support for the calculations was obtained from tests at TREAT.5 
Signal/background ratios were found to be typically 7.0 for transparent 
capsules and about 2.5 for sodium loops. Various stages of development 
ensued until 1969, when the system in essentially its present form 
became operational with the full quota of 334 detection channels. 

The leading physical reason why the hodoscope system has been 
successful is the choice of fast neutrons. The neutrons are specific to 
the fission process in fuel, the source term is distributed throughout 
the volume of the fuel, and fast neutrons tend to lose energy when 
subjected to a deflecting collision. 

To take advantage of these features, it was necessary to develop a 
multi-channel collimator; high-efficiency neutron detectors; simple, 
reliable, and inexpensive electronics; and a cost-effective, dependable 
data recording system. 

Early phases of hodoscope development benefited substantially from 
prior photographic and gamma methods of fuel motion detection. The data 
accumulated from gamma ray scanning acted as a steppingstone for calcu
lations of gamma effects and as an example of successful scanning tech
niques. The photographic data resulted in movies which allowed direct 
verification of simultaneous hodoscope and optical results. 

Alternatives 

There has been a continuing evaluation of alternative methods of 
fuel motion detection not only for TREAT but for other applications. In 
particular, the generation of neutron or gamma beams for transmission 
through test sections has been frequently reexamined. The possible use 
of detectors placed in-core in close proximity to the test section has 
also been evaluated. As improvements occur in these techniques, recon
sideration will be given to possible use either as a substitute or 
companion to proven methods. It should, of course, be recognized that 
some alternatives may be better suited to special requirements or facility 
constraints. 

Operational Record at TREAT 

Because the fast neutron hodoscope is still the only operational 
device in the fuel motion field, it is difficult to make a comparative 



judgement on performance. With exceptions to be mentioned later, 
spatial and temporal specifications have been met by a system which has 
been acceptably reliable and operationally ready. The recovery and 
analysis of quantitative data is a lengthy process which is intrinsic to 
the level of detail required. The results of over a decade of develop
ment and experience serve not only as a basis for further improvements 
but also for extrapolation to other reactors. 

Transient Shots 

The hodoscope with the full digital system since 1969 has partici
pated in 76 transient experiments. These run the range from low power 
flattops, short bursts, or flattops followed by bursts. Experiments 
simulated loss-of-flow, transient-overpower, fuel-coolant interaction, 
and threshold-of-failure conditions. Power levels have peaked at 22 to 
16,000 MW. 

Fuel configurations span single pins, three pins, and seven pins, 
with lengths of 15 to 91 cm. Special configurations included 
various forms of flux shaping, thermal neutron filtering, and nuclear
fission heated walls. The experiments have been designed not only by 
Argonne (East and West Divisions) but also by General Electric and 
Hanford Engineering Development Laboratory. Various forms of contain
ment, pressure vessels, loops and other apparatus have been associated 
with the experiments. 

Many experiments have been simply calibrations or trials and have 
not required analysis of data. The visual results from six of these 
transients have been reconstructed into a series of film strips to be 
shown later as a movie. Quantitative results are compiled in reports to 
the experimenters. 

Performance 

Of the 76 experiments, hodoscope data for two essential shots has 
been lost due to technical failure. 6 The data from a few other transi
ents is of minimum value due to nonlinearity or synchronization prob
lems. Operationally, the hodoscope can be reliably readied for an 
experiment with half a day of checkout and calibration. Maintenance has 
been performed with little impact on the experiment schedule. 

Documentation of development,S design,7 operation,8 and results 6 is 
now complete. 

Quality assurance measures are employed to maintain a high level of 
reliability in functioning prior to and during transients and in data 
recovery following experiments. 

Performance, as measured in terms of fuel motion detection, is 
summarized in Table 1. 
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TABLE 1. TREAT Hodoscope Performance Summary 

*Lateral spatial resolution as small as 0.25 mm 

*Vertical spatial resolution as small as 6.2 mm 

*Data collection intervals 1.5 msec and longer 

*Sensitivity limit about 0.02 in signal/background, correspond
ing to about 50 mg of fuel under good conditions 

*Penetration of opaque containment, such as steel walls over 
1 cm thick 

*Power levels up to 20,000 MW 

*Sensitive to fuel motion during postscram delayed neutron 
phase 

Performance may also be characterized by phenomena observed: 

Distortion. Fuel pins are usually subjected to warpage or other 
forms of distortion. If the experiment consists of a single pin, then 
detailed bending and bulging has been noticed. If the experiment con
tains a cluster, there may be either coherent or incoherent motions of 
the pins with respect to each other. 

Expansion. Both axial and radial time-dependent expansion have 
been observed. 

Fuel Ejection. The ejection of fuel, which can follow the failure 
of cladding, has been detected either directly in terms of outflow or in
directly in terms of losses within the pin. 

Prefailure Fuel Motion. Internal fuel motion prior to clad failure 
has been detected in single-pin experiments. This has occurred either 
by virtue of the filling of an expansion space above the pin or by the 
movement of molten or highly plastic material within central voids. The 
opening and closing of central voids with diameters less than 1 mm have 
been monitored. 

Slumping. Draining of fuel following meltoff of cladding has been 
observed in multi-pin experiments to lead to losses at higher elevations 
and accumulations of fuel at lower elevations of the test pins. 

Dispersal. In short burst experiments, fuel dispersal or dis
appearance of fuel from the field of view has been observed. 



Eructations. One of the most dramatic phenomena identified has 
been a mechanism for moderately energetic dispersal of fuel caused, 
apparently, by the vaporization of st~el intimately mixed and heated by 
fuel. 

Compaction. No coherent or rapid compaction has been observed. 

Problem Areas 

All techniques have weaknesses. The fact that we provide signifi
cant ventilation of these matters should not be mistaken as an indica
tion that overall system performance is inadequate. In general, the 
problems may be characterized as current limitations, all of which are 
subject to remedial development depending on the availability of modest 
resources. 

Our biggest problem has been a nonlinear response of the Hornyak 
button neutron detector at high power levels. This is subject to both 
hardware and software accommodation to be described later. 

Performance of our film recording system has been poor in the range 
of 1.2 to 1.5 msec and works best at 6 msec or longer. Only a few 
transients have required the shortest data collection intervals, and it 
has been possible, with added effort, to recover data taken in the 
marginal range. 

There is need for additional redundancy in data storage in order to 
reduce the risk of total data failure. In addition, turnaround time 
could be improved by going to a system of recording which is more dir
ectly computer-compatible. 

In an array of 334 channels, each with differing characteristics of 
detector, phototube, and electronics, there is an inherent problem with 
nonuniformity of response from detector to detector -- as well as in
dividual nonuniformity in response to power level changes. Although 
these irregularities have not limited transient fuel diagnostics, they 
do hamper performance in terms of more subtle localized space-dependent 
phenomena. 

Development Plans for TREAT Hodoscope 

Improvements planned at TREAT incorporate two objectives: a larger 
scope of effort in material monitoring and correction of known defici
encies or limitations. 

Collimator for Full-length FFTF Pins 

A new collimator has been designed, fabricated, and is in process 
of installation for viewing a height and width of 122 by 6.6 cm. 9 At 
the same time, improvements in scanning, calibration, and operation 
have been introduced. The existing detectors and data storage system 
are to be reused. The original 5l-cm collimator will be relocated to 
the South face of the reactor where it will be utilized in single-pin 
experiments requiring higher resolution. 
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The new collimator has cross-focusing beams both horizontally and 
vertically. Figures 1 and 2 illustrate the design. 

Fission-Counter Array 

In order to circumvent the problems of nonlinear response of the 
Hornyak button detectors, an array of fission counters has been devised 
for use at high power levels. 10 A 31-channel prototype, instrumented 
with ten active channels, has been tested at TREAT. A wide variety of 
operating conditions have been evaluated, including choice of fissile 
isotope, coating thickness, gas filling, plate spacing, high voltage, 
and condensed electronic circuitry. The special electronic circuits are 
appended directly to the parallel plates of the fission counters, as 
shown in Fig. 3. Cost and space limitations were major factors in the 
design. This prototype will be brought up to full complement of de
tectors and placed in tandem behind the 5l-cm hodoscope collimator for 
use particularly with a forthcoming equation-of-state (EOS) series. 

A larger array containing at least 108 plates of 23 7Np will be 
installed behind the new collimator. Although the fission chamber 
response has been shown to be quite linear, its efficiency relative to 
the Hornyak button may be pushed up to a few percent. 

Magnetic Recording System 

Conceptual design has been completed for a magnetic recording 
system. The intent here is to provide more rapid turnaround for data 
and to establish a level of redundancy. Magnetic recording techniques 
have improved sufficiently in the last decade to warrant acquisition of 
off-the-shelf hardware components as central elements in the design. 
Because of risk associated with bit dropout and reliability in magnetic 
tape systems, we have selected a high-speed head-per-track disk as the 
basic storage medium. We are designing for collection intervals of 
0.6 msec minimum (although smaller intervals may be employed by adding 
modular units). The system will be portable so that it can be shared 
with another reactor at the Idaho National Engineering Laboratory site. 
After a transient, data stored on disk will be transferred to magnetic 
tape in a computer-compatible form. A potential for real time or 
post transient replay of qualitative features of the experiment may be
come possible. 

Redundancy will occur because the disk system will become the 
primary data recording medium, but the existing digital photographic 
system will be retained for backup recording. We also plan to increase 
the total number of channels recorded. 

Upgraded Analysis Facility 

Until involved in actual analysis of data, it is often difficult to 
appreciate the effort level required. Both hardware and software capa
bility is needed to extract the maximum amount of information on a time 
scale compatible with the overall experimental program. Naturally a 



heavy reliance is placed on computers; in our case, we make maximum 
use of dedicated facilities with interactive features. On the basis 
of experience and in step with new technological developments, we plan 
to introduce an extended computational capability, greater interactive 
use, and a high visual graphics content. 

Clad Blockage Detection 

It is recognized that cladding may play an active role in the 
potential accident progression. Over a number of years we have con
ducted experiments which indicate that unambiguous clad blockage de-
tection may become feasible by making modifications to the TREAT hodoscope. 11 

Note that the words "clad motion" have been deliberately avoided in 
favor of "clad blockage." Although our experimental data do not exclude 
clad motion capability, we have not sufficiently demonstrated the re-
quired level of sensitivity. We have, however, discovered that high 
energy capture gammas from steel may be isolated from the background 
caused by fuel within the field of view and that resolution comparable 
to that achieved for fuel motion may be attainable for clad accumula-
tions. 

Figure 4 is a photograph of the hodoscope at TREAT depicting the 
tandem enclosure arrangement for sodium iodide detectors. Also in view 
is the prototype 3l-channel fission-counter array mounted between the 
neutron and gamma detector bays. 

Sodium Void Detection 

Exploratory experiments have been done regarding ex-core detection 
of the voiding of large volumes of sodium. Gamma rays characteristic of 
capture in sodium have been examined, but the intensity available in 
typical experiments does not appear to be adequate. Although investiga
tion will continue, it may be necessary to find an alternative scheme to 
meet the sodium void requirement. 

Radiography 

The hodoscope could be considered as a system for time-resolved 
radiography. One major difference is that resolution is nominally 
limited by the interdetector spacing. However, when the fuel moves 
past the hodoscope slot projections, spatial resolution of about 0.25 mm 
can be achieved. Conversely, it is well established in medical radiography 
that if collimated detectors are scanned across a stationary subject, 
then high resolution can evolve. This effect is illustrated in Fig. 5, 
which shows a hodoscope scan of a single pin. Count rate differentials 
corresponding to separations of 0.25 mm are observable. 

Consequently, we have in mind an extension of hodoscope application 
to that of in-situ radiography. 12 We have found that sometimes after an 
experiment the radiography produced ex-core fails to agree with the 
disposition of fuel at scram as measured by the hodoscope. Effects 
which could contribute to this discrepancy are contraction upon cooling, 
sodium slug reentry, or mechanical disturbance upon removal of test 
section from the reactor. 
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Our plan would be to make pretest and posttest measurements in-situ 
using the hodoscope in its scanning mode. The reactor would be brought 
up to a nominal power level to act as a source. The collimator would be 
placed under remote motorized scanning control, and all channels would 
record data simultaneously. 

Data taken in this mode comprise a form of digital radiography 
which is potentially inherently advantageous for quantitative analysis. 
By using fast neutrons as the detection medium, a high level of penetra
tion into large clusters is assured. Consistent with prior remarks 
about clad blockage detection, it should be possible to differentiate 
the location of fuel and steel; in fact, data substantiating clad block
age distinction is already on hand. 

The possibility of 3-dimensional projections, based on reconstructions 
through transaxial tomography, is not to be excluded. This may be 
accomplished either by rotating the test section or by having two 
hodoscope collimators at 90°. 

Miscellaneous Developments 

Additional activities underway include the design of a uniform 
plate of fissile material to be used as a plane calibration source. 
Experimental support to the hodoscope project includes (1) studies of 
the response function of the Hornyak button to neutron energy and flux 
intensity, (2) efficiency of various detectors, and (3) effects of 
materials such as steel, lead, or plastic placed ahead of the detectors. 

Recent analytical support covers calculations of efficiency, count 
rates, and response functions to large-bundle test sections. 

Considerable successful effort has gone into profile curve fitting 
and into corrections for the nonlinear response of the Hornyak button. 
The deviation, which is supralinear, has been found to behave reasonably 
according to a quadratic model which uses the linear power as an in
dependent variable and which depends on adjustment of two parameters for 
a fit. As a result, the supralinear effect can be compensated, even for 
high power experiments, and the fuel motion data linearized. 

Technology Export to Other Reactors 

I am aware of eight reactors or reactor concepts besides TREAT 
which have considered specific hodoscope installations. 

FARET. Possible incorporation of a hodoscope collimator within the 
reactor vessel was considered in late design stages. 

PBF. Use of a hodoscope with PBF was foresightedly anticipated by 
APDA during conceptual design stages, and reports recommending provision 
for future installation were issued. 13 These provisions were actually 
carried out in the design so that current consideration of implementa
tion is not adversely affected by structural limitations. There is a 
mortered region in the biological shield for inclusion of a collimator; 



the potential viewing path through the core loading to the test section 
is clear of impediments; and there is space adjacent to the reactor wall 
for instrumentation. The physics and engineering impact of a slot 
through the fueled core and other factors are now being evaluated. 

STF. Initial studies of a Fast Safety Test Reactor 14 included a 
significant role for a radiation hodoscope intended for ex-core gamma 
and neutron monitoring. 

CABRI. A multi-national effort to obtain fuel monitoring during 
transient overpower experiments is underway at Cadarache. 15 A fast 
neutron hodoscope system is being designed with low and high range 
instrumentation. Data collection efforts must cope with short-burst 
sub-millisecond time resolution. 

ACPR. Not only is a hodoscope with a different type of data re
cording system being considered, but at least one other alternative 
method of fuel monitoring is being studied for application to ACPR. 16 

SAREF. A comprehensive assessment I7 of generalized material moni
toring systems for a hard spectrum or fast reactor safety test facility 
is being carried out. Particular problems addressed are response to 
multi-subassembly experiments and sensitivity to clad blockage. In 
addition, both real-time and posttransient 3-dimensional diagnostic 
instrumentation are desired. Different versions of the facility by ANL, 
GE, and LASL have called for a hodoscope or alternative material motion 
monitoring device. 

DMT. An integral experiment on fuel boilup and dispersal is being 
examined. IS A conceptual review will be made of functional requirements 
and reactor features in order to incorporate some type of ex-core fuel 
monitoring system. 

ETR. Because of the importance of fuel motion in certain integral 
LMFBR experiments being conducted in ETR, ANC personnel are making an 
appraisal of potential diagnostic techniques and implications. 19 

Breeder Reactor Ex-Vessel Core Surveillance 

Applications discussed so far have been with regard to direct 
visualization in safety test facilities. There is, additionally, a 
potential extension of these techniques to the real-time surveillance of 
operating power reactor cores. Not only is there incentive to provide 
technical and public assurance of safety, but there is a strong economic 
motivation for the reactor operator to be aware of and to minimize core 
disruption, should such occur. 

Within the framework of the four lines of assurance for ultimate 
reactor safety, a role exists for an ex-vessel detection system capable 
of tracking the fuel disposition of an LMFBR core at all times. A key 
element of such an ex-vessel system is ability to remain immune to 
damage resulting from hypothesized core destruction. Although existing 
material monitoring systems require a clear slot through the reactor in 
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order to realize high spatial resolution, no such slot nor such 
stringent spatial requirement exists in an operating power reactor. 
The information needs from an ex-vessel monitoring system include 
real-time approximate fuel location, power level, reactivity ramps, 
sodium voiding, steel plugging, and debris bed status. 

The most obvious detection problems in fuel surveillance are caused 
by the substantial core size and the reflector and core barrel zones 
surrounding the fuel region. 

Table 2 contains an application matrix for an ex-vessel detection 
system. The reactor status is partitioned into "operating" and "scranuned," 
and conditions considered are divided into "normal" and "abnormal." A 
rough estimate of relative probability of success in achieving these 
goals and of their relative importance is indicated by special markings. 
Some features relate to limitations on incident consequences; others 
relate to postincident consequence limitation. 

While it is a big jump from current technology to possible achieve
ment of just a few of these goals, it may be wise to initiate such 
development, particularly using SAREF as an intermediate testing facil
ity. 

Discussion 

The development of material monitoring has been traced, noting 
various steppingstones required for advancement. An updating of current 
activities indicates that incremental improvements are being introduced 
into existing facilities and being planned for new facilities. The 
field is approaching nearly 20 years of development, which includes time 
when ganuna ray and visual photographic techniques were pursued. It is 
clear that the technology is complex, requiring assimulation of techni
ques from many fields, for example, neutron and reactor physics, nuclear 
detection, nuclear electronics, large arrays, integrated circuits, data 
recording, photography, nuclear medical scanning, radiography, com
puters, graphic displays, and analytical models. 

The path to success has been serpentine; many false steps are 
possible. Although there is room for development of radically new 
techniques, each must travel a similar tortuous path to sidestep the 
numerous pitfalls. 

Because of the complexity of the combined techniques, the consider
able established base, and the potential for new features, it is likely 
that the hodoscope will continue to be in the forefront of material mon
itoring. There are a number of intrinsic features which strengthen its 
future serviceability: The hodoscope capitalizes upon a distributed 
fission source, has a high penetrability through large test sections, 
can have a response specific to various materials under surveillance; is 
relatively insensitive to local variations in reactivity; and neither 
perturbs nor is destroyed by melting or disruption of the test object. 
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LMFBR 

OPERATING REACTOR 

(Neutrons from 
prompt fission; 
gammas from 
capture) 

SCRAMMED REACTOR 

(Neutrons from 
spontaneous 
fission; gammas 
from decay) 

Success probability 

Relative importance 

TABLE 2. Ex-vessel Detection System 

Application Matrix 

NORMAL CONDITIONS (PREINCIDENT) 

Independent Power Monitor 

(T) + *** 

Base-line Fuel Condition 

(T, S) + * 

Subcriticality Assurance Monitor 

+ *** 

\ ----------------/ 
""""'"" 

Incident Prevention 

high medium low 

*** ** * 
+++ ++ + 

ABNORMAL CONDITIONS (POSTINCIDENT) 

Independent Reactivity Monitor 

(T) + *** 

Early-warning Fuel Motion 

(T, S) +++ * 

Fuel Motion Confirmation 

(S) ++ * 

Subcriticality Assurance Monitor 

+ * 

Fuel Location Detection 
(FFP/Core Meltdown/PARR) 

(S) +++ ** 

S space resolution required 

T time resolution required 

) 
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Limitations in these applications have in fact been budgetary 
rather than technical. 

The monitoring of material motion should contribute significantly 
to several lines of assurance for nuclear reactor safety, not only 
through current and future application in test reactors but also through 
possible extension of these techniques to operating reactors. 

1. 
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Figure 4. Photograph of 51-cm Hodoscope Collimator at TREAT 
with Three Tandem Detector Bays 
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1. Objectives of the CABRI-Hodoscope 

The hodoscope to be described in the present paper will be installed 

at the CABRI transient overpower test facility which consists of a thermal 

swimming pool type driver reactor and a sodium test loop. The driver 

core contains fuel rods of U0
2 

enriched to about 6% and allows to estab

lish preburst power levels corresponding to about 450 W / cm in the test 

pin for a period of up to 30 minutes. R amp rates of 10 to 100 $ / sec 

leading to pulse widths at half maximum of between 5 and 200 msec are 

obtained, by rapid depressurization of 3He tubes located inside the core. 

The reactor will become critical in the second half of 1976 and a test 

programme of about five years duration has been planned (1). 

One principal goal of the CABRI-TOP experimental programme will 

be to provide experimental data allowing to check and validate theoretical 

models to be incorporated in whole-core accident analysis code systems. 

Since only single-pin experiments have been projected, the tasks of 

the CABRI hodoscope have been restricted mainly to the determination of 

vertical fuel density changes, because these are most important for nega

tive reactivity feedbacks. To be more precise, we understand fuel density 

changes to mean variations of the fuel mass contained in a vertical seg

ment of the coolant channel. 

At first it was necessary to clarify which sensitivity and which 

spatial and time resolution the hodoscope must have. A ccording to theo

retical investigations published (2,3) we expect maximum fuel density 



changes of 30% right after pin failure and near the location of failure. 

Mean values of about 10% are more likely. Therefore, the hodoscope 

should be able to detect 5% variations of the fuel density. 

Up to now the finest mesh used in most calculations is 10 cm; there

fore, this spatial resolution would generally be adequate for a comparison 

with theoretical predictions. 

The time resolution should be connected to the spatial resolution 

via the velocity at which the fuel is ejected from the coolant channel. We 

expect values between 1 and 6 cm/msec and, therefore, require a time 

resolution of 2-10 msec. The hodoscope measurements should start 

when the CABRI reactor is brought to preburst full-power operation and 

should be continued until reactor shutdown. Therefore, data acquisition 

times of several minutes will be necessary. 

A large dynamic range of neutron fluxes has to be covered by the 

hodoscope detector system with sufficient statistics. A factor of 200 is 

expected between the highest and lowest power levels at which rapid fuel 

movement can occur. 

2. Setup of the Hodoscope 

a. Collimator 

Figure 1 shows an artist IS view of the collimator and slot ar

rangement in the reactor tank. The slot, which divides the reactor into 

two parts, consists of empty aluminum boxes extending to both sides of 

the test loop. Their inner width is 5 cm and their height 120 cm. In the 
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direction of the collimator the box widens after 50 cm to match the di

mensions of the inner collimator surface which is directly attached to the 

slot at a distance of 100 cm from the center of the test loop. The inner 

collimator surface is 142 cm high and 7. 53 cm wide. 

The collimator itself is a prismlike block of iron containing 

three columns of 51 channels. They diverge up to a distance of 4. 5 cm 

between their axes at the collimator end. The rectangularly shaped 

collimator slits have dimensions of 1. 5 cm in the vertical and of O. 75 cm 

in the horizontal direction at the collimator entrance, which enlarge to 

become 2 cm x 1 cm at the collimator outlet. The overall length of the 

collimator block is 300 cm. 

b. Detectors 

To cover a wide dynamic range of neutron fluxes, two detectors 

are positioned behind each collimator slit, a fission chamber for high and 

a proton recoil counter for low neutron intensities. The Np-237 fission 

chamber (f. c. ) contains 100 plates covered with 1 mg Np / cm 
2 

on both 

sides. The total amount of 400 mg Np- 237 in the chamber produces an 

efficiency of 6· 10-
4 

for fission neutrons. The efficiency of the proton 

recoil proportional counter (p. r. ) can be adjusted between 10- 2 and 10-3 

according to experimental requirements. The counter dimensions are: 

diameter: 2. 54 cm, length: 20 cm. 

c. Preamplifier-Discriminator System 

The detectors are connected to fast current sensitive preampli

fiers which directly attack a fast discriminator. Base line drifts in the 



amplifiers are avoided by differentiation of the current signal. The p. r. 

preamplifiers differ from the f. c. preamplifiers by a larger rise time 

and a greater differentiation time constant. This and the additional use 

of an adapter increases their signal to noise ratio by a factor of five 

relative to that of the f. c. amplifiers. Pulse pair resolution of less than 

100 nsec and 200 nsec has been obtained for the f. c. and p. r. systems, 

respectively. 

Special Il-metal shielded coaxial cables are used to connect the de

tectors with the preamplifiers. Although cable lengths of 35 m are used, 

practically no electrical noise pickup has been observed in a reactor en

vironment. 

d. Data A cquisition System 

Figure 2 shows a block diagramme of the data acquisition system. 

It consists of 320 12-bit 10 MHz scalers which are attacked by the dis

criminator outputs, via optical isolated gates. In addition twenty regis

ters are available to take over further data of interest such as the reactor 

time, the flux monitor counting rate, the gas pressure, high voltage, etc. 

4 
Every 1 to 10 msec the contents of all 340 scalers are trans-

ferred to a buffer in less than 1 Ilsec. Immediately after the transfer the 

scalers are ready for counting again. 

The buffer consists of 10 large 420-bit parallel-in serial-out 

shift registers in which all data belonging to the same recording track are 

combined and after conversion to the two-phase Miller code written onto 

10 tracks of a 14 track analog magnetic tape. 350 words make up a block 

which is separated from its follower by a synchronisation word. By 

special tape selection the dropout rate can be kept within acceptable limits. 
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The analog magnetic tape is run at a speed of 120 ips. It can be 

read into the computer at reduced speed which will write the data on digi

tal tapes in an IBM-compatible form. 

The time autonomy of the system is given by the length of the 

analog tape and is about 28 minutes. 

The system is able to handle data rates of 5. 4 Mbit per sec which 

could easily be expanded by a factor of 1. 4. It has been regarded as one 

of the essential tasks of the data acquisition system to facilitate and to 

accelerate all calibrations and adjustments necessary for the hodoscope. 

Therefore, lower data rates can be directly taken over by the computer, 

evaluated and, for instance, displayed instantaneously. Also it is pos

sible to set computer controlled levels for all discriminators via digital 

to analog converters. 

3. Considerations Leading to the Present Rodoscope Design 

Due to the distance between the collimator and testsection, parts 

of the testsection are viewed by the detectors, which are not located in 

the field obtained by direct prolongation of the collimator slit. The 

counting rate in the detector originating from a point source versus the 

source position is shown on the right hand side of Figure 3. It has a 

trapezoidal shape. Therefore, in our case, the effective view field of 

one channel has the dimensions 1 cm x 2 cm. The distance between 

neighbouring slits is chosen in such a way that the outer edges of the view 

fields overlap and the effective view fields just touch each other in the 

pin plane. Only in this case the sum of count rates of adjacent channels 

has a flat response. 



Since it has been decided that only vertical fuel density changes 

need be detected, it would be sufficient to have only two arrays of slits, 

one looking onto the testpin and the other for background determination. 

It would be adequate to make the slits sufficiently wide to confine all 

possible horizontal fuel movements in their region of flat response. 

We have, however, chosen two smaller channels to look at the pin. 

The main advantages of this solution are: 

1. A maximum counting rate can be obtained 

which is greater by a factor of two. 

2. A certain sensitivity to horizontal fuel 

movements is maintained. 

3. Redundance. 

It has already been mentioned that a spatial resolution of about 

10 cm in the vertical direction might be sufficient. Also in some phases 

of the experiment a more detailed resolution would be desirable, especially 

at the beginning of pin failure. However, since the maximum counting rate 

attainable with one detector is limited, it was necessary to use 5 slits over 

this region to obtain the required sensitivity of the hodoscope. For the 

expected fuel velocities, it should be possible to take pictures of the fuel 

distribution at least every msec in order to be able to make use of this 

spatial resolution in favourable situations. 

4. Results of Detector and Preamplifier Test Measurements 

Several prototype detectors and preamplifier discriminator systems 

have been tested in stationary and transient neutron fluxes to demonstrate 
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that their performance is adequate for the application intended. Especially, 

we wanted to find out the maximum possible counting rates, the behaviour 

under fast pulse rate changes, and the recovery time following high over

loads. 

By use of a very fast current-sensitive preamplifier, the pulse 

width at 1/10 of the maximum for our fission chambers has been deter

mined to be about 70 nsec. The preamplifier finally selected which had 

a much better signal to noise ratio, gives 80 nsec. Figure 4 shows the 

plateau curve for the final detector preamplifier system. At the lower 

end of the curve restrictions are already imposed by a.-pileup. Therefore, 

it is useless to increase further the signal to noise ratio. 

Figure 5 represents the dead time losses for the f. c. preamplifier

discriminator system. The ratio of measured counts to fission pulses 

generated in the chamber has been plotted versus the number of these 

pulses. Up to at least 4· 10
6 

fission pulses in the chamber, the measured 

curve coincides with the theoretical curve obtained for a dead time of 85 

nsec. This results in counting losses of about 8% at 10
6 

cps. 

Transient measurements have been carried out in a beam geometry 

at a TRIGA -reactor. The experimental conditions were quite similar to 

those expected for the CABRI hodoscope. Generally the behaviour of the 

f. c. system was completely identical to that during stationary measure

ments. Space charge effects and drifts in electronics did not lead to ab

normal results of counting rates below 7· 10
6

/sec. Following very high 

pulse rates of about 4· 10
7 

/ sec the system recovers immediately when 

the counting rate has dropped again below 7· 10
6 

/ sec. This is shown in 

Figure 6 where the same reactor pulse has been measured twice with the 

same equipment, the only difference being that for one measurement the 



thermal neutrons from the reactor had been also used. This was possible 

since the f. c. contained some additional U-235. The measurement per

formed with only fast neutrons (open circles in the drawing) has been 

normalized to the thermal neutron measurement in the postburst region. 

Above about 7· 10
6 

counts/sec the applied dead-time corrections did no 

longer lead to an agreement between both measurements. It is suspected 

that space charge effects in the chamber are responsible for this behaviour. 

To overcome the high noise levels of the current sensitive preampli

fiers, large internal gas amplifications of about 70 had to be applied in 

the p. r. counters. However, these high gas multiplications lead to ad

ditional counting losses, since the magnitude of space charges originating 

from pulse rates above 1-2· 10
5

/sec is big enough to reduce the electric 

field strength and thereby the gas amplification. The higher the original 

gas multiplication and the discriminator levels are, the higher are the 

additional counting losses. However, it was demonstrated that for counting 

rates up to 10
6 

/ sec gas multiplication factors of about 10 are just toler

able for our proportional counters. Since we want to obtain these counting 

rates of about 10
6

/ sec with the p. r. system, we had to reduce the noise 

level of the preamplifiers. Until now a factor of five has been gained in 

the signal to noise ratio through the modifications mentioned in section 2 

above. 

However, by these changes the pulse width at 1/10 of the maximum 

increased from 150 nsec to 220 nsec. Figure 7 shows the counting loss 

curve for the old and the modified preamplifier together with the theo

retical curve obtained for a dead time of 200 nsec. It appears that for 

the modified preamplifier allowing lower gas multiplications a satisfac

tory agreement has been attained with the theoretical curve. 
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Figure 8 shows a reactor burst resulting from a relatively small 

reactivity input. In this case the deviation of the in-core fission chamber 

monitor: which was sensitive to 'Y-rays too, from the exact neutron signal 

is not greater than about 15%. Although this measurement has been carried 

out with the unmodified p. r. preamplifier and only an approximate cor

rection for the counting losses could be applied, the agreement with the 

monitor is quite satisfactory. 

In Figure 9 the response of the unmodified p. r. system to a large 

reactor burst is compared to the monitor. The difference clearly results 

from space charge effects in the counter. It is concluded from the non

symmetrical form of the proton recoil measurement that about 5 msec 

are necessary to remove the space charge. Therefore, in this case, the 

system was correctly counting again (as under steady state conditions) 

when the input pulse rate had dropped below 0.6· 10
6 

cps. 

Summarizing we have now established an f. c. system which is able 

to handle pulse rates of about 7· 10
6

/sec with dead-times of about 85 

nsec and a p. r. system which can treat pulse rates of about 10
6

/sec with 

dead-times of about 200 nsec. 

5. Capabilities of the Present Hodoscope Design 

The question of interest to be discussed in this section is: 

Is our hodoscope capable of meeting the requirements necessary for 

a reasonable comparison with fuel movements predicted theoretically? 

To answer this question we must know the signal to background 

ratio which has been estimated to be O. 96 in case the full diameter of the 



test pin is within the view field of one channel, and O. 48 in case the test

pin is viewed by two horizontal channels. This estimation might however 

be rather conservative since it has been deduced from the central neutron 

flux of the undisturbed reactor core and differences between signal and 

background spectrum have not been taken into account. 

The most straight forward way of background correction consists of 

subtracting the count rate of channel 3 from the count rates of channels 1 

and 2 (Figure 3). A more sophisticated background correction would use 

the sum of all background channels or a separate accurate neutron flux 

measurement together with preburst calibration factors. Then the error 

in the background determination could be practically neglected. 

Figure 10 presents the hodoscope sensitivity for both kinds of back

ground correction and two extreme experimental situations which are 

possible in the CABRI test program. A very mild and a very energetic 

excursion are considered, leading to total energy inputs of O. 4 and 3. 4 

KJ / g, respectively, in the test pin. During the first transient which 

might be applied to a fuel pin with high burn-up, pin failure is expected 

to occur after the peak power has been reached. In the second transient, 

which might be used for fresh fuel pins, pin failure will occur most likely 

before or at the peak. Rapid fuel movement is suspected within 30 msec 

after pin failure. 

The results presented in Figure 10 have been obtained for 5 rows 

and are integrated over 5 msec. Although the cases presented in Figure 10 

are extreme ones, we remain below the 50/0 sensitivity margin, at least 

within the 30 msec time interval after pin failure. It can also be con

cluded from Figure 10 that in some regions 5-100/0 variations of the fuel 

density can also be detected for much finer space and time resolutions. 

Therefore, a reasonable strategy would be to add the results of channels 

and to integrate overtime intervals depending on experimental progress. 
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Hodoscope Collimator for l22-cm Viewing Height at TREAT 

The fast neutron hodoscope at TREAT contains major subsystems for 
collimation, detection, pulse processing, data storage, and support 
facilities. The collimator was designed to measure fuel motion in 
experiments containing typically 34-cm EBR-II fuel pins. Now, transient 
tests with active fuel length of 91 cm are beginning to be performed. A 
new collimator system has been designed, fabricated, and -- at this 
time -- partially installed at TREAT to satisfy requirements for ex
tended fuel surveillance. 

Functional Requirements 

Functional goals for the new design were formulated with two major 
constraints: existing detectors and electronics were to be reused, aud 
modification of the reactor was to be minimized. In order to provide 
coverage of fuel dispersal above and below active zones of FTR fuel, the 
total height viewed was set at about 122 cm. The viewing width was 
expanded to 6.6 cm, corresponding to a 61-pin FTR bundle. 

Based on the above functional requirements, it was necessary to 
modify the viewing matrix at the object plane. The existing collimator 
views a height of 51 cm and width of 5.7 cm with a 23 x 15 array of 
detectors viewing 0.38 x 2.25 cm rectangles at the object plane. (Actual 
"resolution" for fuel motion is about an order of magnitude better than 
inter-detector spacing.) The new collimator has spacings of 0.66 by 
3.45 cm. Although there are 360 slots slots in the 36 x 10 array col
limator, instrumentation is restricted to the 334 detectors available 
from the original system. 

Design Features 

The new collimator design is similar in principle to the original 
collimator, yet incorporates many improvements intended to increase its 
usefulness as a research tool and facilitate the preparation process 
prior to the performance of experiments. 

lows: 
The seven major components of the collimator subsystem are as fo1-

(1) Front Collimator: high-density material to minimize back
ground and cross-over neutrons. 

(2) Rear Collimator: primary-fast-neutron channeling component, 
including 20 slotted steel plates 181 cm in length. 



(3) Rear Collimator Base and Shielding: to provide adjustments 
for alignment and shielding to minimize hazard during opera
tions. 

(4) Lead Filter Assembly: to have capability of inserting up to 
six lead plates in front of neutron detectors in order to 
reduce perturbations from gamma rays. 

(5) Detector Plate: mounting for 360 neutron detectors. 

(6) Detector Enclosure: light- and dust-tight enclosure around 
the detectors. 

(7) Source Locator: remote positioning of higher intensity (30 Ci 
Pu-Be) neutron calibration source for greater reproducibility 
and reduced personnel hazard. 

In addition to the major components of the collimator, reactor 
facility modifications are required: 

(1) Existing Collimator: disassembly, removal, modification, and 
relocation to opposite end of TREAT slot. Also, addition of a 
shield and beam shutter. 

(2) Slotted Elements: fabrication of unfueled elements to provide 
a clear viewing path for full-length pins. 

(3) Cable Trenches and Cables: extension of existing trench and 
routing of a new trench to the relocated collimator and new 
cables to both collimators. 

(4) Front Collimator Installation: Support plate installation at 
the North face reactor cavity. 

The old collimator is to be placed on a standby basis for possible 
use primarily in single-pin experiments for which the better resolution 
may be needed. 

In order to accomplish the requisite expansion of viewing region 
and still meet physical constraints, the collimator channels are "cross
focussed," that is, the image is inverted with respect to both vertical 
and horizontal axes of symmetry in the object plane. The crucial param
eter which was maximized in design was the minimum path length through 
steel for radiation from one channel crossing over to an adjacent 
channel; this was held to a minimum of 100 cm, although the present 
collimator has a 150 cm path. 

Specific Features 

The seven major components are illustrated in Fig. 1. The front 
collimator is open horizontally but restricts vertical entry of neutrons 
not focussed directly upon target detectors. The aperture pieces, made 
of a tungsten alloy, are separated by 1 cm. 
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The 21 plates of the rear collimator are stacked, doweled, and 
bolted together. An outline of one type of plate is shown in Fig. 2, 
along with an indication of the method of stacking. 

A scanning apparatus for manually adjusting (panning) the col
limator has been included in the base of the collimator, along with an 
dial indicator. 

Up to 7.5 cm of lead are included in the gamma filter assembly in 
the form of six plates each of 1.25 cm thickness. Any number of plates 
may be positioned manually. 

The aluminum detector plate supports each detector at the proper 
angle of beam emergence. This detector plate is mounted within the 
neutron detector enclosure. 

A remotely controlled motorized drive has been designed for posi
tioning the calibration source in front of each detector. The source 
may be positioned in 0.025 mm increments with positioning reproducibil
ity of ±0.0125 mm vertically or horizontally. The locator is interfaced 
to a microprocessor which operates under paper tape or operator control. 

Fabrication 

Fixturing and machining of the rear collimator lamination assembly 
represented the largest task in fabrication of the collimator. Nineteen 
carbon steel plates (1.90 x 137.79 x 182.24 cm) were first rough cut to 
profile and heat treated. Then another rough cut was made, this time to 
taper on a horizontal mill. Next, the plates were finished on a surface 
grinder using a vacuum chuck mounted on a sine table. The plates were 
ground to one of two sizes. 

Each plate was then slotted on the horizontal mill by mounting the 
vacuum chuck and sine table vertically; an indexing fixture was used to 
rotate the plate together with the chuck and table, in order to provide 
the angles required for each of the slots. The outside surface of each 
side plate was stepped using the horizontal mill; these steps correspond 
to positions for collimator shielding blocks which reduce leakage radi
ation. 

The plates were then stacked and aligned on a fixture, starting 
with the uns10tted side plate followed by the 19 tapered plates, alter
nating the two types of plates. The slotted side plate finished the 
stack, which was then clamped and dimensionally inspected. The in
spection was used to verify the dimensions required to machine the in
strument hole locations in the detector plate so as to assure alignment 
of the detectors with the stack slots. 

After inspection, the lamination stack was transferred to the 
vertical position and drilled and reamed for bolts and dowel holes, as 
shown in Fig. 3. Next, the stack was disassembled for cleanup and 
deburring of holes in each plate. The plates were coated with a thin 



layer of silicon grease and restacked. The assembly was bolted together 
with side brackets in place. 

Quality Control Provisions 

Project practices were in accordance with Argonne Quality Assurance 
Division (QAD) policies and procedures. A plan was prepared which 
established specific QA requirements for design, procurement, and fabri
cation. These measures were particularly important with respect to the 
rear collimator and its relationship to the detectors. 

Inspections of the slotted plates by QAD were made at the comple
tion of each of the fabrication steps indicated in the previous section. 
The tapered plate surfaces were checked for flatness while held in the 
vacuum chuck mounted on the bed of the surface grinder. The plates were 
then released and inspected for thickness and taper. 

The indexing fixture used to establish the angle of the slots on 
each plate was inspected for angular conformance while mounted on the 
horizontal milling machine. After each slot was cut it was checked for 
depth, width, and surface finish. The lamination stack was inspected 
after assembly to establish final dimensional requirements for the 
detector plate. 

Lead sheets for the gamma filter were radiographed and inspected 
for voids. 

Discussion 

Because the new collimator design represents an extension of the 
previous multi-channel collimator, no significant problems in design or 
fabrication were encountered. The use of cross-focussing accommodates 
some limitations caused by the requirement that reactor modifications be 
minimized. In this case, no cutting of concrete from the biological 
shield area was needed, and only a cable trench was extended on the 
reactor floor. Had the design not been limited in this fashion, the 
cross-focussing feature could have been applied to reducing the width of 
the slot through the reactor which was retained at a nominal width of 10 
cm. It was necessary to compromise on the amount of material in the 
minimal neutron cross-over path between detectors, but close to 100 cm 
of steel is probably conservative in terms of preventing neutron cross
talk. 

By filling all gaps between the front collimator, rear collimator, 
and biological shield with stepped concrete blocks, a significant re
duction in ambient background is expected. This reduction is primarily 
needed during steady-state experiments when personnel are allowed on the 
reactor floor. Because calibration of the hodoscope detectors will be 
based on a 30 Ci Pu-Be source, it may be necessary to add portable 
shielding to minimize inadvertent exposure. 

Present status of the project is as follows: All major components 
have been fabricated and assembled. Slotted fuel elements have already 
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been used in the reactor. Modifications of the TREAT facility necessary 
to accommodate the new collimator have been completed. The front colli
mator has been installed and aligned with minimal difficulty during an 
allocated reactor shutdown in October. The next major phase of instal
lation is scheduled to start in December for the primary purpose of 
installing the rear collimator and alignment of the two collimator 
sections with the core centerline. Then the detector system will be 
reconnected to the electronics, and testing of the entire system will 
take place. 

Related activities still to be performed include fixtures and 
enclosures for the fission and gamma detectors and the reinstallation of 
the 51-em collimator. A flat fission plate to simulate a uniform plane 
source of neutrons at the center of the reactor is currently being 
designed. This will be used to provide a more precise calibration of 
the detection systems. 

A RAS project was formed for the fabrication and installation of 
the collimator. Scheduling, cost control, and adherence to standards 
were managed by project personnel linking engineering, machine shop, 
vendor, operator, and user requirements. Use was made of the network 
processor program PMS-IV and of EZPERT project graphics. 

The design, fabrication, installation, and project experience 
gained from this larger collimator will provide another steppingstone 
for scaling hodoscope techniques to other safety test facilities. 
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Introduction 

The fuel motion monitor system to be described is one of 

the systems being developed for use in the upgraded Sandia 

ACPR. Like the Hodoscope, this system will image fast neutrons 

from the test fuel eleruent--but there the similarity to the 

Hodoscope ends, because this system will use Dielectric Track 

Detectors (DTD's) for both neutron detection and recording. 

Kimfoil l is a commercial polycarbonate film that is used 

as a capacitor dielectric. It is just one example of a 

Dielectric Track Detector. When a DTD is struck by an energetic 

and heavy ion, the ion produces damage along its path. If the 

dielectric is then etched, the damaged track enlarges to form 

a crater. These craters are then easily visible with an optical 

microscope. 

These dielectrics have several properties that make them 

ideal for use in a reactor environment. First of all, they are 

completely insensitive to any of the background radiations to 

which they can be exposed in that environment. In particular, 

gamma-rays are incapable of producing sufficient damage to 

produce tracks. Thus a problem with a gamma-ray background will 

be non-existent. As an illustration of thei.r insensitivity to 

backgrounds it might be pointed out that, in an application 

conceived by the author for use at the Nevada Test Site, they 

are used to measure neutron spectra (by registering fission 

fragments) of underground nuclear detonations.
2 

With all of the 



backgrounds in that environment, the DTD's see only what they 

are intended to see. A second advantage of the DTD's is that 

they are inexpensive. The Kimfoil used in this work cost less 

than $200 for 25 pounds of ~-mil-thick film. Another advantage 

of a system using these dielectrics is that no active instrumen

tation is required. Data recording is done in the detectors 

themselves. The tracks they bear are permanent. They can be 

exposed during a reactor pulse, and can be read anytime after

wards. Finally, their response will rerrtain linear for two orders 

of magnitude greater neutron fluence than will be encountered in 

ACPR experiments. 

Figure 1 shows a conceptual version of a system being 

developed for ACPR. The central portion of the fig'ure is a 

view looking down on the ACPR core with a test fuel element at 

its center. The system consists of a moderating collimator with 

238u, or some other nuclide with a suitable fission threshold, 

at the exit of the collimator, and a tape transport. Since the 

dielectric is insensitive to the reactor radiations, the collimator 

does not have to be an absorber. It need only be a moderator to 

insure that the neutrons that reach the collimator exits have 

either not scattered, and so still remember where they came from, 

or else they have scattered below the fission threshold of 238u. 

This means that a simple and inexpensive collimator of the sort 

shown at the top of this figure can be utilized. In this sketch, 

grooves are cut in polyethylene plates and then the plates are 
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stacked to form the collimator. The sketch at the bottom of 

this figure shows an enlargement of the dielectric region. 

Dielectric track detector material in the form of ~ inch wide 

tape is drawn past the collimator exits in the zig zag fashion 

shown. Between the tape and the collimator exits is a relatively 

238 238 thick layer of U. The U is there to convert fast neutrons 

to fission fragments, and it is the fission fragments that are 

recorded on the track detectors as they move past the collimator. 

The uraniurn is to be thick so that there need be no calibration 

between channels. The same number of fission fragments with 

the same energy spectrum will emerge from a 6 mgm/cm2 slab as 

from one a quarter inch thick. 

The tape will be started before the shot and will move at 

a speed so that during the reactor pulse a portion that starts 

out at one collimator exit will not have moved to the next. 

At 60 inches per sec, the rewind speed of a typical home tape 

recorder, better than I msec time resolution is expected. On 

analysis, the number of tracks per unit area as a function of 

position along the dielectrics will give the number of unscattered 

neutrons coming through each channel as a function of time. 

Development of this system is now underway. The next 

immediate step will be to demonstrate the imaging properties of 

such a system and to look into parameters for a collimator 

design. These investigations will be done with neutrons from a 

motionless californium 252 source. After that, a one channel 



transport will be built, and we will test a moving system. 

This will be followed by fabrication of a complete multichannel 

system. 

As far as the hardware of this system is concerned, no 

major problems are foreseen. For example, requirements on the 

collimator are very minor· when compared with any system that 

requires that neutrons and gamma-rays be absorbed, and systems 

that actj.vely detect neutrons require this. There is no need 

for pulse shaping, descriminating, and signal conditioning 

electronics that are required for an active detector system. 

There is also no need for a high data rate data storage system. 

As far as the tape transport system is concerned, whether the 

zig-zag system shown in Figure 1 is used or other designs being 

considered, at 60 inches per second that problem is within the 

state of the art. 

The one problem that caused concern was how to handle the 

data. A typical experiment will produce yards of tape which will 

have to be quickly and accurately read. To be useful, the 

reading system must be automatic and inexpensive--or else on 

hand. There were two methods available to read track detectors. 

The tapes could either be read optically or with a spark gap 

reader. Without going into the details of these methods or 

their drawbacks, neither was found suitable for this system. 

A method developed by the author as a result of this 

concern is listed by title in the November 1975 Nuclear Science 

Symposium. 3 This method reads the track density by measuring 
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the energy spectrum of alpha particles transmitted through 

the dielectric--or of other particles with a well defined range. 

The basic features of this method will be described, but not 

the arithmetic involved in extracting the track density from 

the measured spectra--that detail is in the NSS paper.3 

Figure 2 illustrates how the technique works. Consider 

alpha particles of energy Eo incident upon a track detector 

that has craters of the nature shown. Those that are incident 

in the region away from craters will lose an amount of energy 

~E that corresponds to the full thickness of the dielectric. 

Those that are incident at r < r 2 lose no energy whatever and 

emerge at their full energy Eo. Those that are incident with 

r 2 < r < r 1 lose some energy between none and ~E: depending upon 

the amount of material they encounter. The energy spectrum of 

alpha particles transmitted through a crater-bearing DTD will 

then depend upon the numbered craters per unit area. Figure 3 

shows the simulated energy spectrum of alphas transmitted 

through a dielectric track detector with 10 6 craters/cm2 . The 

ordinate is the log of the fraction transmitted with a given 

energy, and the abscissa is energy in MeV. The simulation 

first calculated the number of alphas incident on each region 

and the thickness through which they pass, and their residual 

energy after passing through. The simulated spectrum was then 

dispersed to make it resemble an experimental spectrum. The 

simulation is broken into two components for clarity. The dots 

represent alphas that were transmitted through the undamaged 

bulk material, and the circled dots represent alphas that were 



transmitted through craters. The peak at right is due to alphas 

transmitted through holes in the craters, and the broad region 

between the two peaks is due to alphas passing through the 

sloping walls of the craters. An actual measured spectrum would 

be the sum of these two components. 

To demonstrate this technique experimentally, samples of 

Kimfoil were placed behind a mask in which there were three 

rectangular openings, and the samples were exposed to known 

numbers of the fission fragments from 252cf . Track densities 

ranging from less than I03/cm2 to greater than I06/cm2 were 

produced in this manner. The samples were then etched and were 

returned to the exposure chamber for reading with the alphas 

244 from Crn. 

Figure 4 shows the log of the spectrum measured through a 

sample in which there were 1 x 10 6 craters/cm2 . In it, one can 

see the three regions. At right is the peak due to alphas 

coming through the holes in the cratersj at left are the alphas 

coming through the undamaged bulk material, and between are the 

alphas coming through the sloping walls of the craters. 

Figure 5 shows the spectrum of unattenuated 5.8 MeV alphas 

taken right into the solid state detector without the Kimfoil in 

place. It is shown to explain the difference in slope between 

the two peaks in the simulation, and in the experimental spectrum. 

Symmetric dispersion was assumed in the simula.tic·nj and as can be 

seen here, there is in fact a large low energy tail. 
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Figure 6 shows the spectrum of alphas transmitted through 

a control sample--one that was etched, but WetS not exposed to 

fission fragments. There are two things to see here. First, 

the energy is downshifted from 5.8 MeV to 4.7 MeV. Secondly, 

and more importantly, there are no counts above the peak. 

Alphas that transmit with greater energy, as in Figure 4, had 

to have come through craters. 

Figure 7 shows the last three spectra in one photo. In 

it, one can see first of all that the peak attributed to alphas 

coming through holes is in fact at the incident energy of 

5.8 MeV and that the peaks of alphas transmitted through the 

bulk material do in fact line up also. 

How these spectra may be used to obtain the number of 

craters per unit area in a DTD that has been exposed in an 

experiment may be seen by considering the spectrum of Figure 4. 

This spectrum is due to transmission through the whole DTD 

sample, and the region to the right of the large peak is due to 

transmission through craters. The ratio of these crater counts 

to the total number of counts is equal to the fraction of the 

total sample area that is occupied by craters. If one knows 

the average area per crater, then one has the number of craters 

per unit area. How the average area per crater and the number 

of crater counts can be determined in spite of the overlap 

caused by experimental dispersion is treated in the NSS paper. 3 



It might be noted in passing that this spectrum not only 

contains information about the crater numbers, but also contains 

information about the detailed shape of the craters. The size 

of the crater peak depends upon the number of craters per unit 

area, but it also depends upon the radii of the holes through 

those craters. The separation between the peaks determines the 

thickness of the dielectric, and the slope or yield of the 

region between peaks can be used to determine the cone angle of 

the craters. 

Returning to the subject of fuel motion detection, to 

automate the process of reading tapes produced in an experiment, 

one needs only a simple slow moving transport to pass the tapes 

between an alpha source and a solid state detector. To obtain 

position resolution, one could use an aperture, but more 

reasonably a position sensitive detector 4 will be used and the 

data recorded in 2 - parameter mode. This is the next step in 

our experimental program with these detectors. 

It might be pointed out finally that this technique should 

be useful for reading track densities at least as high as I07/cm2, 

with essentially no lower limit. To measure a low track density, 

one simply lets the dielectric sit in front of the alpha source 

longer. There are no background counts to worry about. Counts 

that appear in the crater region are there because there are 

craters. 
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Figure 3. 

Cross section through a 
DTD showing doubly open 
conical crater, and the 
angle and radii that charac-
terize crater shape. Also 
shown are the energies 
with which alpha particles 
incident on various regions 
of the DTD would be trans-
mitted. 

Simulated spectra of 5 - 8 
Me V alpha particles after 
transmission through 1.42 
mgm/cm2 Kimfoil DTD 
with 1,02 x 10 6 craters/ 
cm2---each with r1 = 1.28 
f..tm, r2 =0.54f..tm, and 
6J = 5. 19°. Ordinate is log 
of the fraction of alpha 
particles transmitted with 
energy E, and abscissa is 
E in MeV. Dots represent 
transmission through un
damaged bulk material, 
and circled dots represent 
transmission through cra
ters. 



Figure 4. Log display of spectrum of alpha 
particles transmitted through the 
DTD with 1.02 x 10 6 craters/cm2 . 

Figure 5. Log spectrum of unattenuated 5. 8 
MeV alpha particles. 
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Figure 6. Log display of alpha particles 
transmitted through a DTD that 
was etched, but which had not 
been exposed to fission fragments. 

Figure 7. Spectra of Figures 4, 5, and 6 in 
one display. 
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I. INTRODUCTION 

Flash x-ray cinematography is presently being evaluated as a possible 

diagnostic technique for use in a Fast Reactor Safety Test Facility (STF). As 

currently conceived, the system will consist of an external pulsed x-ray 

source and an external imaging detector located at a corresponding position 

in the opposite side of the reactor. A diametrical slot through the reactor 

driver core would be provided to allow a reasonably clear view of the material 

in the central test region. Extraneous radiation at the detector would be 

avoided by careful design of the collimation and shielding associated with the 

transverse viewing slot. Unavoidable material such as the reactor containment 

vessels would necessarily be in the x-ray path but other structural components 

which would attenuate and scatter the x-rays would be minimized. 

Experiments are in progress using existing LASL facilities and available 

equipment to determine the feasibility of observing the motion of fuel and clad 

during and after a core disruptive, reactor power transient. These studies 

are intended to be exploratory and are being undertaken primarily to outline 

the general characteristics of a system which would satisfy the experimental 

needs and measurement requirements given in earlier papers of this meeting. 

Radiographs taken previously with photographic film indicate that x-rays 

transmitted by various fuel pin configurations and steel plates simulating 

the containment vessels possess sufficient information to allow radiography 

with the desired spatial definition and contrast. l The required I-rom radial 

spatial resolution and nearly linear density variation are adequately satisfied 

for a test array consisting of a limited number of fuel pins. For bundles 

of fuel pins approaching a full subassembly the desired radial resolution has 

been relaxed to about 5 rom. This requirement could also be satisfied by 



observing the motion of fuel into the coolant channels between rows of 

fuel pins. X-ray scattering however limits the range of density variation 

attainable in the large arrays. It appears that the dynamic range of the 

imaging system need not be larger than about 10 to 1 to be compatible with 

the observed density variations in radiographs of large arrays. 

In addition to the above spatial resolution, there is a temporal resolution 

requirement which the overall diagnostic system must satisfy. It is desired to 

observe fuel motion with a minimum time resolution of about one millisecond. 

Thus the x-ray source and imaging system must be capable of providing a max

imum repetition rate of one thousand pictures per second. The use of 

photographic film in this application for a large number of pictures appears 

extremely doubtful. 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 

will be necessary to satisfy simultaneously the temporal and spatial resolution 

requirements. 

The first measurements in the present experimental program were under

taken to evaluate an available state-of-the-art electro-optical imaging 

system. Of primary interest was the determination of the sensitivity of 

this system to the primary radiation from the x-ray source relative to its 

response to the background radiation from the fuel pins under study. From 

these initial results an estimate has been made of the minimum x-ray source 

intensity required to obtain an adequate signal-to-noise ratio. The maximum 

allowable pulse duration consistent with an adequate signal-to-background ratio 
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was also determined. The latter was specified for the imaging system in 

the presence of the background radiation from a full subassembly of fuel pins 

6 
operating at the maximum expected instantaneous power of 10 Wig. 

The present report contains a description of the x-ray radiographic 

studies pertinent to STF applications performed to date. Previous work is 

reviewed briefly. The present experimental program is described and the 

results obtained so far are presented. Specification of a viable x-ray 

source compatible with existing imaging systems and expected reactor conditions 

is made based on these preliminary results. Finally a demonstration of x-ray 

cinematography of simulated fuel pins is presented. 

II. PREVIOUS MEASUREMENTS 

Results of initial measurements of the radiographic capability and the 

effects of background radiation have been reported previously.l PHERMEX and 

Godiva with the characteristics given in Fig. 1 were used in these studies. 

Radiographs were obtained at PHERMEX with the arrangement shown in Fig. 2 and 

the effects of the background radiation were assessed at Godiva with a similar 

experimental set up. These radiographs recorded on x-ray photographic film 

demonstrated that 30-MeV bremsstrahlung penetrating at least lOO-rum thick 

steel and various numbers of uranium-oxide fuel pins still retains the necessary 

spatial resolution and contrast to satisfy the diagnostic requirements of the 

proposed facility. As an example of the exceptional picture quality, a radio-

graph of an array of 19 Pressurized Water Reactor fuel elements (10.8 rum 

outside diameter) with a total of 102-rum thick steel absorber is shown in 

Fig. 3. Furthermore the reactor measurements indicate that the background 

radiation from a full subassembly (217 fuel pins) operating at the maximum 

6 
instantaneous power of 10 watts per gram expected at the peak of the reactor 

power transient would not seriously affect the images recorded on photographic 

film for a O.2-~s exposure. 



III. PRESENT EXPERIMENTAL PROGRM1 

A. General 

The previous static radiographs recorded on film indicate that the desired 

spatial resolution can be obtained from the transmitted x-rays for a variety 

of core configurations. The present series of measurements were designed 

to determine the general characteristics of the x-ray source and imaging 

detector which will satisfy not only the desired spatial resolution but also 

the temporal requirements. In extreme cases a time resolution of about one 

millisecond will be necessary to observe adequately the motion of core material. 

In addition, the radiation emanating from the core material under study 

imposes a further temporal constraint. The exposure time of the imaging 

system (shutter open time) and therefore the duration of the x-ray pulse will 

be limited by the allowable recorded background in comparison with the desired 

x-ray image. For a given reactor configuration the intensity of the x-ray 

pulse and therefore the size of the machine required for its production will 

be determined primarily by the sensitivity of the imaging system. (In rare 

cases the lower limit may be established by the allowable statistical uncertainty 

for each resolution element of the image.) 

Electro-optical imaging systems are being used in the present evaluation. 

A plastic scintillator (decay time of a few ns) converts the x-ray radiograph 

to an optical picture which is viewed by an image intensifier coupled to a 

vidicon. The characteristics of this electro-optical device are listed in 

Fig. 4. These systems were developed for and used quite successfully in other 

LASL activities.
2 

The gate duration or shutter open time of the image 

intensifier is adjustable from a few ns to many ~s. In addition to this 

feature, the 3D-Hz frame repetition rate and the proper sensitivity make 

this device a reasonable state-of-the-art choice for these initial evaluations. 
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B. Objectives 

The specific objectives of these experiments are: 

1. Determine the x-ray source intensity required to obtain distinct 

radiographs in a simulated reactor configuration. 

2. Determine the response of this system to simulated reactor back-

ground radiation equivalent to a full subassembly (217 pins) operating 

6 at 10 watts per gram. 

3. Determine the signal-to-noise and the signal-to-background ratios 

to be expected for various x-ray source intensities and pulse durations. 

4. Outline general characteristics of an adequate x-ray machine. 

5. Demonstrate capability of x-ray cinematography. 

C. Measurements 

The image intensifier-vidicon imaging system has been used at PHERMEX 

and Godiva to determine representative video signal levels and the effects of 

reactor background, respectively. An array of plastic scintillators backed 

by lead converter foils and a synchronized pulsed light source was viewed 

via a mirror by the imaging system. Scintillators of various thicknesses 

(0.5 mm to 2 mm) were used to allow a small dynamic range and lead foils of 

0.5 mm and 0.9 mm were used to enhance the scintillator response. For these 

measurements only the video signal level of the light flasher and each scintil-

lator-lead foil combination was determined, no attempt was made in these 

preliminary experiments to obtain resolved images. The pulsed light source 

was included in the field of view of the imaging system to facilitate adjustment 

of the apparatus and to provide a standard reference signal for ease of data 

comparison. 



The experimental arrangement for the signal intensity measurements at 

PHERMEX is shown in Fig. 5. With the exceptions of the test object and the 

imaging method, the configuration is similar to that used in the previous 

radiographic measurements described briefly in Section II. The distance 

between the x-ray source and the scintillator array was again 6 m and steel 

plates with total thickness of about 100 mm were positioned to simulate the 

inner and outer reactor containment vessels. Most of the data were obtained 

with this configuration but for some measurements an additional 10-mm thick 

plate of depleted uranium was placed as shown in the center of the steel to 

simulate the attenuation of the x-rays by a small array of fuel pins. 

Although the pulse from PHERMEX is considerably shorter (0.2 ~s), a 10-~s 

image intensifier gate was used in these measurements to assure complete 

response to the longer (few ~s) light flasher signal. The video signal was 

observed live time on a television monitor and recorded on video tape for 

later analysis. The radiation intensity from PHERMEX was determined by a 

Compton diode for each recorded pulse. Typically the x-ray yield per 

pulse was ~ 100 roentgen at one meter on the beam axis. 

A similar experimental arrangement was used at Godiva for the determination 

of the background signal level. As shown in Fig. 6 the distance between the 

pulsed reactor and the scintillator array was 3 m and steel plates simulating 

the containment vessels were placed approximately 1 m from Godiva. Data 

acquisition was similar to that described above except that the image intensifier 

gate was extended to 50 ~s in accord with the longer reactor pulse. Infor

mation necessary to determine the total fission energy produced in the reactor 

during the gate interval was obtained from the already existing Godiva 

diagnostic instrumentation. 
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D. Data Analysis 

The data to be analyzed consist of composite video signals recorded 

on magnetic tape. A separate record exists for each selected PHERMEX x-ray 

flash or Godiva burst. Since the exposure was momentary, the most distinct 

image for each experimental event is contained in the first television frame 

immediately following the radiation flash. The desired results are the 

relative light intensities from the scintillators in the form of video signal 

voltage levels for the variety of experimental conditions. 

Processing of the video signals to obtain the desired information was 

accomplished by the use of additional electronic equipment. The television 

frame of interest was selected and displayed momentarily by stop motion of 

the magnetic tape. This frame was then transcribed onto a video magnetic disc 

for indefinite repetitive playback. The video voltage level associated with 

a selected horizontal line of the television raster was displayed in the form 

of an oscilloscope trace by means of a television waveform monitor. An example 

of such a display is shown in Fig. 7 where the particular horizontal line selected 

passed through the images of the pulsed light source on the left and the 

two top scintillators of the array near the center of the trace. The vertical 

deflections above the pedestal when properly calibrated provided the desired 

video signal levels. In a similar manner the video level for any arbitrary 

region of the raster could be determined by merely selecting the appropriate 

horizontal line for display. 

E. Results 

With the equipment available for these measurements the maximum recorded 

video signal level was slightly above one volt and the inherent noise level 

of the imaging system was approximately 0.01 volt. Therefore this system was 



limited to a dynamic range of about 100 to 1. The intensity of the pulsed 

light source was adjusted to provide a near maximum response of one volt and 

was used for intercomparison of data taken at the two radiation facilities. 

The results obtained at PHERMEX with the experimental arrangement shown in 

Fig. 5 with a total steel thickness of .~ 100 mm and without the uranium plate 

were 0.31 V and 0.33 V for the l-mm thick scintillators backed by 0.89-mm 

and 0.5l-mm thick lead foils, respectively. Corresponding results were 

obtained for the other scintillator-lead combinations. For the purpose of the 

remainder of this discussion the slight variations observed for the two lead 

thicknesses will be ignored and an average of the two results (0.32V) will be 

used in subsequent data comparisons. Signals from the existing Compton diode 

detector indicated that the x-ray intensity was 107 roentgen at one meter on the 

beam axis. Thus the response of the imaging system for a l-mm thick plastic 

scintillator and the 6-meter geometry with ~ 100-mm total steel thickness is 

Signal = 0.32V/l07R @ 1m = 3 x 10-3 ViR @ 1m 

In the following it will be convenient to express the response in terms of 

the total charge per pulse of ~ 30-MeV electrons incident on the tungsten 

target. The conversion factor is about 10 roentgen at one meter per microcoulomb. 3 

With this substitution the response becomes 

Signal -2 3 x 10 V/VC for 30-MeV electrons. 

The result obtained from the Godiva measurement with the experimental 

arrangement shown in Fig. 6 with comparable geometry and steel thickness was 
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0.05 V for a l-rom thick plastic scintillator and 1.15 x 105 J of fission 

energy produced in the reactor during the 50-~s image intensifier gate. The 

background video signal for the particular experimental arrangement is then 

Background 0.05 V/l.15 x 105 J 

4.3 x 10-7 V/J of fission energy. 

A full subassembly of 217 fuel pins containing 36 kg of fuel operating at 

6 10 the assumed maximum instantaneous power of 10 Wig produces 3.6 x 10 J/sec. 

Thus the background signal level is time dependent and for these extreme 

conditions is given by 

Background (4.3 x 10-7 V/J) (3.6 x 1010 J/sec) 

1.5 x 10-2 V/~sec for a full subassembly operating 

at 106 Wig. 

The signal-to-noise and signal-to-background ratios derived from these 

measurements are shown in Fig. 8 for the itemized conditions and for various 

assumed x-ray pulse lengths. 

These results indicate that reasonable (10 to 1) signal-to-noise and 

signal-to-background ratios could be obtained even at the extreme instantaneous 

reactor power levels by a less powerful and therefore less expensive x-ray 

source than PHERMEX. A modern 30-MeV electron linac operating with a peak 

current of a few amperes and a pulse duration of a few microseconds could not 

only satisfy the intensity requirement but also at the same time provide the 

desired pulse repetition rate. 



IV. X-RAY CINEMATOGRAPHY 

An electron linac developed and built at LASL for other research purposes 

is coincidentally an ideal prototype of the required accelerator. As shown in 

Fig. 9 the linac is of a new design based on the side-coupled, standing-wave 

accelerator principles developed for the LAMPF proton accelerator. Performance 

tests indicate that this single section is capable of greater than one ampere 

peak current and pulse durations of at least one microsecond at 5-MeV nominal 

electron energy. The very high shunt impedance (~70 M~/m) and high beam 

loading (~80%) contribute to extremely efficient accelerating structures and 

therefore a low cost accelerator. To attain the desired 30-HeV electron energy 

for the STF, six of the 0.6-m long accelerating tanks and associated radio

frequency sources would be requried. 

The present 5-MeV electron accelerator was used to demonstrate the x-ray 

cinematographic capabilities of the x-ray source and imaging system. The 

experimental arrangement is shown in Fig. 10. To compensate for the lower 

intensity of the x-ray pulses because of the lower electron energy a 0.3-m 

separation between the source and scintillator was used. The accelerator was 

operated at 5-HeV electron energy with approximately 0.5 ampere peak current 

and l-Wsec pulse duration. The focused beam was confined to 2-mm diameter by 

a graphite collimator and the transmitted beam (~O.l A) was incident on a 

l-mm thick tantalum target. Depleted uranium rods were positioned as shown 

approximately 10-mm from the plastic scintillator to simulate reactor fuel 

pins. A Palmer video recording camera4 was used to photograph the monitor 

image and record the pictures on l6-mm motion picture film. For this 

demonstration the accelerator pulse, monitor unblanking and motion picture 
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camera were all synchronized to the video sync signals from the vidicon 

and the x-ray flash was produced during the vertical retrace period of the 

vidicon. Mechanical inertia in the motion picture camera limited the repetition 

rate to 20 pictures per second. A portion of the film strip taken at this 

maximum rate is shown in Fig. 11. A malfunction of the television monitor 

caused the squiggles in the radiographs of the simulated fuel pins. Never

theless these crude pictures demonstrate that the spatial resolution required 

of the STF diagnostic system is easily within reach. In this case the 

spacing between the rods was about 3 rom whereas the desired resolution is 

1 rom at the fuel pin array which corresponds to 2 rom at the scintillator 

because of the factor of two magnification expected in the STF arrangement. 

v. S~Y 

Experiments intended to provide an over view of the potential capabilities 

and limitations of flash x-ray cinematography as a diagnostic technique for 

a Fast Reactor Safety Test Facility have been performed. The results provide 

estimates of the x-ray pulse intensity required to obtain adequate radiographs 

of an array of fuel pins in a typical reactor configuration. An estimate 

of the upper limit on the pulse duration imposed by the reactor background 

radiation was also determined. X-ray cinematography has been demonstrated 

at a repetition rate limited only by the recording equipment on hand at the 

time of these measurements. 

These preliminary results indicate that flash x-ray cinematography of 

the motion of fuel in a Fast Reactor Test Facility is technically feasible. 

State-of-the-art imaging systems and modern electron accelerators appear 

capable of providing the required spatial and temporal resolution as well 

as contrast within the limits imposed by x-ray scattering which has been 



discussed previously.l Based on these initial results, the cost of this 

diagnostic system (x--ray source, imaging systems and data recording equipment) 

would be only a small fraction (a few percent) of the cost of the overall STF. 

Work is in progress to improve the quality and accuracy of these 

results. The measurements will be repeated with improved apparatus and 

conditions. Radiographs of simulated LMFBR fuel pin will be obtained with 

the electro-optical system for direct comparison with those taken on photo

graphic film. An effort will be made by experiment and calculation to determine 

more accurately the effects of the reactor background radiation. 
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Fig, 7 
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Fig, 8 
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present m e asurements, 
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Fig. 9. Side -coupled, standing-wave electron linear accelerator 
used as an x-ray source for cinematography. 
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Fig. 10. Experimental arrangement for the x-ray 
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Fig. 11. Portion of the 16-mm film strip demonstrating x-ray 
cinematography of three simulated fuel pins. 
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X-ray Cinematography of Fuel Pin Motion'" 

by 

J. A. Halbleib, Sr. 

Theoretical Division 
Sandia Laboratories 

Albuquerque, New Mexico 87115 

I would first like to discuss the procedure we have used to estimate 

imaging fluxes and imaging detector deposition rates in our study of the 

feasibility of employing x-radiography for observing fuel motion. I will 

then discuss the results of applying these methods to: 

1. An in-tank configuration for an upgraded version of Sandia's 

Annular Core Pulsed Reactor for looking at one- and seven-pin 

test assemblies. 

2. A potential SAREF configuration with experiments ranging from 

single pin to multiple subassemblies. 

Finally, based primarily upon this work and the work documented in 

Reference 1, I would like to make a few general comments on the feasibility 

of x-ray cinematography of fuel pin motion. 

I n order to arrive at predictions for the imaging signals, it was first 

necessary to generate the continuous bremsstrahlung environments. This 

was accomplished using the one-dimensional, coupled electron/photon 

Monte Carlo transport code, TIGER.2 Calculations were performed for 

mono-energetic, normally incident source electrons with energies from half 

an MeV up to 30.0 MeV. The converter configuration consisted of a foil of 

tantalum, the thickness of which was about three tenths of the continuous

slowing-down-approximation (CSDA) range, followed by a layer of graphite, 

the thickness of which was about seven tenths of the CSDA range. Each cal

culation yielded the coupled energy and angular distribution of the forward 

This work supported by the V. S. Energy Research and Development 
Administration 
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directed continuous bremsstrahlung. About 6 to 7 times 10
5 

bremsstrah

lung histories were followed leading to one sigma statistical error of less 

than 5 percent over most of the range of distributions. 

The forward 211' energy spectrum at 1.0 MeV is shown in Figure 1a. 

The contribution from Ta characteristic x-rays has been subtracted out 

before plotting. The Ta absorption edge is clearly visible for source 

energies up to 5. 0 MeV. As can be seen in Figure 1b which shows the 30-

MeV spectrum, a peak containing the annihilation radiation appears at the 

three highest energies. Note that having used the same ordinate in Figures 

1a and 1b, the increase in bremsstrahlung efficiency with increasing source 

energy is quite evident. These environments were then used as input into 

models for predicting imaging fluxes and detector deposition rates. 

As a first example of the application of these data, we consider the 

suitability of three specific sources for permitting the detection of the 

motion of relatively simple test-pin configurations in response to the en

vironment of an upgraded version of Sandia's Annular Core Pulsed Reactor. 

Details of this study may be found in Reference 3. 

From operational as well as economic considerations, it would be 

desirable to locate both the flash x-ray source and imaging detector within 

the existing inner tank of the ACPR facility. Consequently, we postulated 

source and image locations in which the source-object distance was 140 cm 

and the object-image distances was 60 cm. We also used the flux spectra 

averaged over the forward 0 to 10-degree half-angle. 

The predicted fluxes for this configuration are shown in Table I. 

The predicted flux at the imaging detector from a 1. O-MeV. 100-kA high 

intensity field emission electron source with no pin attenuation is 3.81 x 10
17 

photons/cm
2
-sec, which we use as our unit of flux, o!. Maximum attenua

tion for a one-pin experiment should be about O. 5 cm of U02, and maximum 

attenuation for a seven-pin experiment should be about 1. 5 cm -- i. e. , 

three pin diameters for a configuration consisting of a single pin surrounded 

by a ring of six pins. Using the uncollided attenuation factors for these 



object thicknesses we obtain predicted imaging signals of 0.0837C! and 

0.0164a for 1- and 7-pin experiments, respectively. Following the same 

procedure, we predict imaging fluxes for a 20-MeV, 20-A LINAC-type facil

ity which are about 1/40 that of the I-MeV. 100-kA field emission source 

for zero thickness of D02' about 1/6 for 0.5 cm and about 1/2 for 1.5 cm. 

On the other hand, results for a 5-MeV. 100-kA field emission source range 

from one to two orders of magnitude higher than those from the 1. O-MeV 

source. 

The quantity, n, is the power of the source electron kinetic energy 

by which the flux for the two higher energy sources scales relative to the 

1.0-MeV source for the same beam current. 

We have also attempted to estimate some of the background contri

butions. Background A is the estimated gamma flux at the image position 

due to fission within the test pins. It was obtained from a transport cal

culation in which the cylindrical geometry, coupled electron/photon Monte 

Carlo code, CYLTRAN
4

, was employed to obtain the coupled energy and 

angular distribution of photons escaping from a fuel pin, using a uniform, 

isotropic fission-gamma spectrum due to Maienschein et aI, as the source, 

For seven pins this background is only about 1/4 the signal flux for the 

l,O-MeV. 100-kA flash x-ray source. Background B is an estimate of the 

gamma flux at the imaging position due to pin scattering of the uncollided 

fission gammas from the ACPR (upgrade) core, The method of estimating 

the uncollided core fission gamma flux at the test pin involved the triple 

integration of a spatially uniform isotropic Maienschein fission gamma 

spectrum over the ACPR (upgrade) core volume and included core

attenuation of the source photons for a homogeneous mixture of core ma

terials, This flux was then multiplied by the scatter-escape fraction, as 

determined from a CYLTRAN Monte Carlo calculation, since only those 

photons which both scatter in and escape from the pin can reach the imag

ing detector if collimation prevents the detector from viewing anything but 

the pin, Further multiplication by the pin cross section (length times dia

meter) and the solid-angle factor for the pin-image distance gave the 
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result shown here. Background C is a crude upper bound for the direct 

core fission gamma flux which assumes no shielding between detector and 

reactor core and ignores any self shielding of the core itself. 

Due to the substantial impact which installation of a radiographic 

diagnostics system would have had upon existing and planned ACPR experi

ments, this application was not pursued any further. On the other hand, 

diagnostics for observing dynamic fuel motion are an integral part of the 

design of the proposed SAREF facility. 

Table II shows the resulting predictions of scalable imaging fluxes 

and imaging detector deposition rates for potential SAREF applications. 

They are again based upon the bremsstrahlung flux spectra averaged over 

the 0 to 10-degree forward half-angle. The source-object and object-image 

distances were both assumed to be 2. 5m 5. The U0
2 

thicknesses of O. 5, 

1. 5, 10.0 and 18.0 cm correspond to the estimated maximum U0
2 

thick

ness for a single-pin experiment, a seven-pin experiment, an experiment 

involving a full LMFBR subassembly (271 pins) and an experiment involv-

ing a single subassembly surrounded by six partial subassemblies. The 

fluxes themselves should only be considered as qualitative measures of the 

relative effectiveness of various x-ray sources. The spectral sensitivity 

of a particular imaging detector system may significantly alter the con

clusions based upon flux alone. Our choice of detectors was somewhat 

arbitrary, though it does demonstrate the relative importance of atomic 

number for various source energies and U0
2 

thickness, since the average 

atomic number of the NE316 scintillator
6 

is substantially lower than that 

of the photographic emulsion. 

I t is quite evident that the signal fluxes for such a broad range of 

experiments span several orders of magnitude. This is shown graphically 

in Figure 2. This plot may be used to estimate the imaging fluxes for 

other source energies and object thicknesses which fall within the range of 

the present calculations. 



Figure 3 is a similar plot of the predicted NE316 deposition rates. 

If one knew the uncollided x-ray energy deposition per pulse needed for a 

given detection system, in order to satisfy the requirements for the kind 

of fuel motion to be observed in a particular SAREF experiment, one could 

use these data to determine the J,.lC/pulse required of a given x-ray source. 

At present this does not appear to be a credible exercise for two reasons: 

1. First of all, there appears to be no clear consensus as yet as 

to the diagnostics requirements of various proposed experiments. 

2. Secondly, we must also know a great deal more about the expect

ed background and noise environments before signal requirements 

can be established. 

I n order to demonstrate the procedure, however, let us simply pos

tulate a required x-ray deposition of .01 rads in the NE316 scintillator. 

From these data it is a simple matter then to determine the /lC/pulse re

quired to obtain this deposition for various source energies and object 

thicknesses~ and this is shown in Figure 4. 

Consider, then, where existing sources would appear on this plot. 

Typical of the best available, off-the-shelf commercial LINAC's would be 

a 20.0-MeV source with an output of 1. 25 /lC. There is now in operation 

at the Boeing Aircraft Company a 16.0 MeV LINAC with an output of about 

22 /lC per pulse. In Russia there is a linear induction accelerator which 

operates at 30.0 MeV and delivers approximately 125 /lC per pulse. Final

ly, the Hermes II 
7 

source-- an example of a high-intensity, field emission 

accelerator--is capable of delivering 10
4 

/lC of electrons per pulse with a 

mean energy of almost 10. 0 MeV. The pulse lengths of all these sources 

are less than 10 /lsec, and so should permit O.l-cm resolution for material 

velocities up to 10
4 

cm/ sec, which have been predicted by the SAS code 
8 

for severe prompt burst situationso
9 Source requirements and availability 

will be discussed in more detail in the following paper by Larry Posey. 

It is also important to consider the vertical dimension of the object 

in the SAREF geometry. It would be desirable to observe the motion of a 
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2. O-m section (length) of an LMFBR pin. A source-object distance of 

2. 5 m and an object image distance of 2. 5 m then result in a magnification 

of 2 and a viewing half-angle of 220. Thus, the vertical dimension of the 

radiographic slot would reach a maximum 4. 0 m at the image position. 

This viewing half-angle is more than twice the value used in the calcula

tions (10
0

), Furthermore, the average flux over a 10
0 

half-angle was 

employed in the calculations; whereas the angular distribution of the brems

strahlung from a monodirectional 30.0-MeV electron source is strongly 

peaked in the forward direction. Calculations with the TIGER code predict 

that the average flux (photons/str) within the 17.5
0

_20.0
0 

angular interval, 

measured with respect to the beam direction, is a factor of six less than 

that within the O. 0
0

_2. 50 interval. 

The stainless steel containment vessels for SAREF are not yet well 

defined. One suggestion for reducing the total amount of stainless between 

source and image was to have a relatively thin spherical bubble at the 

source position, located in an otherwise thick containment wall. In any 

case, the effect of the stainless must also be included- -perhaps as some 

equivalent thickness of U0
2

. 

What we have done then is develop models for predicting imaging 

signals for the radiographic diagnostics of fuel motion. It is only these 

uncollided signals which contain any imaging information. On the other 

hand, direct and scattered radiation from both the driver reactor and test 

assembly, as well as scattered x-rays from the radiographic source, may 

severely reduce the signal-to-noise ratio. Once these backgrounds are 

better defined, along with the specific diagnostics requirements of various 

test configurations, it should then be possible to assess the feasibility of 

x-ray cinematography for observing fuel motion in fast reactor safety 

experiments. 
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TABLE I 

Predicted flux signals and backgrounds at imaging position 
for one- and seven-pin (U02) assemblies, for three 

electron sources and for a source-image 
distance of 200 cm--ACPR 

Signals 

I-MeV, 100-kA 20-MeV, 20-A I 5-MeV, 100-leA 

Flux Flux Flux 

(a) (a) n (a) 

1.00 0.0248 1.61 13.($ 

0.0837 0.0155 2.28 5.83 

0.0164 0.00866 2.63 2.67 I 
I 

Backgrounds 

A* B* C* 
Flux Flux Flux 

(a) 10.) (a) 

I-Pin 0.000592 0.000104 

7-Pin 0.00414 I 
i 

0.000729 1.74 

*Description o~ backgrounds: 

A - Gamma ~lux from pin ~ission~ 

n 

1.63 

2.63 

3.16 

B - Gamma ~lux due to pin scattering o~ the uncollided 

portion o~ ~ission gammas from ACPR (upgrade) core. 

C - Gamma ~lux due to direct ~ission gammas from ACPR 

(upgrade) core. 
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TABLE II 

Mean bremsstrahlung flux at imaging detector and mean energy deposition rate in 
two imaging detectors for various source electron energies and U02 
object thicknesses and a source-image distance of 5.0 m--SAREF 

Electron 

UO Energy 

Thic~ness (MeV) 

(cm) 1.0 2.0 5.0 10.0 20.0 30.0 

0.* 6.n4xI014 1. 774xl015 8. 388xl015 2. 661xl016 7. 588xI016 1. 274xl017 

1. 663xl05 4. 874xl05 6 1. 772xl07 8.194xl07 8 
0.0 ~** 3. 566xlO 1.858xlO 

9. 956xl05 1. 650xl06 6 2.423xl07 8 8 
y*** 5.963xlO 1.210xlO 3.002xlO 

n. 5.119xlO13 3.843xlO14 3. 563xl015 1. 453xI0
16 4. 728xI0

16 
8. 331XI016 

4 1. 439xl05 6 1. 256xl07 6.159xl07 1.404xl08 
0.5 B 1. 398xlO 2.n8xlO 

4 1. 436xl05 6 
1. 398xI07 8.306xl07 8 

y 1. 538xlO 2.096xlO 2.137xlO 

rr. 1.oo6xlO13 1. 23lxl014 1. 633xl015 7. 594xI015 2.646xlO16 4. 756xl016 

3.263xl03 4 6 6 
3.755xlO7 8.419xl07 1.5 e 5. 636xlO 1.149xlO 7.513xlO 

3. 278xl03 4 1.13Oxl06 6 
5.07lxlO7 8 

y 5. 331xlO 8.419xlO 1.270xlO 

1.914xlO9 4. 268xlJ-l 2.02lxlO13 8"- 14 4. 768xI014 8. 450xl014 
0. 1.2 oxlO 

7.900xlO-l 2.667xl02 4 1. 59lxl05 7.306xl05 6 
10.0 S 1.914xlO 1.417xlO 

7. 469xlO-l 2. 454xl02 4 1. 833xl05 9. 544xl05 6 
y 1. 936xlO 1.956xlO 

a.. 2.08lxl06 5.163xl09 5.338xlOll 3.747xlO
12 1. 363xl013 2. 374xl013 

8.944xlO-4 0 2 4.856xl03 2.04lxl04 3. 72lxl04 18.0 e 3.450xlO 5.463xlO 

8.406xlO-4 0 2 5.623xl03 2.58lxl04 4 
y 3.178xlO 5.616xlO 4.838xlO 

* Flux at imaging detector (Photons/cm2-seC-kA). 

** Mean energy deposition rate in 1.0-cm thick NE316 imaging detector (rads/sec-kA). 

*** Mean energy deposition rate in 0.OO25-cm thick Kodak Type A emulsion (rads/sec-kA). 
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ABSTRACT 

Electron beam sources capable of being used for x-ray cinema

tography were evaluated with respect to their applicability for the 

detection of fuel motion. In the study each source type was coup

led with a common detecto~ system in order to determine source re

quirements. The basis for this determination was the proposed ex

periment matrix for the ANL SAREF program. The experimental situ

ations considered corresponded to partial, single, and mUltiple sub

assemblies and operating power densities of 250 watts/gm to 10 6 

watts/gm. The electron beam source types considered were LINAC, 

Linear Induction Accelerator, and Relativistic Electron Beam Accel

erator. 

The background (neutron and gamma) from the driver reactor core 

and the test assembly itself were found to be a very important factor 

in sizing the electron beam sources. It is possible, however, that 

through the use of selective filtering techniques, differentiation 

between signal and background may be enhanced. 

The results of this work indicate that the Linear Induction Ac

celerator should be able to satisfy most experimental requirements up 

to and including full subassembly test configurations. Reasonable 

resolution should be attained for these configurations although it 

will be determined to a substantial degree by the effects of photon 

buildup and scattering. It does not appear that acceptable resolution 

will be possible for multisubassembly exposures or single subassembly 

exposures at 10 6 watts/gm. Improved detector performance might make 

the latter possible but it is felt that as a result of buildup and 

scattering the former would remain impossible. The Relativistic Elec

tron Beam Accelerators presently do not possess adequate multiple 

pulsing capabilities. Indeed, even the Linear Induction Accelerator 

would be hard pressed to achieve the 10 3 pps for the high intensity 

operating conditions required. Only a modest LINAC could easily sat

isfy this repetitive pulsing requirement but such a source would be 

limited to yielding shadowgraph information only. 
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SOURCE REQUIREMENTS FOR FLASH X-RADIOGRAPHY DIAGNOSTICS 

I. Introduction 

An important part of experiments dealing with the behavior of pro

totypic LMFBR fuel pin bundles under mild to severe nuclear transients 

is that of the observation of fuel/cladding/coolant motion. At pres

ent the neutron hodoscope(l) is used for this purpose although this in

strument is only able to distinguish fuel material undergoing fission 

via detection of the emitted neutrons. Thus pre- and post-test fuel 

be determined using this device. 

techniques have also been proposed for fuel motion 

disposition cannot 

Coded aperture 

diagnostics (2). These techniques can be used to observe y-rays 

emitted from the fuel/cladding/coolant which, as with the neutron hodo

scope, is most useful during the nuclear transient but should also 

yield some useful data immediately after termination of the transient 

as a result of the finite time for decay of the fission produc~ y

activity. They can also be used in conjunction with a large area 

pulsed X-ray radiographic source to form a coded image for diagnostic 

purposes. Since an external source is utilized in this case, pre

and post-transient data can also be obtained. 

More conventional multiple pulse X-ray radiography (X-ray Cinema

tography) techniques have the potential of being applicable to fuel 

motion diagnostics. The Phermex Facility at LASL has been used for 

some initial feasibility experiments (3) and more recently a LINAC and 

active detector system have been used to evaluate X-ray cinematography 

techniques by Stein, et.al. (4). When X-ray cinematography is used to 

obtain shadowgraph information, the experimental quantity of interest 

is spatial resolution. If photon buildup and/or scattering do not 

seriously perturb the transmitted beam and the sensitivity limits of 

the detector system are not exceeded it should be possible to obtain 

information concerning changes in areal density as well as position. 

Areal density changes are indeed of major importance in order to ob

serve fuel/cladding/coolant motion. In general X-ray cinematography 

techniques cannot be used to distinguish between the motion of the fuel, 

cladding, and coolant but rather to observe changes in areal density 

averaged over these constituents. Since fuel is the dominant component 

of the system, both in terms of mass and attenuation contribution, 
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the technique is essentially a fuel motion monitor. The effects of 

photon buildup and scattering will be very important in determining 

the ultimate applicability of this technique. The work reported up

on here did not include effects of this type but rather assumed that 

that the unattenuated transmitted beam alone contained information. 

This assumes that the scattered beam can be discriminated against or 

does not overwhelm the uncollided beam. If the scattered beam does 

possess useful information content the source requirements presented 

later in this report could be relaxed. In Section II of this report 

the basis used to arrive at these source requirements is discussed. 

In Section III the source requirements are presented as well as de

tails of the detector system. Finally, Section IV presents exist

ing and projected capabilities with conclusions to be found in Sec

;-,ion V. 

II. SAREF Experimental Program 

The operating characteristics of an electron beam source to be 

used as a conventional radiographic source for the observation of 

fuel motion is strongly dependent upon the details of a given exper

imental test (i.e., test assembly configuration and power level tem

poral profile). An entire experimental test matrix has been proposed 

for the Argonne SAREF Facility(5). The experiment categories are 

listed in Table I where more than one test assembly configuration may 

be used in each category. The full experimental test matrix is pre

sented in Table II where the projected number of individual tests are 

presented when data was available. Associated with each experiment 

category, was a projected power density temporal profile. There was 

not time to analyze each element of this experimental matrix. As a 

result, a limited number of tests were considered and these were 

chosen so as to span the range of test assembly configurations and power 

densities contained in the matrix. These elements are indicated by the 

intensified boxes in Table II. 

For each experiment category it was necessary to estimate back

ground dose levels arising from the test assemblies due to direct emis

sions or through the scattering of driver core radiations. Experimen-' 

tal data obtained on Godiva IV(3) and calculations-performed by J. A. 

Halbleib(6) , which were found to be in good agreement, provided the 

basis for the y background estimates which are presented in Table III. 
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TABLE I 

EXPERIMENT CATEGORIES 

o Subassembly-to-Subassembly Failure Propagation 

• Prototypic Fuel Failure Thresholds 

Large Bundle Overpower Transients, including effects 

of subassembly incoherence 

• Large Bundle Loss-of-flow Transients, including 

effects of subassembly incoherence 

• Large Bundle Power Transients Under Loss-of-Flow 

Conditions 

• Transition Phase 

• Effects of Bundle Size and Period on Fuel-Coolant 

Interactions 

• Fission-Gas Effects on Fuel Dispersal 
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I-' 
00 
N 

S/A to S/A Failure 
Propagation 

Prototypic Fuel 
Failure Thresh. 

Large Bundle OPT 

Large Bundle LOFT 

Transition Phase 

FCI 

Fission-gas Effects 

Totals 

TABLE II 

{ KEY EXPERIMENTS IN SAREF t 
Single Small Partial 

Pin Bundle S/A 
(1) (37) (127) 

1 

X 20-30 

10-20 

10-20 

2-5 

X II 3 

X 3-5 

X 23-35 26-49 

Single Multi S/A 
S/A (271 + 

(271) 6x126) 

1 I 3 

1-2 

~ 2 

4 1 

1 

9-10 4 



TABLE III 

Peak Pin 

t 
Total Acceptable Max U02 I 

Power Back- spatial 
ground resolution Thickness I 

I 
1 I (Wig) I D (rls) radial (rom) axial (rom) (cm) 

1 
I 

y , ! ! 

8/A 8jA Failure Propagation 2 3 l < I to 2.5xlO 1.7xlO '\.,25 '\.,120 i '\.,lS 
I ; 

! 

Prototypic Fuel Failure Thresh. 3 2 
0.5-1 ! 1-5 I < \ 

I 1.7xlO " 6.6xlO 
1 

'\., 4 , 
, I , 

i 1 

~ l i I 

l 6xl0 2 i 3 ) i ~10 Large Bundle OPT 1.3xlO 5-25 1 60-120 
1 ! 1 ! , " I l ! ! j 

J j 
, 

! I i 

i 
Bundle 4 4 

5-25 60-120 I ~10 Large LOFT [ 1.lxlO 2.3xlO I , 
~ l 
1 ,. I , i 

J ! , , 

Bundle LOF 1 4 4 
5-25 ! 60-120 1 (~10) I Large PT & i 1.lxlO 2.3xlO ! i 

i j 

Transition Phase 
, 

2.1xl0 4 • 5 5-25 i 60-120 ~lS ! I 1.5xlO 
t ! i 

I 5 l 5 ~10 I FeI 1.SxlO 3.9xlO 1-5 5-60 
i i 

Fission Effects 4 ! 4 0.5-1 1-5 < 4 I Gas 6.7xlO 2.6xlO '\., 

I I 



These background estimates were based upon gammas alone due to the 

fact that it was assumed that the detector system could be made 

relatively insensitive to neutrons. Also presented in this table 

is the maximum thickness of U02 to be penetrated for each experiment 

category. Correction factors of 1.25 for a multi-subassembly, 1.5 

for a full subassembly, 1.75 for a partial subassembly, and 2 for a 

small bundle were assumed in order to account for pin scattering of 

core radiation plus collimator scattered radiation. The acceptable 

spatial resolution values presented in Table III were obtained from 

data presented at previous SAREF review meetings. 

III. Source Requirements 

In addition to estimates of the radiation background as dis

cussed in the last section, it was necessary to identify detector sys

tem sensitivity limits in order to calculate electron beam source op

erating characteristics. The detector system proposed in reference 3 

was chosen for this purpose, in which case the minimum measurable en

ergy deposition, with acceptable precision error, was .01 rad (fluor). 

Improvements in detector system performance are certainly possible. 

Thus, the source requirements to be presented later in this section 

could be relaxed providing that detector sensitivity, and not radia

tion background, is the limiting factor. 

Transmitted beam intensities, and associated fluor dose, were 

obtained from the calculations of J. A. Halbleib(7) for source-to

object and object-to-image distances of 2.5 meters. These calcula

tions do not include the effects of rhoton buildup or scattering and 

correspond to the uncollided fluence only. As mentioned in the in

troduction this may place too stringent requirements upon the oper

ating characteristics of the sources. A minimum signal-to-background 

ratio of 4:1 was chosen as a basis for the determination of trans

mitted fluence. This was done, in part, to compensate for uncertain

ties in background estimates (e.g., neutron contribution). As men

tioned earlier, sometimes it was the background which determined 

source operating characteristics while at other times it was the mini

mum detection system sensitivity. Indeed the maximum signal-to-back

ground ratios were encountered for those cases where the minimum de

tector system sensitivity established source requirements. 

184 



Minimum pulse durations were assumed to be 1 ~sec for the LINAC 

and Linear Induction Accelerator (LIA) and .025 ~sec for the Relativ

istic Electron Beam Accelerator (REB). Bunching techniques, although 

quite expensive, can be employed on the linear accelerators in order 

to reduce pulse duration and therefore improve signal-to-background 

in high background situations. 

A pulsing rate of 10 3 pulses per second for a total of 20 seconds 

was assumed to be required. This is consistent with the vast majority 

of requirements for the SAREF experimental program. Programmed puls

ing could reduce the total number of pulses, and therefore the total 

energy requirement, but this case was not considered in the analysis 

since a detailed knowledge of the temporal behavior of pin failure and 

fuel motion was not available for the test areas delineated earlier. 

The results of this analysis are presented in Tables IV, V and VI 

for LINAC, LIA, and REB respectively. As shown in these tables the 

calculations were performed for two operating energies. LINAC's are 

inherently capable of producing the smallest beam size, and therefore 

the highest spatial resolution for conventional radiographic techniques. 

They are also more easily able to meet the repetitive pulsing require

ments mentioned earlier. They are, however, severely limited in cur

rent capability as compared to the LIA and, in light of this fact, a 

LINAC was only considered for use prior to and subsequent to the power 

transient. The sample power level maximum during these two periods of 

a test and the associated operating characteristic are £ou~d in Table 

IV. As can be seen from this table the only entries which appear real

istic in terms projected LINAC technology are those at 25 MeV operat

ing voltage for the Large Bundle LOFT and FCr experiment categories. 

Although the existing and projected pulse durations are longer than 

specified the available charge is adequate to satisfy fluence require

ments in order to meet the minimum sensitivity of the detector system. 

Longer pulse width would be acceptable since the background is so low 

for these cases. 

In Table V the operating characteristics of a LIA for operation 

during the power transient are presented. Also included for compari

son with the three selected experiment categories is the "maximum 

postulated excursion;" i.e., a full subassembly reaching a maximum 

. power density of 10 6 watts/gm. In all cases, except the "maximum 
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TABLE IV 

LINAC's 

S/A to S/A Large 
Failure Bundle FCI Typical LINAC's 
Pronaaation Loft 

existi goff projec t ed 
Pre/Post Test Power Den, (w/g) 25 16 '\;0 large. the ShE lf 

Test Sample Multi S/A S/A PartiaJ Boeing Varian --
(# pins) (1028) (271) S/A 127 (163 ) 

E(MgV) 25 10 25 10 25 10 16 20 30 

I (A) 330 2xl0 3 10 60 3 20 2.7 0.25 1 

Pulse width (11 s) 1 1 1 1 1 1 8 5 10 

10 3 10 3 
10

3 
10

3 
10 3 10 3 '\;10 2 

10 3 
250/ 

Pulsing Rate, pps 1000 

D(y) .01 .01 .01 .01 .01 .01 .03* o 003* .05* 

E(kJ) 8 20 0.25 0.6 .07 0.2 0.35 .025 0.3 

Source Size, -- fpw mm S S S S S S few 

*Based upon a partial S/A (127 pins) 



TABLE V 

LINEAR INDUCTION ACCELERATORS 

S/A to S/A Large I Maximum 
Failure Bundle FCI Postulated Typical Machines 
Propagation LOFT i 

1 
Peak Power Density (w/g) 2.5 x 10

2 . 1.1~104 rl.8xl05 10 6 Existing Projected 

Test Configuration Multi-S/A I S/A iPartial S/A I 

(# pins) 
(1029) I (271 ) IS/A 

! 
(271 ) I USSR --

; 1l~7' 

I 125 
I , ~ I 1. i I E(MeV) 25 10 10 ! 25 10 50 30 10 

! 
; , II ; , '. 

I I 1 

I 

II I (A) 330 31 
'560 ~OO 1. L xl0 3 3000 3 

! j2XlO i 80 250 1-2xlO 

I 
! ! 1 : 

11 11 
~ I Pulse Width (fl s) ! 1 ! 1 

, 
1 

, 
11 1 0.5 1 

j I ! ) I i i I 
I 

10 3 
! 

10
3 

i . 
10~ 10~ 10 3 

; 
2 I 

~ 10 3 : Pulsing Rate (pps) l I 10 50 5-10xlO 
; 
; 

D (r) . 01 .01 ,09' .0~O.7 o . 4.0 I -- .15-.30* 
~ f ; 

E (kJ) 8 2 2 15.61 5 14 75t 3.8 10-20 

Sources Size, nun M M M M M M M -- 25 to 50 D 

* Based upon penetration of a full S/A 

t 20,000 pulses at 75 kJ each would mean 1500 MJ of total beam energy 



f-' 
00 
00 TABLE VI 

RELATIVISTIC ELECTRON BEAM ACCELERATOR 

S/A to S/A Large Maximum 
Failure Bundle FCI Postulated Typical Machines 
Propagation LOFT 

Peak Power Density (w/g) 2.5xlO 2 
1.lxlO 4 1.8xlO 5 10

6 
Existing Projected 

Test Configuration 
(# pins) Multi-S/A S/A Partial S/A S/A I Hermes II --

i (1029) (271 ) (127) (271) @ Sandia 
, 

E(MeV) I 10 5 10 5 10 5 10 5 10 5 
j I 

1 j \ .~ 

\ 
I (kA) j 20 180 0.6 5 ! 1.5 13 50 400 100 800 

I 1 
i 

I , , 

i Pulse width (11 s) I 0.1 0.1 0.1 0.1 .025 .025 .02S[ .025 
\ 

0.1 .025 
I 

I 

I 

10 3 10 3 
10 3 10 3 10

3 
10

3 10 3 10 3 \ 
10- 3 Pulsing Rate (pps) I ru250 

\ 

\ .05(4) 0.4(1) D (r) .01 .01 .01 .01 . O;~ .02 0.2 0.2 i 
J 

E(kJ) 13 56 0.4 1.6 0.3 4 7.5 30 I 65 65 (2 ) 
I 

Source Size L S (3) L L L L L 
\ 

S (3 ) L S (3) 
I 

(1) Based upon penetration of a full S/A 
(2) 25 pulses at 65 kJ each would mean rul.5 MJ of total beam energy 
(3) Axial magnetic field control of the beam could be used to provide a large area source 

as opposed to a 5 to 10 rom source diameter. 
(4) Based upon penetration of a Multi-S/A. 



postulated excursion," a 10 MeV I.IA operating at 2 kA should prove sat

isfactory. Spatial resolution will be limited by source size which is 

on the order of 5 to 10 mm for this source type and the pulsing repe-
3 tition ratio will likely fall short of the 10 pps. Although a LIA of 

this size has not been built to date it is felt that such a project is 

technically feasible(8) as can be seen from the projections presented 

in the table. It is obvious that for most of the experiment categories 

considered here the source operating conditions were determined based 

upon background considerations. Worthy of notice also is the rather 

sizable amount of energy contained in each pulse. These results 

prompted the earlier comment concerning the temporal programming of 

pulses in order to conserve total energy. 

In Table VI the operating characteristics for REB!s operating 

during the power transient are presented. Again the "maximum postulated 

excursion" is included for comparison. As can be seen from this table 

the background and therefore the required detector signal produced 

by the source is, in most cases, substantiallY reduced over that of 

the LIA. This results from the short pulse duration of this type of 

source. For a REB the two maximum energies considered have implica

tions concerning the radiographic mode of operation; i.e., conventional 

point source radiography as opposed to coded aperture X-radiography 

as discussed in Section I. A machine with lower voltage and higher 

current operating characteristics has the potential of producing 

small source diameters, ~ 5-10 mm, through the process of beam self 

pinching in the diode (9) A large area beam of suitable geometrical 

shape can be produced by a source with the higher voltage and lower 

current. A small area converter could be used with this latter source 

to produce a small area Bremsstrahlung spot but only at the expense of 

the effective utilization of beam energy. The results presented in 

Table VI show that this type of source should be able to satisfy de

tector system dose requirements for all the experimental categories. 

However, large REB's of this type are not presently able to provide 

multiple pulsing capability at a high repetition rate. Work is 

presently being carried out to develop multiple pulsing REB's as laser 
, (10) 
drivers . This work is aimed at producing ~ 25,000 pulses of 800 J 

each at a rate of 1 pps. It is evident from this table that present 

and projected sources of this type produce pulsed beams of sizable 

energy. Even if an energy source were available to provide the energy 

189 



needed for a train of 20,000 pulses, the inherent characteristics of 

these large machines is to limit the number of reproducible and re

liable pulses to 25 to 100 and at a much reduced pulsing rate over 

that required. As a result it appears that a source of this type 

could only be used during the power transient in a programmed manner. 

v. Summary and Conclusions 

Based upon the results of this study it appears that a linear in

duction accelerator should be able to satisfy most of the experimental 

category requirements up to full subassembly test assemblies with ac

ceptable spatial or areal density resolution. The actual resolution 

attained will be strongly dependent upon photon buildup and scatter

ing. For this single subassembly test configuration, resolution is 

likely to be marginal at 10 6 watt/gm power density. X-ray cinema

tography should not be capable of achieving acceptable spatial or 

areal density resolution for multi-subassembly test configurations as 

a direct consequence of photon buildup. 

It should be possible to use a modest LINAC to obtain shadowgraph 

information for full subassemblies or less. The relativistic electron

beam accelerators are not presently capab~.e of repetitive pulsing at the 

required rate and with sufficient beam intensity, especially when this 

type of source is used in the conventional point radiography mode of 

operation. Indeed as pointed out by J. G. Kelly(ll) this type of ac

celerator would be much better adapted to the use of coded aperture 

X-radiography. 

It should be emphasized once more that this analysis was based 

upon the assumption that only the uncollided photon beam contained 

information relative to spatial and areal density resolution. If 

there is some information content in the scattered photons which 

reach the detector system the requirements presented above could be 

relaxed. This would also be the situation for a more sensitive de

tector system (this appears to be technically feasible) when back

ground was not the limiting factor or for one which could effectively 

discriminate background from signal (improvements should also be pos

sible in this area). As a result it might be possible to reduce 

source requirements by as much as an order of magnitude. In this 

case it would be possible to lower the operating voltage of an LIA 

which is dominate in determining the cost(8). This may also be 
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advantageous for reducing the effects of buildup. The modest LINAC 

mentioned earlier should still only be capable of obtaining shadow

graph information. Beam energy requirements could be reduced for a 

REB by either decreasing the operating current or voltage, or both, 

depending upon the radiography mode; i.e., conventional point source 

or coded aperture. Such a decrease would improve the probability of 

achieving a useful multiple pulsing capability for this source type. 

A programmed series of pulses might satisfy the experimontal require

ments or alternatively it might be possible to combine a LINAC - to 

observe fuel motion pre- and post- power transient - with a REB to 

observe fuel motion during the power transient. In this way it might 

be possible to realize better coverage for all possible power densities 

more economically than for aLIA. 

Important areas of study which require further attention are as 

follows: 

1. The identification and evaluation of improved detector systems 

and signal-to-background discrimination techniques. 

2. Evaluation of the importance of photon buildup and scatter

ing upon spatial and areal density resolution capabilities. 

3. Pursue the development of high repetition rate multiple pulsed 

REB's operating at moderate-to-high beam intensity. 
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Qualitative Diagnostics of Coolant and Cladding Motion 
During LMFBR Safety Experiments Using 

Intrinsic-Junction Thermocouples 

The R-series is an on-going program of LMFBR safety experiments performed 

in the Transient Reactor Test (TREAT) facility. The purpose of the program 

is to provide experimental confirmation of modeling in accident analysis codes 

such as SAS. (1) The R-series test apparatus provides a flowing-sodium system 

with hydraulic and thermal features characteristic of current LMFBR design, in 

which multi-pin bundles of full-size LMFBR fuel pins may be sUbjected to simu-

lated LMFBR accident conditions. The initial mission of the program has been 

to perform tests related to the hypothetical unprotected loss-of-flow (LOF) 

accident for FFTF safety studies. (2,3) 

Instrumentation systems are relied upon to diagnose events occuring as a 

result of the transient undercooling, including a) coolant boiling and voiding; 

b) cladding melting, molten cladding motion, and blockage formations; and c) 

fuel behavior. Coolant behavior is typically assessed during the tests using 

acoustic detection, (4) apparatus flowmeters, and test section thermocouples. 

Fuel motion is monitored using the neutron hodoscope which is a part of the 

TREAT facility. (5) The motion of molten cladding and structure material would 

desirably be monitored in a similar manner, except that this capability does 

not presently exist. In the absence of such a capability, experimenters 

have succeeded in obtaining qualitative information about cladding motion by 

using fast-response thermocouples located on the outside of the test fuel 

holder. In addition to the TC's normal response to bundle heatup, coolant 



voiding, film dryout, and structure heatup, the TC's also show a distinctive 

response to the transient wall heating associated with molten cladding moving 

coherently within the test bundle and bridging to the adjacent wall. The 

TC's have been effective in establishing the time during the test sequence 

when cladding motion begins, the location of initial cladding motion, and the 

progression of motion. This paper describes the thermocouple techniques and 

test data which have provided experimental information about molten cladding 

behavior during the R-series LMFBR safety tests. 

The components and general layout of the TREAT/R-series test apparatus(6) 

are illustrated in Fig. 1. Two sodium tanks, located atop the TREAT reactor, 

are used to flow sodium through a piping system which penetrates the reactor 

core. The test section, containing the test fuel bundle, is located within 

the reactor core in the return leg of the pipe (upward-flowing sodium). An 

enlarged piping section above the test section represents the LMFBR upper 

plenum. The flowrate through the system is controlled by the pressure dif

ference between the two tanks. 

Figure 2 illustrates schematically the features of the test train. The 

inlet orifice, the multi-pin bundle of full-length fuel elements, and the up

per plenum provide hydraulic simulation of current LMFBR design. The cross 

section of the 7-pin bundle used in the FTR-LOF tests is illustrated in Fig. 3. 

The test section was designed to give a uniform radial temperature distribution 

which lS representative of the central 7-pin region of an FTR subassembly. 

This was accomplished by varying the pin enrichments to give radially uniform pow

er generation (14% edge pin enrichments vs. 20% center pin enrichment) and by 

minimizing the overcooling at the outer edge of the pin bundle. In the latter 

regard, it may be noted in Fig. 3 that the wire wraps on the outer pins are of 

reduced diameter, that filler wires displace coolant at the inside flats of the 
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fuel holder, and that the fuel holder is thin-walled (20 mil) to minimize wall 

heat capacity effects. Radial temperature coherency is important to the ra

tional of detecting coolant and cladding motion using thermocouples because it 

suggests the possibility of placing the TC's on the outside surface of the 

thin-walled fuel holder to monitor the coherent thermal conditions within the 

bundle. This is advantageous because it permits the use of a large number of 

TC's which do not involve penetrations through the sodium containment system. 

Accordingly, up to eighteen TC's are typically used on the fuel holder at 

various axial locations. The locations are selected on the basis of a) moni

toring the overall axial temperature distributions during the course of a 

transient, and b) monitoring the local temperature conditions in a particular 

region, such as where initial cladding melting and motion are expected to take place. 

The thermocouple design selected for this application is shown in Fig. 4. 

The thermocouple wires are individually spot-welded to the fuel holder wall. 

The fuel holder thereby becomes an integral part of the thermocouple junction 

which adds negligible thermal inertia at the heated surface. The time response 

of the circuit is limited principally by the internal resistance of the thin

walled fuel holder. The thermocouple assemblies are comprised of 0.040-in. O.D. 

316 SS sheaths, chromel/alumel TC wire (nominal 6-mil diameter), and MgO insula

tion. Lengths vary from 50 to 100 inches where, at the cold end, there occurs a 

transition to l6-ga extension wire. Weld tabs are affixed to the sheath near 

the junction-end of the assemblies. During installation, the tabs are spot 

welded to the fuel holder, firmly attaching the sheath to the wall at its junc

tion end. The remainder of the sheath is loosely banded to the fuel holder, 

such that differential thermal expansion is permitted. The bare TC wires, 

about 1/4-inch long, are flattened in a vise and are individually spot-welded 

to the wall at a separation of about 1/32-in. The bare, hot end of the sheath 
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is potted with Aremco Cerama-Dip 538 which serves both as a sealant and as a pro

tection against the wires shorting either to the sheath or to one another away 

from the wall. 

The 63% time constant for this surface temperature measurement is esti

mated to be about 40 msec based upon internal resistance to heat flow within 

the 20 mil flowtube wall (Biot Modulus ~ 10). Transient test data generally 

verify that the TC's respond adequately fast for the time scale of events 

during a LOF-type test. As an illustration, test data in Fig. 5 show the 

relation between inlet sodium flowrate and wall temperature (at the inlet 

plane of the test fuel column) during a 7-pin LOF experiment. At about 14.8 

sec in this transient, the coolant reverses flow direction at the inlet and 

thereafter becomes oscillatory with alternating inward and outward flow. The 

flowtube thermocouple at the fuel inlet plane responds as expected to these 

changes in direction of the coolant motion. Prior to flow reversal the tem

perature is a steady 600°F; upon reversal, the temperature is seen to rapidly 

rise as the heated sodium is expelled back into the inlet plenum. The wall 

heating thereafter becomes cyclic, in response to the cyclic coolant flow. 

The time lag for this measurement is determined to be about 50 msec. 

While data from the inlet region of the test bundle is useful for as

sessing the time response of the flowtube thermocouples, data from the outlet 

region of the bundle is important for understanding the test sequence itself. 

Figure 6 shows a typical temperature trace from near the top of the fuel 

column during a simulated unprotected LOF transient. Prior to fission 

heating of the test fuel, the system temperature is uniform at 600°F. Upon 

initiation of the power transient ( point a), the outlet temperature reaches 

a quasi-steady plateau at about 840°F (240°F bundle temperature rise). The 

temperature oscillation during this preheat interval reveals that the test 
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pins move within the fuel holder as permitted by the assembly tolerances; 

this is consistent with neutron hodoscope indications that the test 

fuel generally shows coherent, oscillatory motion during the predistruption 

stage of the transient. The flow coastdown, initiated at point b in Fig. 6, 

results in a progressively worsening undercooling situation. The coolant 

temperature increases until the sodium saturation temperature of about l700°F 

is reached (point c), at which point coolant boiling and voiding ensue. The 

wall temperature remains approximately constant after voiding, due to the 

presence of a sodium film left on the structure. Upon film dryout (point d), 

the stainless steel structure resumes heatup, leading to eventual melting at 

about 2500°F and loss of thermocouple signal (point e). 

From this type of thermocouple data, obtained at various locations along 

the fuel bundle, it is possible to construct event profiles as illustrated in 

Fig. 7. Plotted on this figure are the times at which a) sodium saturation 

temperature is reached, b) flowtube dryout is indicated, and c) TC failures 

occur. These events are representative of, respectively, a) the progression 

of coolant voiding (with confirmatory data from inlet and outlet flowrate 

integration), b) structure dryout, and c) structure melting. It should be 

recognized that the assumption of temperature coherency, which permits bundle 

temperature conditions to be inferred from wall temperature measurement, is 

valid only up to the time of sodium voiding. After this, the wall dryout and 

temperature rise will necessarily lag behind the cladding dryout and heatup 

within the bundle. As indicated in Fig. 7, cladding failures, cladding melt

ing, and upper blockage formation all occur well before melting of the fuel 

holder. This is the time domain of interest in attempting to detect molten 

cladding behavior from the still-functioning wall thermocouples. 



Figure 8 illustrates test data from the R4 LOF experiment during the 

interval of cladding melting and motion. (7) Two aspec~s of the thermocouple 

data are of special interest insofar as their implications about bundle 

events. First, with the onset of sodium voiding at about 14.4 sec, sodium 

vapor streaming becomes an important phenomenon within the bundle. Sodium 

vapor, produced in the lower region of the bundle, streams upward toward con

densation sites in the pin plenum region. The estimated vapor velocity of up 

to 300 fps exceeds the flooding threshold for liquid sodium (wall film) or 

for molten stainless steel (cladding) by an appreciable margin. (8) The vapor 

flow is oscillatory in nature due to the chugging behavior exhibited by the 

lower sodium slug (Fig. 8). As a consequence of the cyclic nature of the 

associated film motion and vapor condensation, the vapor streaming phenomenon 

is detectable by the wall thermocouples as a characteristic temperature osci1-

1ation. Hence, the occurrence of sodium vapor streaming is an event which 

is qualitatively detectable from the fast-response wall thermocouple. Secondly, 

at a time in the test sequence when SAS calculates the onset of cladding mo

tion (about 1 sec after the cladding solidus temperature is reached), thermo

couple TCTS-7, located 3 inches below the top of the fuel column, indicates 

a rapid transient heating event. This is interpreted as being caused by the 

motion of molten cladding material which accumu1aes and bridges to the f1ow-

tube wall. Additionally, thermocouple TCTS-S, at the top plane of the fuel 

column (not shown in Fig. 8), shows.a similar heating event about 0.1 sec 

after the lower TC, suggesting a net upward motion of the molten material. 

However, thermocouple TCTS-4, located one inch above the heated zone in the 

colder insulator pellet region (Fig. 8), does not show such an event, sug

gesting that the molten material stopped its upward motion between these two 

measurement locations. This upper thermocouple indicates that at about 
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this same time in the test sequence the cyclic wall temperature behavior is 

interrupted, suggesting that a cutoff of the vapor streaming has taken place. 

Hence, the thermocouple data has provided indications of important bundle 

events including a) the time of molten cladding motion (first indication at 

17.3 sec for R4 data), b) the initial progression of motion under the influence 

of sodium vapor streaming (upward in direction from initially 3 to 4 inches 

below the top of the fuel column to less than 1 inch above the fuel column), 

and c) the influence of cladding relocation upon the bundle configuration 

(formation of a steel blockage at the top of the fuel). 

It should be mentioned that this evaluation of test data, and corres-

ponding interpretations about the test sequence, were carried out and re-

d ( 7). b' . h' 1 . d f h 1 dd' bl k porte prlor to 0 talnlng any p YSlca eVl ence 0 t e c a lng oc age. 

The subsequent posttest cutup and examination did indeed reveal that steel 

had been swept up into the reflector region of the pins. Its posttest dis-

position was as a complete blockage of the channel cross-section, although 

there is no way to ascertain its complete history between its formation 

stage during the test and the later cooldown stage. Figure 9 shows a photo-

graph of the blockage looking upward from the former fuel region toward the 

bottoms of the insulator pellets. As is evident in the photograph, the block-

age is located only slightly downstream from the former fuel pellet/insulator 

pellet interfaces. What cannot be assessed from the photographs is that the 

planar blockage is very thin, only about 1/8 to 3/16 inch in thickness. (9) 

In conclusion, it is regarded that test train thermocouples have proven 

successful at qualitative diagnostics of coolant and cladding motion. This 

is particularly significant in the case of molten cladding behavior because 

of the current unavailability of other diagnostics capabilities for real 

time steel-motion surveillance. The thermocouple techniques described have 
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yielded information about the time and location of initial cladding motion, 

its early progression under the influence of vapor streaming, and the forma

tion of an upper blockage. However, the technique also involves inherent 

limitations insofar as there is no way to obtain details of the material be

havior, to quantify the axial extent of materials involved, or to assess the 

thicknesses or radial coherency of blockages. Hence, the incomplete picture 

provided by test data of this important aspect of material motion is promp

ting development at ANL of a facility-type capability for steel-motion de

tection similar in approach to the fuel motion detection provided by the TREAT 

neutron hodoscope. (10) 
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Monitoring Clad Blockages* 

by 

A. De Volpi, C. L. Fink, and R. R. Stewart 

Reactor Analysis and Safety Division 
Argonne National Laboratory 
Argonne, Illinois 60439 

Abstract 

In the coolant channels of fuel rod subassemblies, melting and accumula

tion of clad material may cause flow blockage. No method of detecting these 

effects during radiation transients has been implemented to date; however, 

studies indicate that the fast neutron hodoscope at TREAT can be modified to 

accomplish unambiguous clad blockage detection. The procedure, which has 

been tested for several years, consists of adding a gamma detection array in 

tandem with the hodoscope neutron detectors. The array would be biased at 

energies high enough to favor detection of capture gamma rays from the various 

components of steel in contrast to gamma rays from fission and other competing 

processes. Estimated volume sensitivity, under reasonable conditions, is 

about 0.2 cm3 of steel. 

* Work performed under the auspices of the U.S. Energy Research and Develop-
ment Administration 
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Monitoring Clad Blockages 

During destructive tests of the type performed on fuel pins at TREAT, 

cladding motion can be a significant passive or active factor. In a passive 

role, clad may fail because of internal gas pressure or molten fuel contact, 

or the cladding may simply melt; and the molten clad may drain or be swept 

away. In the more active sense, clad may be vaporized causing dispersal of 

fuel; furthermore, blockages resulting from accumulations of melted steel 

can prevent cooling of test sections and dispersal of disrupted fuel. 

Consequently, the time history of the cladding and structural materials 

in a test section are of significance, both as cause and effect, in analysis 

and understanding of such transient experiments and their relationship to 

future LMFBR design and acceptance. 

No method of detecting these effects during radiation transients has 

been implemented to date, although the motion of fuel itself is monitored 

by the fast neutron hodoscope, which intentionally is not sensitive to steel 

effects. Recent studies at TREAT indicate that, by adding a gamma detection 

array to the hodoscope, detectability specific to clad blockage is feasible. 

Difficulties in Detecting Steel 

Instrumentation could be inserted within a test section for the purpose 

of measuring some properties (temperature, physical state) of steel; however, 

these devices appear to be of limited value. More important, devices installed 

within the test section by their presence tend to perturb the experiment 

itself. 

The primary problems that make clad detection difficult from outside 

the test section relate to competitive effects. Neutrons from the reactor 

produce gamma rays in fuel, the test section, and provide a general back

ground of gammas and neutrons which interfere with detection. The cladding 

surrounding fuel constitutes only a few percent of the total steel in a test 



section. Identification of a distinct cladding signature has been stymied 

by both the general wealth of background radiation and the presence of an 

overwhelming amount of material similar to that being observed. 

Ex-core techniques using externally generated neutrons or gamma photons 

depend upon differences in transmission. The fuel and steel in an initial 

undisturbed test configuration may have sufficiently dissimilar density or 

transmission characteristics to provide some means of discrimination. But 

once the movement and mixing of fuel, clad, and coolant takes place, varia

tions in grey level will no longer specifically identify material components. 

Method Being Tested 

One technique, which does appear promising, identifies steel by detect

ing its prominent capture gamma ray emission above 6 MeV. This method has 

been investigated at TREAT for several years. The primary components of 

steel -- iron, nickel and chromium -- all yield high energy capture gamma 

rays. On the other hand, other gamma rays from the reactor tend to be pro

duced at lower energies. The primary sources in fuel are fission and cap

ture processes. The reactor acts as a diffuse source of gamma rays from 

fission and capture in structure, such gamma rays being scattered by material 

in the test section. In addition, there are direct gamma rays caused by 

capture in the structural material and coolant of the test section. 

The problem of detection may be divided into two parts: how to distin

guish steel signal from that of fuel and then how to sense the cladding sig

nal amidst the parallel background from other steel. The first part of the 

problem must be resolved because fuel is expected to move during most tran

sients; thus any method which fails to distinguish between fuel and clad is 

of very limited utility. The second part of the problem may be categorized 

as one of detecting a small change in signal, where we may consider the 

primary sources of structural steel (such as test section containment) to 

be fixed during the transient. 
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A steel signature may be achieved satisfactorily by biasing a photon 

detector so that lower energy gamma rays characteristic of fuel are excluded. 

Some calculations will be described later. Capture gamma rays from sodium 

can be ignored because of their low intensity above several MeV. 

The problem of measuring small signal differences is a classic issue in 

statistics of nuclear counting. In principal, signal changes of only a few 

percent may be determined with adequate confidence if the count rates are 

sufficient. In practice, a delicate balance must be achieved between various 

limitations resulting from real and spurious effects. 

Detection System 

The gamma~ray hodoscope technique has been tested by placing small 

sodium iodide crystals directly behind the collimator slots in tandem with 

the fast neutron detectors of the hodoscope. This is shown in Fig. 1, where 

the gamma detector bay is mounted behind the neutron bay. In this manner, 

it has been possible to utilize existing spare signal processing, data col

lection, and data processing facilities of the hodoscope. 

Experiments have been conducted in several stages to select the most 

viable options. Early tests were focused on gamma spectrum measurements 

using both NaI(Tl) and Ge(Li) detectors. We also investigated requirements 

for instrumentation; background effects due to fuel, sodium, and structure; 

the use of lead filters; optimization of bias level, efficiency and count 

rates; size of crystal; and transient response. The results led to setting 

up a temporary 24~channel array, containing 3/4 x I-in. (1.9 x 2.S-cm) NaI(Tl) 

crystals, which has been operational for over 2~1/2 years. There was no 

apparent advantage to having energy resolution any better than that obtain-

able from sodium iodide; this conclusion 

in detector and pulse processing costs. 

high voltage, the sodium iodide signals 

also results in considerable savings 

In fact, after reducing phototube 

could be properly processed by the 

existing electronic chain designed for Hornyak button fast neutron detection 

using a single threshold. 



The original experiments conducted in 1972 were made in the context of 

sodium void detection; the results indicated that unique definition of sodium 

by means of characteristic capture radiation is marginal and would require 

further investigation. At the same time, however, it was evident that the 

steel capture radiation was quite prominent. 

Recent Experiments 

Some analysis of our sodium iodide transient data has been accomplished, 

but results are not conclusive in terms of clad blockage detectability. We 

have been unable to devote an adequate effort level to analyze remaining 

transient data, nor have there been many transients well suited for this 

purpose. The lack of enough gamma detector channels has also hampered 

definitive results. One conclusion regarding instrumental effects is that 

bias levels were not initially chosen high enough to provide a dominant steel 

over fuel signal ratio, and count rates were allowed to be too high, resulting 

in saturation for high power experiments. 

Calculations have been performed of the expected steel/fuel signal ratio 

for a seven-pin test assemblyl and the results are displayed in Fig. 2. In 

earlier measurements we apparently used bias levels around a few MeV, whereas 

the calculations indicate that the threshold should probably be set about 

6 MeV. One problem we have not yet resolved is that of ultimately achieving 

a reproducible and simple technique for calibration of detectors in the 

field. 

Experiments were recently conducted at TREAT to evaluate response to 

certain known source conditions. Data were obtained by "scanning" the hodo

scope collimator across the field of view at the center of the reactor in 

the same manner that similar profiles are obtained of the neutron distribu

tion from fuel. 

The "source" was a 14% enriched fuel pin, with stainless steel cladding, 

offset within a stainless vessel of 65 mil (1.65 mm) wall thickness. As 

seen in Fig. 3, the 65 mil steel tube is clearly detectable amidst the back-
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ground of reactor and fuel pin. In fact, by scaling from the relative thick

ness of steel or clad vs. tube, it is evident that some portion of the peak 

amplitude and width are attributable to the cladding. It should be kept in 

mind that the steel/fuel ratio was not yet optimized. In this test, calcu

lations indicate that the detector threshold was ~4 MeV. If the threshold 

had been set at 6 MeV, a single-pin steel-to-fuel ratio of 20 would have 

been possible. 

A further test was made to simulate conditions more typical of tran

sient experiments: a I-in. (2.54 cm) steel plate was inserted in front of 

the source. The results are shown in Fig. 4; again, the detector (which 

differs from the detector used in Fig. 3) was not optimized (estimated 

threshold ~3 MeV). Despite the very thick "source" and attenuation effects 

caused by the I-in. steel plate, there is a statistically significant signal 

from the steel tube and fuel and, by inference, marginally from the cladding. 

Statistical errors are within the plotted symbol size. The signal from the 

steel vessel amounts to 8% of the total count. Such evidence clearly points 

to a detection capability for massive blockages of steel and, in fact, sug

gests a marginal possibility of detecting the original clad melting under 

appropriate conditions. One factor to keep in mind is that the geometry 

used in Fig. 4 permits a larger clad plus tube signal than if the I-in. 

steel attenuator were to surround the source. 

Predictions for Time-Resolved Steel Motion 

Stainless steel cladding on LMFBR fuel pins has a typical thickness of 

about 15 mils (0.4 mm) with pin diameters of 230 mils (5.8 mm) or larger. 

Moreover, a total of 1/2 to I in. (1.26 to 2.54 cm) of steel usually surrounds 

the TREAT test assembly. The results shown above indicate that accumulations 

of steel which represent at least 50% of the test vehicle cross section for 

a few mm height should be time resolvable. Such accumulations are adequate 

to detect total flow blockage. 
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In situations where steel blockage occurs well before fuel motion, then 

a higher level of sensitivity should be achievable. Our estimated volume 

sensitivity under favorable conditions is 0.2 cm3 of steel, which is compa

rable to existing fuel motion capability of the hodoscope fast neutron de

tectors at TREAT. 

We plan when the budget permits to expand the gamma array up to 100 or 

so detectors for both the 2l-in. (51 cm) and 48-in. (122 cm) collimators. 

Additional work in characterizing the optimal size, adjustment, calibration, 

and bias setting of the channels is underway. 

Experiment and reactor designers can improve prospects for clad blockage 

detection by minimizing the amount of construction steel or by substituting 

fabrication materials, such as tungsten, tantalum, niobium, titanium, or 

even zircaloy, which provide fewer capture gammas above 6 MeV. 

Radiography 

In-situ radiography is an informative procedure. It would be useful to 

have radiographs of separated fuel and steel (and coolant) dispositions fol

lowing a transient. Furthermore, in view of the real possibility of mechan

ical disturbance caused by removal of the test section from the reactor, such 

radiographs obtained in-situ would be most valuable, especially if provided 

to the experimenter not long after a test. 

The hodoscope provides a means for both neutron and gamma-ray in-situ 

radiography. A paper being provided for the IEEE Nuclear Science Symposium
2 

explains the proposed method for fast neutron radiography. Similar techniques 

would be applicable for gamma radiography by using the characteristic capture 

gamma radiation from steel as described earlier for time-resolved clad block

age detection. The primary difference is that radiographs of stationary 

configurations are easier to achieve than the time-resolved data. 

For time resolution, we are statistically limited, whereas a post-tran

sient radiograph may be generated taking advantage of several hours of low-
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power reactor operation. To effect the type of radiograph that the hodoscope 

produces, the hodoscope collimator is moved horizontally and vertically. 

This contrasts with time-resolved operation where the material being observed 

moves and the collimator is stationary. When the material is stationary and 

the collimator is scanned, then a type of digital radiography ensues. A 

series of profiles of fuel and clad response can be built up (as shown in 

Figs. 3 and 4), and ultimately a pseudo-radiograph can be constructed depict

ing the relative 2-dimensional disposition of steel as distinct from fuel. 

Since radiographs are frequently digitized in order to yield quantitative 

data, having digital data to start with is not an inherent limitation but, 

in fact, may be a significant advantage. 

In Fig. 3 data points were taken laterally at intervals of about 50 mils 

(1.3 mm); in principle, lateral resolution in the order of 10 mils (0.25 mm) 

and vertical resolution of about 100 mils (2.5 mm) should be achievable with 

the 48-in. (122-cm) collimator adapted to radiographic scanning . 

Summary 

It is difficult is isolate some characteristic signature of steel in a 

realistic transient reactor background. Tests have been performed at TREAT 

on the possibility of measuring steel by detecting capture gamma radiation 

above 6 MeV, making use of a simple modification to the hodoscope. Steady

state experiments indicate that the large amounts of steel are resolvable, 

which would satisfy requirements for detection of blockages caused by accu

mulated steel. It is likely that this can be accomplished on a time-resolved 

basis. Whether actual melting of clad or accumulations of amounts smaller 

than full blockages can be detected cannot be reliably predicted from the 

existing data. There are indications that such detailed steel motion reso

lution is possible, but confirmatory evidence is presently lacking. In any 

event, it should be possible to achieve high resolution digital radiographs 

comparing the pre- and posttest stationary disposition of steel. 
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Figure 1. Gamma Array in Tandem Inside 
Enclosure (Marked "High Voltage") Behind 
Neutron Enclosure (Marked "Danger, High 
Voltage") at TREAT Hodoscope 
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I. Introduction 

A Survey of Coded Aperture Imaging 

BY 

H. H. Barrett 
Optical Sciences Center 
University of Arizona 

Tucson, Arizona 

There are a number of important applications, particularly in nuclear 

medicine and astronomy, where it is necessary to form an image of a source 

emitting x-rays or gamma rays. Since this radiation is not appreciably re

fracted or reflected by matter, the image cannot be produced by ordinary 

focusing optics. Instead, the conventional approach has been to use a pin

hole aperture or multihole collimator as shown in Fig. 1 to form an image 

of the source on a scintillation camera, film, or other image detector. 

This type of imaging has made possible the field of diagnostic nuclear 

medicine. With a modern scintillation camera, acceptable images with 1 to 

2 cm resolution can be obtained with a radiation dose to the patient that 

is one to three orders of magnitude below the dangerous level. The informa

tion gained in this manner is valuable in delineating the physiological 

function of an organ, e.g., which parts of the organ absorb a given pharma

ceutical and how rapidly. However, the resolution is inadequate to give the 

kind of detailed, morphological information contained in a radiograph. Im

proved resolution in nuclear medicine would offer many new diagnostic possi

bilities, such as the early detection of small focal lesions and metastases, 

or more precise differentiation between benign and malignant tumors. 

But increasing resolution with a pinhole or collimator is a very diffi

cult task. Because of the low collection efficiency of the apertures (typi

cally 0.01%), the scintillation camera must have high detection efficiency 
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in order to "make every photon count." The high efficiency is obtained by 

using a relatively thick scintillation crystal and sensitive photomultipliers 

to detect the resulting light. Economic constraints limit the number of 

photomultipliers and hence the intrinsic spatial resolution of the camera. 

But even if that problem were solved, the resolution would still be severely 

limited by the collimator itself. For example, suppose it is desired to 

increase the system resolution from 12 mm to 6 mm and that a fictitious 

camera with perfect intrinsic resolution is available. Then the resolution 

can be increased a factor of two simply by using a finer collimator or 

smaller pinhole. With all other factors remaining constant, the result is 

a four-fold reduction in gamma ray flux. However, in order to keep the same 

signal-to-noise ratio, the number of detected gamma ray quanta per resolution 

element must remain constant, or the total number of quanta should increase 

by a factor of four. The net result is that a factor of two increase in 

resolution must be accompanied by a factor of sixteen increase in patient 

dose or exposure time. 

A similar result is obtained for a scintillation scanner used with a 

focused collimator. The scanner has an efficiency of 1 to 5%, but it views 

only one resolution element of the object at a time. Again large doses or 

exposure times, which can be reduced only at the expense of spatial resolu

tion, are required. For example, a typical whole-body skeletal scan now 

takes about an hour. 

Thus, whether a camera or scanner is used, an apparently inevitable 

tradeoff between radiation flux and resolution is required. Very similar 
1 tradeoff situations occur also in other fields such as radar technology, 

2-4 " f 5-8" h " x-ray astronomy, and Ln rared spectroscopy. But Ln t ese areas sophLs-

ticated signal processing techniques have been devised to avoid the tradeoff, 

to obtain high flux, and after the processing, high resolution as well. 

Th "d h 1 b " d " 1 d"" 9-11 ese Leas ave recent y een carrLe over Lnto nuc ear me LCLne, 

where they have come to be called "coded aperture imaging" techniques. The 

key feature that sets coded aperture imaging apart from conventional imaging 



techniques is that the initial image is not immediately recognizable. In~ 

stead it is a coded or scrambled representation of the object. The process

ing step is not merely to enhance the image, but is essential to obtain any 

useful image at all. 

The most successful coded aperture to date is the Fresnel zone 
2 3, 9-11 plate. ' In this case the coded image is closely analogous to a 

hologram and can be reconstructed with a coherent optical data processing 

system. 

The zone plate aperture can be a factor of 1000 more efficient than a 

pinhole or parallel~hole collimator. For a point source, this means that 

an image with a given signal-to~noise ratio can, in theory, be formed with 
" 12 13 a factor of 1000 smaller exposure t1me or dose.' For larger sources, 

the advantage is considerably less, but it should still be as much as a 

factor of 10 for many practical clinical situations. 13 

However, in most of the work we have performed to date, this large 

advantage is not realized, primarily because x-ray film, rather than a 
" "II " "d d 11, 14 hI" SC1nt1 at10n camera, 1S use as the etector. T e resu t1ng camera 

is an extremely simple one that is lightweight, portable and inexpensive, 

and gives high-resolution, tomographic15 images. Clinical trials of this 
16 camera are now under way. Excellent results have been obtained in studies 

of the thyroid, bone lesions, myocardium, lungs, liver, and spleen. Examples 

are shown in Figs. 2 and 3. 

Although this camera definitely seems to be a useful diagnostic device, 

it requires substantially larger doses or exposure times than conventional 

systems. Until recently, it had seemed that it might not be possible to 

realize the full theoretical advantage of coded apertures because an off-

axis zone platell , 14, 15 seemed to be necessary to eliminate undiffracted 

background light. The off-axis zone plate has very closely spaced zones 

and is not, therefore, compatible with a low~resolution, high sensitivity, 

detector such as the Anger camera. Thus an impasse had developed: To utilize 
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the high sensitivity of the zone plate it was necessary to use a low-sensi

tivity detector like x-ray film, so the overall sensitivity was no better, 

and usually substantially worse, than with conventional systems. 

Recent work, however, has shown that this impasse may be surmounted in 

several ways. As discussed belOW, several apertures including the on-axis 

zone plate, annulus and non-redundant pinhole arrays can be used with an 

Anger camera. 

II. Basic Principles of Zone Plate Imaging 

The operation of the zone plate aperture can best be understood by 

first considering a point source of gamma rays. The probability distribution 

of the gamma rays on the image plane is just a geometric shadow of the zone 

plate (see Fig. 4). This shadow contains the full three-dimensional infor

mation about the location of the point; the lateral position of the shadow 

depends linearly on the lateral position of the point, and the scale of the 

shadow depends on the distance of the point from the zone plate. 

Thus the imaging operation is a transformation of each point in the 

object into a zone plate. Exactly-this transformation occurs in optical 

hOlography where the zone plate is the interference pattern between the 

light scattered from an object point and the reference beam. Therefore, 

once the coded image has been recorded, it no longer matters how the zone 

plates were formed. Whether it was by geometric shadowing of gamma rays or 

interference of light waves, a hologram is obtained. 

The reconstruction step uses the fact that a zone plate transparency 

behaves as a lens, but with diffraction rather than refraction deviating the 

light. Thus, if the zone plate shadow is recorded as a transparency of 

suitable scale and inserted into a laser beam, part of the light is diffracted 

into a bright local spot that is the reconstructed image of the gamma ray 

pOint source. If two adjacent points sources were present (Fig. 4), the 



hologram would consist of overlapping zone plate shadows, but the recon

struction would be two non-overlapping focal spots. Two sources at different 

distances from the zone plate would produce foci in two different planes. 

Then, to the extent that linear superposition holds, any extended 

object can be considered to be composed of points and should be properly 

imaged. However, in practice this seldom occurs except for small objects. 

The difficulty is the undiffracted light (or "dc light" in optical jargon) 

that is present since both the gamma ray source intensity and the zone plate 

transparency are non-negative functions. For a point source, this undiffrac

ted light overlaps the focal spot, but it is much less intense and therefore 

not troublesome. When a second point source is added, the two focal spots 

may be well resolved, but the undiffracted light patterns are not. There

fore the presence of a second point reduces the contrast of the first. For 

large, extended sources, the image contrast becomes so small that the image 

can no longer be seen. 

A spatial filtering technique to alleviate this problem has been de

scribed. 9 In this approach, a Schlieren stop is used to block low-spatial 

frequency componen~s of the image, thereby suppressing the undiffracted 

light. However, the usefulness of this technique is limited because a large 

object itself has low frequency components. Therefore, a stop large enough 

to block the undiffracted light will also block much of the desired object 

information. 

A better approach is to use an off-axis section of a zone plate with a 

halftone screen plate, the undiffracted light pattern does not overlap the 

local spot and is therefore not a problem. The halftone screen is necessary 

because the off-axis zone plate will not properly code low spatial frequen

cies. The screen serves to spatially heterodyne the object spatial frequency 

spectrum into the passband of the zone plate. When the zone plate and half

tone frequencies are properly matched there is a strong Moire fringe pattern 

formed on the image plane as shown in Fig. 5. Diffraction from these fringes 

forms the reconstruction. 
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The only major drawback to the off-axis zone plate is that its rings 

are very closely spaced. Therefore, a high-resolution image detector must 

be used. Alternatively, for a given detector resolution, the resolution of 

the final image will be much worse with an off-axis plate than an on-axis 

one. As a useful rule of thumb,12 the final image resolution with an off

axis zone plate will be about a factor of three worse than the intrinsic 

detector resolution. Therefore, an Anger camera is not very attractive, and 

we turned to x-ray film as the detector. 

An experimental camera consisting simply of an off-axis zone plate, a 

halftone screen, and an x-ray film cassette was built several years ago. 

The zone plate and halftone were prepared either by casting lead onto tinned 

aluminum plates and machining them into the desired pattern, or by electro

forming gold. 

The output of the camera is a low-density coded picture on x-ray film, 

usually 10 x 12 in. This film is placed in a copy camera and copied at re

duced scale onto a photographic plate, which is then developed and bleached 

so that the original density differences are translated into optical phase 

differences. 

The reconstruction or decoding system, shown in Fig. 6, uses a helium

neon laser, a lens-pinhole spatial filter, a collimating lens, and an iris 

to select the correct diffraction order of the hologram. The reconstructed 

image first appears at a very small scale and is magnified by a subsidiary 

lens onto a fine ground glass. The ground glass may be viewed visually, or 

with a silicon vidicon TV camera. 

An important part of the reconstruction system is the iris that sep

arates the correct diffraction order from the undiffracted light and the 

other orders. The open diameter of the iris determines the bandwidth of the 

system. Image smoothing is therefore easily accomplished if desired. 

The point at which the reconstruction occurs along the axis of the op

tical system depends on the focal length of the reduced coded image, which 



in turn depends on the distance of the object from the zone plate. Thus, 

the image may be examined plane by plane by moving the magnifying lens in 

the reconstruction system. All planes of the object are thus contained in 

a single coded image. 

Examples of the clinical images obtained with this system are shown in 

Figs. 2 and 3. 

III. Background Suppression Techniques 

The main problem in coded-aperture imaging is that the apertures al

ways have a positive-definite transmission. In zone plate imaging with 

optical processing this leads to the undiffracted or "dc" light background 

in the reconstructed image. For point objects, this undiffracted component 

is relatively unimportant since it is weak compared to the desired diffrac

ted light. However, for large continuous objects it completely obscures 

the reconstructed image. 

Two solutions to this problem have already been mentioned. Some 

improvement can be obtained by spatial filtering9 with a dc stop in the 

Fourier plane, but, in general, high quality imagery cannot be obtained 

this way. A stop large enough to block all of the dc term will frequently 

also block most of the signal. Another solution is to use an off-axis 

section of a zone plate, for which the dc and signal components are spa

tially separated. Here it is necessary to also use a halftone screen as a 

spatial carrier. The drawback to this approach is that the off-axis zone 

plate has very fine rings, placing stringent requirements of the spatial 

resolution of the image detector. 

S "1 h h d b T" 30 " h h tll anot er approac , suggeste y 1pton, 1S to c oose t e zone 

plate in such a way that the phase of the light in the reconstructed image 

is opposite to that of the background. The result if a dark image on a 

bright field. The drawbacks to this method are that it works only for a 
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restricted range of object sizes and that the inevitable nonuniformities in 

the background can be misinterpreted as nonuniformities in the object. 

. 18-20 It has long been recognlzed that an effective dc suppression 

could be obtained if two coded images were formed, one with a positive zone 

plate and one with its negative, and these coded images were subtracted be

fore reconstruction. Let the transmission of the positive zone plate, treated 

as sinusoidal, be denoted by 

-+-
g+ (r) = ~ + ~ sinar

2
, (r::S R) 

and that of the negative one 
-+-

g (r) -
-+-

where r is a two-dimensional 

be 

1 1 2 
- 2' - 2' sinar , 

position vector, 

2 
a= TIjrl' 

and r l is the radius of the first zone. 

(r ::s R) 

-+-
r = I r I, 

The coded image is basically a convolution12 of the aperture trans

mission with the object distribution f(;). Let the individual coded images, 
-+-obtained with the positive and negative zone plates, be given by h (r) and 

+ 
-+-h_(r), respectively, where 

-+- -+-
h (r) = fer) 

± 
-+-

*g (r) 
+ 

The asterisk denotes a convolution with suitable scale factors as 
-+-discussed in Ref. 12. The difference image, her), is 

Thus the net effect is a convolution with a bipolar (positive and negative 

valued) zone plate, even though negative transmissions have no physical 

meaning. A bipolar zone plate has no constant or dc term in its trans

mission and therefore does not give rise to a dc background term in the 

reconstruction. 



This approach has recently been implemented with computer processing 
18 by MacDonald et. al. and with optical processing by Stoner, Wilson and 

Barrett. 2l , 22 In the latter case, the subtraction was performed by means 

of a grid coding technique originally proposed by Pennington et. al. 23 

The basic arrangement for grid-coded subtraction with positive and 

negative zone plates uses a standard Anger camera without any modification 

except for a grid (Ronchi ruling) which is placed adjacent to the film in 

the oscilloscope camera. A coded image is first recorded with a positive 

zone plate in place. Then the negative zone plate is substituted, the grid 

is shifted by half its period and a second coded image is recorded. Since 

the film in the oscilloscope camera is not moved between exposures, the two 

coded images are interleaved on the film. A reduced-scale copy of this film 

is inserted into the optical system shown in Fig. 6. When a single diffrac

tion order is selected with the iris, it can easily be shown that the dc 

components cancel while the signal components add. 

The first attempt to experimentally demonstrate this technique with an 

Anger camera gave very encouraging results. Subsequent experiments, however, 

soon showed that one problem remained. Although the dc component was effec

tively cancelled, there was still an out-of-focus twin image term that sub

stantially degraded the image for large objects. The solution to this 

problem was found in the literature on optical holography. Adapting an idea 
24 of Burckhardt and Doherty, we went to a succession of three or four zone 

plates (e.g., positive and negative sine and cosine plates). Then it could 

be shown22 that both dc and twin image terms cancelled and that the result 

was mathematically equivalent to using an off-axis zone plate and halftone 

screen. This result was fully verified by optical simulation experiments; 

Anger camera experiments are in progress. 

It rapidly became apparent that the grid-coded subtraction technique 

opened up a great variety of new possibilities for coded apertures. To date, 

we have demonstrated, by optical simulation, the feasibility of using an 

annular aperture, an inverted zone plate, a spiral zone plate, a step-wise 

spiral zone plate, and the Girard grill. 22 
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IV. Quantum Noise in Coded Aperture Systems 

Although a coded-aperture can have up to a thousand times the collection 

efficiency of a pinhole or collimator, it has been recognized from the begin

ning that this did not imply that dose or exposure time could be reduced by 

such a factor. The difficulty is that although coded aperture techniques 

collect more quanta, they also require more quanta to get the same signal

to-noise ratio. 

Very detailed analyses of quantum noise have been presented, both for 

d d .. 12, 23, 25-27 d f th 1 f co e aperture lmaglng per se an or e ana ogous area 0 

multiplex spectroscopy.28, 29 A full account of the mathematical details is 

beyond the scope of this review, but the basic results can be stated fairly 

simply. Consider an assembly of m point sources of equal strength and assume 

that each pOint is well resolved from all the others, but that the whole 
50 assembly is sufficiently compact that all of the individual zone plate 

12 13 shadows almost completely overlap. Then it is fairly easy to show ' 

that the signal-to-noise ratio (SNR) for the quantum-limited zone plate 

camera is given by 

(SNR) = a IN:t zp 
m 

where Nt is the total number of detected quanta and a is a factor somewhat 

less than unity whose precise value depends on the details of the data 

processing. For comparison, the SNR for an equivalent pinhole is given by 

(SNR)ph = )Nt/m. 

Since Nt increases linearly with exposure time T in both cases, it is easy 

to see that the ratio of exposure times for constant SNR in the two cases is 

T h a 2 ..l?!!. = __ 
T m zp 

where n denotes geometric efficiency. This equation shows that for a single 

point source (m = 1) almost the full efficiency advantage of the zone plate 



can be translated into an exposure time or dose advantage. As the object 

becomes larger and m increases, the advantage progressively decreases. For 

very large objects, such that the individual shadows no longer completely 

overlap, Eq. (3) must be modified, but the exact theory13 still shows that 

there can be a net disadvantage to the zone plate for large objects. Sim

ilarly, the zone plate can be a disadvantage in imaging weak sources adja

cent to strong ones. In general terms, the zone plate should have an ad

vantage when imaging areas of the object that are substantially stronger 

than the average, taken over the field of view of the camera. Thus, thyroid, 

kidneys, brain, bone, and myocardium should all be "good" objects for zone 

plate imaging; lungs, liver, and placenta are "bad." 

These quantum noise considerations constitute an inherent limitation 

to coded aperture techniques. If it were the only limitation, coded aper

tures could still be used to reduce patient dose or exposure time in most 

nuclear medicine imaging procedures. However, in practice, other factors 

creep in to reduce the sensitivity drastically, especially if film is used 

as the detector. These factors include film grain noise, scattered radia

tion,16 incomplete absorption of the gamma rays, the absorption of the half-
25 d· ff·· d . 13 H b· A tone screen an lne lClent ata processlng. owever y uSlng an nger 

camera as the detector, computer processing and any of several apertures that 

do not require a half-tone screen, it is now possible to obtain the full 

theoretical advantage of coded apertures. 

V. Current Research 

Three trends can be discerned in current research in coded-aperture 

imaging. These are: (1) Use of time-varying apertures; (2) Use of 

"dilute" apertures with transmission much less than 50%; and (3) Attempts 

to derive transverse tomographic sections, unblurred by other planes, from 

coded images. Each of these pursuits has met with some degree of success, 

as we will now discuss. 
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We have already seen an example of temporally modulated coded apertures 

in the multiple zone plate system described in sec. III. In addition, 
30 Macovsky has proposed a pinhole array in which each pinhole is opened and 

closed with a different temporal frequency. Spectral analysis serves to 

unravel the resulting image. 

Workers at the University of Michigan3l have used time-modulated 

"stochastic" apertures. Basically this approach employs a one-dimensional 

code whose cross-correlation with a cyclically repeated replica of itself 

has a uniform background level. A two-dimensional pinhole array is then 

temporally modulated by this code, so that each pinhole executes the code 

with a different phase. Digital decoding is used. The main advantage of 

this approach seems to be that out-of-focus planes blur smoothly without 

generating the coherent artifacts that can be troublesome with zone plates. 

Two examples of dilute apertures have been discussed in the literature-

the annular aperture and the non_redundant32 pinhole array. The annulus was 
33 first proposed by Walton who also suggested a clever video processing 

scheme. Mathematically, his processing method amounts to correlating the 

coded image with a very thin annulus of appropriate scale. This works well 

for point objects but fails for larger Objects34 because the point spread 

function falls off only as llr, where r is the radial distance from the true 

location of the point. The reconstructed intensity at any point is therefore 

dependent on the object intensity at very distant points. Recent work by 

Simpson et. al. 34 shows that this problem may be avoided by suitable fil

tering. 

32 The non-redundant pinhole apertures are arrays in which the vector 

distance between any two pinholes is not repeated. They have superior auto

correlation properties to the completely random pinhole arrays proposed by 

Dicke. 4 Both digital and optical decoding has been employed. 

Dilute apertures, in general, are attractive because they do not impose 

stringent requirements on the count rate capability, dynamic range or spatial 



resolution of the detector. They collect fewer counts than a filled aperture 

such as a Fresnel zone plate, but also require less for the same signal-to-
. . 34 nOlse ratlO. 

Attempts to derive transverse section data from coded images have been 

inspired by the recent success for the EMI-scanner. Work in this area is 

underway at the Universities of Michigan and Arizona and the Lawrence Berke

ley Laboratory.35 The latter group in particular, has demonstrated that an 

image of a single isolated plane can be obtained with a pinhole array looking 

down on the plane. There is no significant degradation due to other planes. 
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Figure 1. Conventional methods of gamma-ray 
image formation in Nuclear Medicine. 

Figure 2. Normal lung perfusion images obtained 
with a conventional scintillation camera 
and collimator (left) and with the zone 
plate/film cassette camera (right). 
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Figure 3. Images of the thyroid gland of a patient who had 

undergone a partial thyroidectomy. A-C are three 
different tomographic levels, separated by 6 mm, 
as imaged with the zone plate camera. D was taken 
with a rectilinear scanner. 
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Figure 4. Basic principle of the 
Mertz and Young reticle 
camera. 
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Figure 5. Illustration of the formation of Moire fringes by 
a zone plate and half~tone screen. 
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A Coded Aperture Material Motion Detection 
System for the ACPR':' 

by 

D. A. McArthur and J. G. Kelly 
Radiation Physics Division 

Sandia Laboratories 
Albuquerque, New Mexico 87115 

The Nuclear Regulatory Commission (NRC) is currently funding 

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

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

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

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

and Development Administration (ERDA) are also funding Sandia Labora

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

seven LMFBR fuel pins. The coded aperture material motion detection 

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

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

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

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

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

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

cuss experiments which have been performed to investigate the feasibility 

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

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

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

appears at this time to have significant advantages. 

:::::: 

This work was supported by the U. S. Nuclear Regulatory Commis-
sion and the U. S. Energy Research and Development Administration 
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In this paper only Fresnel zone plate coded apertures are discussed 

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

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

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

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

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

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

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

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

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

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

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

the information required to reconstruct the location of the radiation source 

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

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

ation source image, the developed pseudohologram is illuminated with a 

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

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

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

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

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

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

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

some background illumination, which will be referred to later. 

Table I summarizes some of the advantages of coded aperture 

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

outermost, smallest zone plate ring). 

I. The coded aperture provides high transverse spatial reso

lution combined with high sensitivity, since the sensitivity 

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

verse resolution 6 is determined by the smallest structure 

in the zone plate pattern. 



TABLE I 

Potential Advantages of Coded Apertures 

for Fuel Motion Detection 

1. Large Aperture with High Spatial Resolution 

Fresnel Zone Plate 

II. Tomographic 

Fresnel Zone Plate 

III. Small Modulation Sufficient for Reconstruction 

(a) y Ray Imaging Through Thick, Dense Materials 

(b) Wide Field of View 

IV. Analog and Digital Reconstruction 

V. Decreased Sensitivity to Quantum Noise and Random 

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

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

of thickness 6S
1 

is in focus at a time. This allows one to 

image various planes in a thick source. or alternatively to 

focus on a thin test region and place the reactor radiation 

background out of focus to minimize interference with the 

test region image. 

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

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

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

use relatively thin, high-resolution zone plates to image 

hard gamma radiations, even if the radiation can only be 

modulated to a small extent. This is a significant advan

tage in imaging the harder, image-bearing radiation which 

penetrates unscattered through thick, dense walls. Such 

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

pinhole. Finally, the image quality is not greatly im

paired by a substantial background exposure. so long as 

the background does not vary rapidly in space at the 

detector plane. 

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

(analog reconstruction), or by digitizing the pseudoholo

gram data and using a computer to calculate the recon

structed image to obtain directly a quantitative linear 

representation of the source distribution. 
2 

V. Since the image information for each source point is 

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

sulting image is less sensitive to quantum noise and 

random imperfections in the imaging system. 



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

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

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

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

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

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

to the top of the shield tank. 

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

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

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

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

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

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

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

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

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

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

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

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

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

chamber which contains the image intensifier and camera. Estimates of 

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

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

framing camera film exposure should be obtainable with commercial image 

intensifiers for fission rates corresponding to the main pulse of actual 

ACPR tests. 

Feasibility Experiments 

The most important initial feasibility question was whether one could 

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

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

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

keV.
3 

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

, Pu
239 

and U
235 

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

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

Therefore spe

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

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

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

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

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

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

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

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

Figure 6 shows a typical experimental arrangement used for imaging 

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

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

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

source was either 

imaged directly through its encapsulation, or through thicknesses of var

ious dense materials such as stainless steel placed either between the 

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

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

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

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

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

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

tervening material. 

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

the total film exposure comes from scattered Compton electrons and gamma 

rays which do not contain image information. These scattered backgrounds 

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

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

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



them present, very good images of the Cf
252 

source have been obtained, 

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

Coupled electron-photon Monte Carlo calculations of the film energy 

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

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

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

experimental uncertainty. 5 The calculation is much more difficult when 

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

cause many initial photon histories are required to calculate the scattered 

background contributions accurately. These calculations are continuing 

at the present time. 

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

Igure sows e recons ruc e Image source 

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

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

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

approximately uniform background. The Cf
252 

source is visible as a "bean 

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

the picture. If the pseudohologram is moved within the reconstruction 

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

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

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

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

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

by Hessel and Stalker. 

Figure 8 shows the reconstruction of the same Cf
252 

source imaged 

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

case the undiffracted background laser light was greatly reduced by placing 

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

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

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

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

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

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

steel walls do not seriously degrade the resolution of the reconstructed 

source image. 

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

of small-area source distributions
6 

(i. e., distributions with total areas 

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

shaped distributions the noise begins to increase because zone plate 

shadows from different parts of the distribution overlap excessively. 

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

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

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

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

dimensional section of a Fresnel zone plate. 

To investigate experimentally the problems of imaging long fuel-pin

like objects, the following preliminary experiments have been performed. 

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

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

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

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

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

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

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

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

experiments of this type are continuing. 

Finally, Figure 11 shows radiation dose measurements which have 

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

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

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

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



collimator design and experiments will be required to minimize the amount 

of background radiation which enters the system shielding through the 

coded aperture collimator. However, preliminary experiments with crude 

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

aging results. 

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

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

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

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

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

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

resolution and fast time response for the ACPR reactor. 

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

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

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

surement of radiation effects on the image intensifier, development of 

analog and digital reconstruction methods, and development of a wide 

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

actor pulse. 
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Figure 9. Image of Slot Ma sked X-ray Source 

Figure 10. Reconstructed Image of a Linear Source,,", 2 cm Long 
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for Coded Aperture Imaging 

by 

Ki S. Han and George J. Berzins 

Los Alamos Scientific Laboratory 
Los Alamos, New Mexico 87544 

This work supported by the D. S. Energy Research and Development 
Administration 

257 



I. INTRODUCTION 

In recent years coded aperture imaging techniques l which 

are applicable to any radiation sources, have been employed 

where three-dimensional imaging capabilities are of utmost 

importance. These techniques increase imaging system efficiency 

without limiting spatial resolution--clearly an advantage over 

the classical single pinhole imaging system. The principal 

apertures used for the techniques have been Feresnel zone plates2 

(FZP) and nonredundant pinhole arrays3 (NRPA). The techniques 

require two-step processing, i.e., (1) recording a coded image 

(pseudo-hologram) and, (2) reconstructing an image (deconvolution) 

from it. 

II. NRPA I~mGING SYSTEMS 

A NRPA is a multiple pinhole array in which pinholes are 

distributed in such a way that the vector distance between any 

two pinholes occurs only once. The array is characterized by 

its ideal autocorrelation function having a strong peak at the 

origin surrounded by uniform background. By definition, a NRPA 

is not unique for a given number of pinholes, resulting in a 

deviation of the autocorrelation function from an ideal case. 

There have been several array search programs written in the 

past. 4 The 27-pinhole array we used was developed by Klemperer. 5 

The pinhole diameter used in our experiment was 0.3 mm. 

using a NRPA with an object that has n resolution elements 

in the longitudinal direction, a coded image ico can be regarded 
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as the sum of convolution integrals (*), 

n 

ico = L Ok * Pi 
i,k=l 

where Ok and Pi represent an object and a point response 

th function of the aperture corresponding to the k plane. 

(1) 

The construction and reconstruction processes are schem-

etically represented in Figs. la and lb, respectively. The 

image reconstruction process, an incoherent method, is exactly 

the reverse operation of taking a coded image. Thus the recon-

t t d .. d' to J.th plane l'S a convolutl'on s ruc e lmage l correspon lng reo 
J 

of i with the same array, co 

i = i * P. reo co J J 

= 0. * P. * J J 

But by definition of a NRPA 

P. * P. = 6(x,y) 
J J 

P. * P. ,; 6(x,y) 
l J 

n 
P. + L 0, * J l 

i,j,k=l 
i~j 
k~j 

Thus ideally the reconstructed image becomes 

n 

Pk * P. 
J 

i reo 
J 

= 0j(x,y,Z=Zj) + L °i * Pk * P j 

i,j,k=l 
j~i 
j~k 

(2) 

(3) 

(4 ) 
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The second term in (4) corresponds to the collection of longi-

tudinally defocused images appearing in the reconstructed image. 

By observing a basic theorem that a convolution integral in the 

spatial domain can be converted into a product in the frequency 

domain,6 the Fourier transform of (1) can be written as 

or 

n 

.Jco = L Ok 0:>£ 
k,£=l 

n 

3 CO j =(fjD>j + L dkP£ 

d 
J 

..9co. 

=v1-

k,£=l 
k#j 
£/j 

(5) 

(6 ) 

Thus by transformingcr back into the spatial domain one ob
J 

tains the reconstructed image OJ. The coherent image reconstruction 

method described above can be achieved either digitally or 

optically. The optical Fourier transform system shown in Fig. 2 

will give a reconstructed 

image if a spatial filter 

image with longitudinally defocused 

corresponding to (j>. is used. 
J 

In Fig. 3, a block diagram of pseudo-real time imaging 

system using a NRPA is shown. Presently our work is in progress 



to simulate a coded image of a well-defined object digitally 

with a NRPA. We are planning to develop deconvolution schemes 

in both spatial and frequency domains, which can be adapted 

later to STF experiments. 

III. EXPERIMENTAL RESULTS AND DISCUSSIONS 

We used back lighted letters Sand L as objects, separated 

by 2 cm in the longitudinal direction. The coded image obtained 

with the 27 NRPA is shown in Fig. 4a. Employing the image recon

struction scheme shown in Fig. lb, we reconstructed the objects 

Sand L separately as shown in Figs. 4b and c, respectively. Note 

the de focused image L in b when S is in focus and similarly the 

de focused image S in c. As mentioned earlier for the coded aper

ture imaging techniques, it is crucial to remove or filter out 

longitudinally defocused images. For this end, we applied a 

subtraction method7 in conjunction with a coherent optical pro

cessing system. We made a spatial filter using a defocused image 

L to be used when S is reconstructed. In Fig. Sa S is in focus 

and the defocused L is filtered out. We still observe background 

noise due to imperfect adjustments. Hopefully the results may be 

improved by applying digital processing methods or combined digital 

and optical ones. 

We are grateful to R. Granfield for technical assistance. 
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(a) (b) 

Figure 5. (a) Incoherent reconstruction of image of 
S with defocused L in background 

(b) Coherent processing of (a) with de
focused L removed. The background 
arises from imperfect optical adjust
ments in the coherent optical system. 



Possible Application of Nonredundant':' 
Pinhole Arrays to Fuel Pin Imaging 

by 

George J. Berzins and Ki S. Han 
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Los Alamos, New Mexico 87544 

I. INTRODUCTION 

Potential STF imaging experiments, 1 whether pinhole, hodoscope, 

Fresnel zone plate, or other coded aperture, rely on emission of radiation 

by the fuel pins. As such they appear to strongly complement radiographic 

techniques in that they are most employable during peak excursion--a time 

of least favorable radiographic signal-to-noise ratio . Radiography, on the 

other hand, can provide information long before or after the excursion-

times of below threshold signal for direct imaging techniques . 

An underlying premise of any imaging experiment is that, in addition 

to sufficient brightness, sufficient contrast exists in the scene . A further 

restriction is imposed by intervening materials, such as the wall of a con

tainment vessel, that not only absorb but also scatter the radiation. 

We are approaching these questions by examining the properties of 

potential recording instrumentation, of pinhole apertures, and of the 

necessary radiation sources . 

II. EXPERIMENTAL OBJECTIVES 

We wish to examine the applicability of the nonredundant pinhole 

array (NRPA) techniques to reactor imaging with a scaled IIminiexperiment" 

in the laboratory. In this manner we hope to identify unforeseen problems 

>~ 

This work supported by the U. S. Energy Research and Development 
Administration 
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as well as characterize the data quality in terms of the imaging system 

parameters. 

Our specific objectives include: 

( 1) Determination of the absolute sensitivity of the recording 

system, 

(2) Determination of the experimental resolution as a function 

of various parameters, 

(3) Demonstration of a three-dimensional capability, 

(4) Examination of gray scale discernability, 

(5) Examination of the effects of intervening materials between 

the source and the detector. 

III. EXPERIMENT AL CONFIGURATION 

The experiment, schematically shown in Figure 1, consists of a 

gamma-ray emitting source, an imaging aperture, and a detection system 

that includes a scintillator and a camera. 

A. Gamma-Ray Sources 

For preliminary work we are using a pulsed 600 keV electron beam 

to generate a bremsstrahlung spectrum plus characteristic x-rays from a 

tantalum target. A photograph of the experimental arrangement is shown 

in Figure 2. The target generally consists of O. 075-mm to O. 25-mm-thick 

by I-mm to 6-mm-wide metal strips. This source has been useful for 

several preliminary experiments, but is limited by size and the intensity 

of the electron beam. 

In a more flexible experiment we plan to neutron activate strips of 

palladium metal of comparable dimensions to the above. Several hours 

after activation
2 

the dominant gamma ray in natural palladium is the 

8 8 k V . . t . , . 1 09A f 11 . 99 9 f1I f h d f - e isomeriC ransition in g, 0 OWing . +/00 t e ecays 0 

109pd• The 88-keV gamma-ray energy is ideal for our scaled geometry. 

Other characteristics 3 (isotopic abundance 27% half life 13 h, cross

section 12 b) in addition to the favorable branching ratio and energy make 

109pd one of the best suited beta-decaying isotopes for our experiment. 



B. Imaging Apertures 

In the early experiments we have used a single pinhole to determine 

system performance parameters such as sensitivity, resolution, and field 

of view. Furthermore, data from single pinhole experiments provide a 

convenient reference for evaluating NRPAs. 

Of the two most favorable, known NRPA configurations 
4 

(15 hole and 

27 hole) we have chosen the former because of a slightly better autocor

relation function and because of machining considerations . The 27-hole 

array would have, of course, somewhat better efficiency. 

A photograph of our 15-hole NRPA is shown in Figure 3. 

c . Scintillator 

Currently we are using plastic scintillators (NE-102, 5- to 20-mm 

thick) to convert the x-ray image to an optical signal. We antiCipate de

livery of a 15-cm-diam x 3-mm-thick NaI (T.O crystal shortly. The latter 

will provide more sensitivity, and will enable us to use single pulse count

ing techniques. The longer decay time of NaI (0.25 IJ.s vs 2.5 ns for the 

plastic) will permit us to gate the camera 11 on" (see next section) to accept 

most of the light from the crystal. A similar experiment is described in 

Reference 5. In this way we can accumulate a sufficient number of events 

to produce a useful image without adverse dark current effects. 

D. Recording Instrumentation 

Pinhole imaging of SS-keV gamma rays or bremsstrahlung x-rays 

directly into film requires uncomfortably intense sources. To reduce this 

dose to more tolerable levels we are utilizing a channel plate image in

tensifier with a gain of 10
4 

to increase system sensitivity. 6 The intensi

fier views the pinhole image on the scintillator and fiber-optically trans

mits the amplifier light signal to film. A photograph of the camera is 

shown in Figure 4 . 

In the flash x-ray experiments the camera is gated "on" for 2 IJ.s, 

beginning ..... 0.5 IJ.s prior to the 3-ns x-ray flash. In the palladium strip 
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experiment we plan to gate the earners II on" for ~ O. 5 !J.s following detection 

of a gamma-ray event in the NaI crystal. The electronic transit time 

(photomultiplier, logic, and gate pulse generator) is '" 50 ns. In this man

ner we anticipate accumulation of events for hours without adverse effects 

from dark current. Typically, integration of dark current on film limits 

dc operation to seconds, or a few minutes at best. 

IV. PRELIMINARY RESULTS 

We have found the sensitivity of our intensified camera system to be 

considerably greater than for our intensified TV systems. 6 We can image 

300-rad (contact) sources with a I-mm pinhole at 1 m. A typical result 

is shown in Figure 5. The immediate implication for reactor diagnostics 

is that pinhole (single or NRPA) imaging of a core region is feasible if the 

scene emits more than 10
12 

'Y MeV!cm
2 

into 471". For a single pin this is 

equivalent
1 

to only a few joules! g-frame. 

The system resolution is limited by the pinhole--a fact we anticipated. 

The resolutions of the intensifier, the optics, and the converter, are 

several times superior. The resolution in the data of Figure 5 is affected 

by statistical limitations. We estimate ",200 gamma-ray interactions per 

pinhole resolution element on the scintillator. Translation of the image 

onto the camera results in fewer than 100 photoelectrons per pinhole re

solution element at the intensifier photocathode. For increased source 

strengths (i. e., ~10-100 joules!g-pin) the resolution will improve accord

ingly from that in Figure 5. 

Pinhole thickness and the associated field-of-view limitations are as 

bad as we had expected. The problems are surmountable for our scaled 

miniexperiment, but are more serious when we contemplate reactor ex

periments. 

Because of high sensitivity, scattered radiation poses a real threat 

to our camera. The background speckle, visible in the data in Figure 5, 
-5 arises from a dose less than 10 rads on the camera. Again, increasing 



the source strength will permit reduction of camera gain, l es sening the 

relative intensity of the background speckle. 

The initial attempts at NRPA imaging with the fl a sh x-ray source 

were only partially successful due to too much high- ene rgy component in 

the spectrum. We are increasing the thickness of our NRPA mask to 

remedy this problem. 

We are encouraged b y the preliminary r e sults from the flash x-ray 

work and look forward to experim ents with the palladium sources. 

We are grateful to C. Pickett and A. Widman for technical assis

tanc e , to G. Barber and H. Naveaux for machining, and to W. Roach, 

H. Helmick, and J. Orndoff for ove rall support. 
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Figure 1, Schematic illustration of an NRP A imaging exp e riment 
with ionizing radiation, The photomultiplie r ide ntifie s 
events from a continuously emitting source , In the 
bremsstrahlung flash exp e riment the gate is triggered 
fr om the ele ctron acc elerator, 
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Figure 2a. Overall view of flash x-ray experiment. Components 
visible from the left include mirror, image intensifier 
camera, scintillator, lead shielding, pinhole packet, 
and canister in which bremsstrahlung is generated. 

Figure 2b. Typical target of tantalum strips. 
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Figure 3. A I5-hole, grade d-Z NRPA for use in the p alladium 
strip experiment. Numbers below materials refer 
to pinhole diameters. The aluminum, brass , and 
tantalum sheets are each I-mm thick; each of the 
lead sheets is 6-mm thick. This packet is too thin 
for 600-ke V bremsstrahlung, producing poor, though 
ide ntifiable coded images. 

275 



276 

··M.I ---

., 
, N 

Figure 4. Operational (a) and dismantled (b) views of 
our gated image intensifier camera. 

(b) 



Figure 5. A single pinhole image of bremsstrahlung emitting 
3-mm-wide tantalum strips. The tapered pinhole 
had a O.5-mm diameter in the narrowest section, 
and had an overall thickness of 35 mm. The source 
intensity was ~300 rads at contact. The random 
bright spots in the field correspond to single gamma
ray interactions in the channel plate of the intensifier. 
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Coded Aperture X-Radiography 

by 

J. G. Kelly and D. A. McArthur 

Sandia Laboratories 
Albuquerque, New Mexico 87115 

and 

H. H. Barrett 

University of Arizona 
Tucson, Arizona 

Introduction 

The detailed motion of fuel during an overpower transient in an 

LMFBR may determine the extent and the seriousness of the damage to 

the reactor and the environment. X-radiography could prove to be a use

ful tool for observing fuel motion during simulated accidents in safety test 

facilities if electron accelerators can be built to provide the msec frame 

rate x-ray flux required. 

One study reported on at this conference1 indicates that if adequate 

signal to noise is to be obtained during experiments on LMFBR subassem

blies in which 10
6 

watt! cm 
3 

of fission power is being generated in the fuel, 

and if a spatial resolution of approximately 1 cm is specified, then a mul

tiple pulsed field emission electron accelerator (call this accelerator REB) 

may be the only feasible source. Therefore an experiment is being planned 

for the Hermes II at Sandia Laboratories to test the usefulness of this type 

of accelerator for radiography. 

We believe that it will be extremely difficult to build a REB which 

will produce an x-ray beam of the required intensity over a small enough 

This work supported by the U. S. Energy Research and Development> 
Administration 
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geometrical area to provide cm spatial resolution. This appears to be the 

case for the following reasons. 

1. Althl)ugh extensive research is being carried on with pinched 

relativistic electron beams for pellet fusion applications, 2- 5 

it has not been possible to produce pinches that are reliably 

positioned or highly reproducible in intensity or diameter in 

these diodes. (Positioning has been accompJished on a small 
6 

accelerator. ) 

2. A more serious drawback of the very intense beams is that 

extensive damage is always done to the anode and usually to 

the cathode on each pulse. The diode is then filled with 

material debris and conducting plasmas which short the 

cathode and anode. Subsequent shots must wait until the 

diode is clear and then the damage areas will cause non

uniform beams to be generated. 

However, very reliable broad area beams have been available for a 

number of years for the following reasons. 

1. They can be generated with intensities which vary slowly over 

broad areas with high position reproducibility. Furthermore 

the positioning is not very important for the case where the 

source spatial variation is slow. 

2. The energy may easily be deposited into an area which is 10
4 

larger than in the pinched case and the power density is there

fore lower by the same factor. Thus electrode damage can 

probably be avoided and multiple pulsing can be accomplished. 

We propose to recover the spatial resolution for a broad x-ray source 

by using coded aperture imaging. The technique has been extensively 

developed for radiography in nuclear medicine. Although most of the work 

just mentioned has been carried out with line radiation sources in the 100 

kV range, the imaging investigations which have been made at Sandia 

Laboratories
8
,9 of the fission gamma rays from Cf

252 
show that coded 



aperture imaging of sources emitting high energy broad spectrum photons 

(0.3-8 MeV) can be carried out quite successfully. In the next section the 

planned Hermes II coded source X-radiography experiment will be des 

cribed. 

Description of the Hermes II Experiment 

. 10 
An artist's cutaway drawmg of the Hermes II accelerator is shown 

in Figure 1 . It consists of a Marx capacitor bank which is charged in par

allel and discharged in series to a pulse forming line and a field emission 

diode. A 10-MeV, 100-kA electron beam which lasts about 70 ns is gener

ated and can be directed onto a Ta anode for bremsstrahlung x-ray produc

tion. The x-ray spectrum (measured with a Compton spectrometer
ll

) as 

. , 112 h reproduced from the Hermes II experImenter s manua is s own in 

Figure 2. 

I n normal operation of the accelerator the x-ray beam source size 

is more than 300 cm 
2 

in area. This means, of course, that a collimator 

at the anode small enough to provide cm resolution would use only 0.3 per

cent of the beam. The radial dose profile measured with passive dosimeter
12 

is shown in Figure 3 where it is seen that the beam is in the shape of a 

shallow donut because of cathode shank emission. 

The coded source experiment will be carried out in the configuration 

shown in Figure 4. Directly beyond the anode a Fresnel zone plate-coded 

aperture will be place d to modulate the x-ray beam. The zone plate is 

20.3 cm in diameter and is made of lead rings l-cm thick. The radial 

thickness of the outermost ring is 6.r N = 2.5 mm which in this geometry 

should allow 2. 5-mm spatial resolution in the object plane . The object 

will be placed 8
1 

"" 5 m from the zone plate and will consist of fuel pin size 

rods and/or small holes. In Figure 4 the transmission of one pOint of the 

object is represented by a small hole. The shadow on the de tector plane 

caused by this hole at S2 "" 5 m will be a zone plate image which is the 

pseudohologram of a point source. When the film recorde d pseudohologram 
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is illuminated with coherent light, a first order focus occurs (or in other 

words the pOint object is reconstructed) at the focal length (given by 

fp = r~/i\.) of the recorded zone plate image. In this formula r
1 

is the 

radius of the innermost image ring and i\. is the wavelength of the coherent 

light. This formula exhibits another of the advantages of coded aperture 

imaging over a pinhole aperture - its ability to record three-dimensional 

information. The r 1 of the zone plate image is related to the r 1 of the 

actual zone plate by the formula r 1 = r 1 Sl/S2 and therefore the longitudinal 

position of the reconstructed image depends on the longitudinal position of 

the object. Clearly since any object can be represented by a superposition 

of points, the complete image can be reproduced in three dimensions from 

a pseudohologram obtained in the configuration of Figure 4. 

Some of the coherent light which passes through the pseudohologram 

will not be diffracted by the zone plate image. This light therefore will 

contribute a background illumination at the reconstruction plane, and is 

ltd " usually referred to as c. For broad objects, this dc can be very 

large and can severely degrade the signal-to-noise at the image plane. For 
7 

this reason, different coded apertures such as off axis zone plates have 

been developed to diffract the light which forms the image out of the area 

where the dc term exists. This requires that the original x-ray or y-ray 

beam be modulated at frequencies much higher than that required for the 

desired spatial resolution. However this modulation can't be easily reached 

by practical gratings if resolution of less than 1 cm is required with 'Y rays 

in the MeV range. This is because insufficient modulation is obtained with 

apertures thin enough to avoid the venetian blind effect. 

An alternative method which eliminates the need for high frequency 

modulation of the ')i-ray beam but which requires multiple exposures has 

been developed by Burckardt and Doherty and has been described by Barrett, 

et. al.
13 

Four separate pseudoholograms are obtained with a zone plate 

such as that shown in Figure 5. Between each exposure the film is changed 

and the zone plate is rotated 90 degrees. The reconstruction process then 



involves two steps. In the first step shown in Figure 6, a new pseudoholo

gram is formed as a combination of the four originals in Which for each 

exposure the film is masked by a Ronchi ruling and moved between those 

exposures by 1/4 the ruling spatial frequency. In the second step of re

construction process when the coherent light illuminates the pseudoholo

gram, the image is diffracted out of the dc region by the grid spacing 

of the ruling. 

This second method of image formation will also be tested in the 

Hermes II environment. 

Discussion 

We have described an experiment that will be conducted on the 

Hermes II flash x-ray facility to determine if coded source aperture tech

niques can be employed to make efficient use of a broad area, high power 

x-ray beam with a hard photon spectrum while concurrently maintaining 

good spatial resolution and tomographic capability. If this can in fact be 

demonstrated, then quality X-radiography may be possible with this type 

of field emission accelerator. Although the x-ray intensity provided by 

these accelerators is unequaled and may be needed during peak power 

levels of reactor pulses testing fuel motion, an extended program to develop 

multipulse capability would be required. 
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Computer Reconstruction of Pseudoholograms 
Obtained From a Fission Gamma Source ':' 

K. R. Hessel and K. T. Stalker 
Sandia Laboratories Optics Division 

Albuquerque, New Mexico 87115 

ABSTRACT 

Pseudoholograms obtained with a Fresnel zone plate coded 
aperture have been reconstructed using digital computer tech
niques. The object was a Cf252 fission gamma source. The 
digital reconstruction procedure and its advantages relative to 
analog techniques is discussed. lInage reconstructions indicate 
transverse and longitudinal resolutions on the order of milli
meters. Several digital enhancement options are available. 
Our plans for improved results are discussed. 

':'This work supported by the U.S. Energy Research and De
velopment Administration 
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Introduction 

In coded aperture or coded source imaging of fission gamma sources 

an essential step is the reconstruction of the image from the recorded ra

diograph. Either analog or digital reconstruction techniques can be used. 

The analog reconstruction method typically requires a laser, collimator, 

and an as sociated optical system. Digital reconstruction systems perform 

equivalent operations on a computer. 

In this paper the digital reconstruction procedure is discussed; the 

advantages and limitations of the digital method are pointed out, typical re

sults are presented, and a brief description of the current objectives is 

given. Although results are presented for the Fresnel zone plate coded ap

erture much of the digital reconstruction procedure is applicable to other 

coded apertures as well. 

Digital Reconstruction Procedure 

The essential steps in the reconstruction of images from the re

corded radiograph, for Fresnel zone plate coded apertures, are the follow

ing: 

a. The pseudohologram is digitized, giving a density array. Typi

cally a 200 x 200 array is used with a 10 cm x 10 cm radiograph although 

this will vary depending upon the zone plate parameters, object size, and 

required resolution. 

b. The digitized points are raised to an exponential power to convert 

to transmittance. This is required since the Fourier transform recon

struction requires the use of transmittance rather than density values. 



c . The DC transmittance is subtracted. This will remove background 

intensity in the reconstructed image. In analog reconstruction systems the 

DC light must be eliminated by more complex procedures . 

d. The array is multiplied by a complex exponential to focus. This 

step is completely equivalent to focusing in an optical analog reconstruction 

system. 

e. The array points are alternately multiplied by ± 1 to center. This 

is a simple but essential step in order to obtain recognizable images . 

f. The array is Fourier transformed using a fast Fourier t ransform 

subroutine . 

g . The array is conjugated to obtain an intensity array from the com

plex array. 

h . The array is plotted. 

Instead of a completely digital or completely analog reconstruction 

there are several hybrid alternatives: 

a . The pseudo-hologram can be high-contrast copied and then digj

tized and computer reconstructed. 

b . The pseudohologram can be digitized, converted to a high con

trast pseudohologram with distortion and non- linearity removed, transferred 

to microfilm with size reduced and then analog reconstructed. This alter

native has been used with excellent results . 

c. The analog reconstruction can be digitized, computer enhanced 

and reprinted. 

Merits of Digital Reconstruction 

The disadvantages of the digital reconstruction method are fairly 

obvious: The digitization step, computing, and output interface require 

considerable time and cost. The advantages, however, are quite signifi

cant: 
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a. The DC transmittance can be subtracted before taking the trans

form, greatly reducing the image background. In analog systems elimina

tion of the DC term is much more difficult. 

b. It is simple to compensate for film nonlinearity, allowing a linear 

reconstruction. Analog reconstructions are, in general, nonlinear, which 

make image interpretation more difficult. 

c. Distortion present in the pseudohologram can be eliminated. Dis

tortion, particularly non-linear distortion, makes an analog reconstruction 

very difficult, if not impossible, to obtain. 

d. With the Fresnel zone pseudohologram, conjugate and higher order 

images can be reduced or eliminated. 

e. Various enhancement options are simple to implement. 

Results 

Figure 1 is the original radiograph of two Cf
252 

fission sources 

separated only transversely by 2.85 mm with S1 = 61 mm and S2 = 92.4 mm. 

S1 is the distance from the zone plate to the object and S2 is the distance 

from the zone plate to the film. The zone plate consisted of an aluminum 

base with lead-gold eutectic rings. The reconstruction is shown in Figure 

2. In all the reconstructions broad intensity distributions are also evident 

in addition to the sources. These are from conjugate and higher order 

images which can be reduced or eliminated. 

Figure 3 is also a reconstruction from Figure 1, only the focus has 

been changed so the two sources are now out of focus and only the center 

of the reconstruction, which is enlarged, is shown. Both digital magnifi

cations and demagnifications are easily obtained options. 



In Figure 4 the radiograph of two Cf
252 

sources separated trans

versely by 3.2 mm and longitudinally by 12.7 mm is shown. All the radio

graphs are fairly low contrast due to the low depth of modulation by the 

zone plate, but excellent reconstructions are still possible so long as noise 

does not dominate the radiograph. The image is shown in Figure 5 with the 

computer focused on the left source. 

The original radiograph of two Cf
252 

sources separated only longitud

inally is shown in Figure 6. The sources are 63.5 and 88.9 mm from the 

zone plate. Figures 7, 8, and 9 are the reconstructions with the computer 

focused for 63.5 mm, 74 mm (out of focus for both sources), and 88.9 mm 

respectively. The tomographic imaging capability of the Fresnel zone plate 

coded aperture is clearly evident. 

Figures 10, 11, and 12 are color plots with the hue proportional to 

image intensity. Figure 10 is a reconstruction of two Cf
252 

sources sepa

rated only transversely by 2.85 mm. Figures 11 and 12 show the left and 

right images focused, respectively, for two Cf
252 

sources separated trans

versely by 3.2 mm and longitudinally by 12.7 mm. Figure 13 is a color 

contour plot of Figure 12 with the contour hue indicating the intensity level. 

These indicate some of the computer enhancements which can be obtained 

to aid in image interpretation. 

Summary and Current Objectives 

The procedure involved in digital reconstructions, the advantages 

and limitations, and typical results for Cf
252 

sources indicate that further 

work in the computer reconstruction of pseudoholograms is warranted. 
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Current efforts are directed toward reduction or elimination of conjugate 

and higher order images from the reconstruction, the direct deconvolution 

of pseudoholograms, and toward cross-correlation and deconvolution re

construction of non-redundant and redundant pinhole array images. 



Fig. 1. Original Radiograph. Two fission sources separated only 
transvers ely by 2.85 mm. 8 1 = 61 mm, 8 2 = 92.4 mm . 
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Fig. 2. Computer Reconstruction. Two fission sources separated only 
transversely by 2.85 mm. 8 1 = 61 mm, 8 2 = 91.4 mm. 
Computer is focused for sources 61 mm away. 

295 



296 

... ... .. . .. . 

. . 
.... :::: ............. : ;:~\U~ ~ n~~ ~jH( 

.. ... ... :: : :::;:: :::::: .. .. .. .. 

::: :,::;.:.:j ",,,:,,::.: .. :., .. ..... ... · ;: ·::·1::11:11::-1 111:111:·,1 .. : .... :······.: . 
.. . . :~ ; i~ :' ~;~ l :g:gg n : ~:~: : ' .. .. ... ... ...... . .. 

.. .... 

... ... . 

... .... 

.. .. 

..... 

. ... 

... 

.. .... .. 
.. 
. .. .. 

.. ' 

.. .. 
. .. . .. .. ........ .. . 

....... .. ......... .. .. 

..... .. .. :: :: .. .. .. ": ~ ~ ~Hi~~p~~~nn~ ; .. · ... 
. -.... .... .. .. . .. " : ::: ~~ :~ :!HW :: ;' :: ::::: :: :::::::. :: .. ::: ....... ..... .. 

... ... .. ..... .. .. ... .. .. : ::: : :::::; ~~ ~~ ~i ;!i ~~~ ~:~ .. 

'it ;; ,il:""!!!iii': 'm, Hi ~;':", ,m' . . ..••••. ' " " ii i,lii i: i' .:,!·. i. i.l. ;:: :.i :.' i,:.!, i,' ~:' .,~,.,., 
........ : .. : .... ,.,:".,', .. :.. ' .... ' :.: :,~;.Tl.' i,: :,! :.::.: :.: :.~ ; :." :: ::: . ......... .. . .. :;;mm::;· .:j:::: ::: ' ... .... .. :::::::::' 
..<i>",;;:,:g:nm"::::';ji" ·: :;;: ;;;.. .. ... . . . 'im:::ii!!I:!:::lll!· .. ·.. . ... 

:lU:::"! :H .. " .... :i .: ....... ,: ., ...... ,:.: ...... ::.:., .... ::, .. , ... ,:., ... ,: .... ,., ..... :: .. :1, ........ ,;.:, .... ,;.::, ........ 'ii: ........ ':i· .... ,.,i,~ .. ",: .. ,i ••... ,;" •• , .• ,1;1.,.:,I

I 
..... ,·"i ...... ,:; ........... ,: ..... :i, ... ::I, ..... ,: .. :i ...... ,: .. ,.:! ... :I .••. ,.,;,!".,!.:.I ..... '! :.::::@.:I i.:ii:!!!!:!::::.:':i:,. ,:: .. :.: .. : . ,: ,:::::::::::::i:i::i:iH;!:::::::i::::Wi'::" ... , 

.. : '!ill::!;!;;i· :. ii!:llllliiiiilill,ii"i"li;iiilil!!ll:l:: i;: iii:il:lliiiiilil!':!·l::li!I;!':':iiiii!lli::·:!lllllllllil; .. ,i!!ilI:!ill!l; 11', ".ll!li: 

Fig. 3. computer Enlargement. Central area of 
reconstruction has been enlarged. 



Fig. 4. Original Radiograph. Two fission sources separated 
transversely by 3. 2 mm, longitudinally by 12.7 mm . 
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Fig. 5. Computer Reconstruction. Two fission sources separated 
transversely by 3.2 mm, longitudinally by 12.7 mm. 
Computer is focused on left source. 
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Fig, 6, Original Radiograph, Two fission sources separated 
only longitudinally, 8 1 = 63,5 and 88,9 mm, 
8 2 = 88,9 mm, 

Fig, 7, Computer Reconstruction, Two fission sources separated 
only longitudinally, 8 1 = 63,5 and 88,9 mm, 8 2 = 88,9 mm, 
Computer focused for source 63,5 mm away, 
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Figure 8. Computer Reconstruc ted. Two fission sources separated 
only longitudinally . S1 = 63.5 and 8 8. 9 mm, S2 = 88.9 mm. 
Computer focused for source 74 mm away. 
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Fig. 9. Computer R econstruction. Two fission sources separated 
only longitudinaUy. 81 = 63.5 and 88.9 mm, 82 = 88.9 mm. 
Computer focused for source 88.9 mm away. 



Fig. 10. Computer Reconstruction. The fission sources separated only 
transversely by 2.85 mm. Sl = 61 mm, S2 = 91.4 mm. Com
puter is focused for source s 61 mm away. The original plot 
is in color. 

Figure 11. Computer Reconstruction. Two fission sources separated 
transversely by 3.2 mm, longitudinally by 12.7 mm. Com
puter is focused on left source. The original plot is in 
color. 
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Fig, 12, Computer Reconstruction, Two fission sources separated 
transversely by 3,2 mm, longitudinally by 12.7 mm, Com
puter is focu sed on right source, The original plot is in 
color, 

Figure 13. Computer Reconstruction, Intensity contour plot 
for two fission sources, The original plot is in 
color , 
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1. GENERAL 

The evaluation of certain instrumentation concepts for the LMFBR 

Safety Test Facility (STF) requires some means of simulating conditions 

in and around the test region. Proposed driver-reactor test cell geo

metries are so asymmetric and non-homogeneous that modeling for 

detailed calculations becomes an extremely questionable alternative. 

Fuel motion diagnostics for multi-pin test assemblies is a difficult task, 

and proposed techniques depend so strongly on the STF environment that 

they must be evaluated by simulation. What may appear promising under 

simplified laboratory conditions may not be adaptable to the STF. 

Techniques that have demonstrated some promise of providing sig

nificant diagnostic information in the STF application include (1) flash 

x-ray cinematography, (2) the hodoscope neutron counting system and 

(3) gamma ray imaging with c.oded aperatures. Flash x-rays have demon

strated the capability of resolving single fuel pins in multiple pin arrays 

through two inches of steel containment, and with STF radiation condi

tions simulated crudely. The hodoscope, developed at Argonne, has been 

used in the TREAT facility with single pin and seven pin arrays.2 Com

putations predict that this technique will be useful for larger arrays as 

well. Coded aperatures have been applied to medical diagnostics with 

low energy gamma rays. Gamma ray imaging experiments using fission 

gamma energies have thus far been confined to point sources where sig

nal to background conditions are most favorable. 
3 

Two critical assemblies at LASL are being adapted to simulate the 

STF conditions: (1) The PARKA critical assembly is being modified to 



serve as a driver for fuel pin arrays at the center for scaled-down simu

lation of STF and (2) A moderator geometry adjacent to the Godiva N 

prompt burst assembly provides the capability of driving a few fuel pins 

to instantaneous power levels higher than those expected in STF transients. 

These simulation facilities are discussed below. 

II. STF DRIVER-REACTOR SIMULATION IN PARKA 

The PARKA critical assembly 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 uranium loadings (93% 235 U) of 100. 200. 300, and 

400 mg/ cm 
3 

are distributed to give approximately flat fission density 

across the 35 in. fueled diameter. Figure 1 shows a cross sectional view 

of a 60 degree sector of the PARKA geometry with a test region at the 

center. Onetran transport calculations have been run to determine the 

effect of adding a 37 pin test assembly. For these calculations, fuel pins 

are assumed to be made of highly enriched uranium oxide. In three cal

culated cases it was assumed that the space between pins was void or 

filled with either water or sodium. Addition of the test section increased 

reactivity 3.2$ for the water filled cell and 0.9$ and 1.1$ respectively for 

void and sodium. Relative fission density as plotted in Figure 2 is the 

ratio of fission density in the modified PARKA core to that in the original 

core. In all three cases the fission density peaks strongly in the test 

fuel pins because of their high uranium loading. Perturbation introduced 

in the adjacent PARKA core is mild in all three calculations. consisting 

of a slight peaking with water and a depression with void and sodium. 

A slot through the beryllium reflector and the PARKA fuel elements 

provides experimental access to the test region. The initial setup in an 

experimental program to evaluate various hodoscope geometries and 
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detector options is represented in Figure 3. The program will serve to 

verify parallel Monte Carlo calculations. Monte Carlo analyses should 

then be useful for more general evaluation and optimization of the hodo

scope technique. 

Present PARKA operating conditions, without special shielding, 

limit the PARKA transients to about twenty megawatt seconds per experi

ment, corresponding to about a 400
0

C rise in temperature of the uranium 

oxide fuel pins in the water filled test cell. With sodium or void the tem

perature rise would be one half that value. Relocation of PARKA or 

some provision for local shielding could extend power levels by an order 

of magnitude. 

Potential applications of the PARKA simulation are: (1) studies of 

STF radiation environment, (2) evaluation of flash x-ray diagnostics with 

realistic scattering and radiation environment, (3) investigation of in-core 

diagnostic methods, and (4) investigation of shielding requirements for 

instrumentation concepts. The advantages of the PARKA system are its 

flexibility and the ease with which geometry can be changed. An essential 

experiment will be to determine what changes in a multiple pin test array 

can be detected by the hodoscope. Fuel pins can easily be removed or 

fuel can be rearranged to simulate almost any proposed accident condi

tion. 

III. GODIVA DRIVER FOR SIMULATING FUEL PIN TRANSIENTS 

High fission levels have been induced in mockup fast reactor fuel 

pins in moderator geometries external to the Godiva N prompt burst 

assembly. A typical experimental arrangement is shown in Figure 4. 

In this arrangement, two fuel pins provide an intense three dimensional 

source for coded aperature imaging experiments. For fuel pins located 



25 cm from the Godiva centerline, in an annular moderator segment as 

shown in the figure, the average fissions per gram of uranium in fuel 

pins is a factor four higher than the peak value in Godiva. In this experi

ment, fast reactor fuel pins were mocked up with an appropriate spiral 

of uranium foil inside a one-quarter inch o.d. aluminum tube. The moder

ator geometry contributes 0.4$ to Godiva reactivity and results in a fis

sion pulse in the pins about one hundred microseconds wide. For this 

particular geometry at the 25 cm distance, the maximum Godiva IV pulse 

will give about 1000
0 e rise in temperature in highly enriched uranium 

oxide fuel pins. Instantaneous power levels are greater than 10
6 

watts 

per gram but the transient length is much shorter than in contemplated 

STF transients. This demonstrated capability can probably be increased 

by a factor of two with a moderator geometry closer to Godiva. 

The advantages of the Godiva driver system is that it provides the 

capability of conducting imaging experiments in a three dimensional 

geometry under realistic conditions. Intensities are high enough to per

mit realistic distances between source and detector and the effects of 

intervening materials and background radiation can readily be investi

gated. 
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ABSTRACT 

The simulation of fuel motion by pyrotechnic methods appears restricted 

to individual phenomena within an overall HCDA. But the possible range of 

experiments extends all the way from single fuel pins, through energetic 

disassembly of the core, to compaction of the core. We present our prelimi

nary experiments to mimic the pressure pulse within the fuel resulting from 

a prompt critical power transient. 

We also discuss: 

1. The ease of instrumentation. 

2. An iterative procedure for comparison and matching of 

explosive and neutronic fuel motion experiments to estab

lish models and to check codes. 

3. Investigation of neutronic fuel motion instrumentation 

without going to full scale neutronic experiments. 

4. The cost advantages. 

NOTE: Complete paper not available. 

* This work supported by the U.S. Energy Research and Development Administra-
tion, ERDA. 
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INTRODUCTION 

Direct electrical heating (DEH) of oxide fuel has been used at several 

laboratories to simulate in-pile behavior of this material at high tempera

ture under both steady-state and transient conditions. The DEH offers the 

advantages of being a relatively simple, inexpensive, non-radioactive means 

of investigating those aspects of the fuel behavior which are thermally 

rather than neutronically dominated. Because of the volumetric Joule heating, 

the radial temperature distribution can be made to approximate relatively 

closely the corresponding distribution obtained in-pile through fission 

heating. It is proposed here that this technique might be utilized to 

simulate fuel pin behavior during rapid transients and that these experiments 

might be of value in testing certain of the fuel motion diagnostic 

techniques proposed at this information exchange meeting. 

A DEH apparatus is currently under construction at the University of 

Arizona for purposes of conducting U02 properties' measurements at tempera

tures up through and including the molten regime. As a possible future 

extension of this activity, we have examined the potential of modifying this 

apparatus in order to simulate fuel behavior under rapid transient condi

tions of the type being investigated in-pile at the Sandia Laboratory. The 

initial objective of this out-of-pile simulation would be to confirm that 

the simulation does, in fact, result in fuel behavior comparable to the in

pile behavior. If this turns out to be the case, then the simulation 

technique could be useful in expanding the scope of experimentation beyond 

that allowed technically or financially with the in-pile program. Perhaps 



of more importance, these simulations could assist in the understanding of 

the in-pile experiments and in the analytical modeling of fuel behavior under 

rapid transient conditions. We should hasten to point out that at least 

two aspects of fuel behavior under rapid transient conditions do not 

presently appear capable of totally realistic simulation by the DEH method. 

First, those categories of experiments in which the steel cladding plays a 

significant role cannot be simulated without sacrificing some deviation 

from the geometry or materials of the actual fuel pins of interest. Use of 

quartz cladding or an electrically insulating coating on the inner surface 

of the steel cladding (e.g., boron nitride or alumina) are possible and have 

been used, but both of these can and do introduce differences from the actual 

pins which may be unacceptable for certain classes of experiments. 

The second category of experimentation which the DEH technique is 

incapable of accurately simulating is somewhat more subtle and involves a 

knowledge of the behavior of the fission gas atoms generated within the 

U02 grains. Briefly, the gas effects can be only partially studied by DEH 

techniques since, under certain reactor conditions, the fission process 

itself may dominate the gas atom behavior (through the fission fragments). 

As a consequence of this, DEH experiments on pre-irradiated or gas-loaded 

pins should be viewed in the same context as DEH experiments in general: 

either confirmatory of in-pile behavior or as an aid to understanding and 

modeling. 

The objective of this paper is to present a brief indication of the 

potential for simulating rapid transient experiments on a typical DEH 

apparatus. We have used, for this purpose, the specifications associated 

with our own equipment or equipment presently available to us, but this is 
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stoichiometry is used. No attempt has been made to consider fuel motion 

during the transient and, hence, the results presented here should be 

viewed only in the context of indicating the calculated power densities and 

temperature distributions prior to the loss of integrity of the specimen. 

For the millisecond time span of interest for oxide purposes, this is 

probably not a significant restriction, so that the calculated temperature 

rise rates and peak temperatures should be approximately correct. 

As an example of these calculations, we have selected the results for 

a U0
2 

specimen with nominal diameter of 0.635 cm (1/4 inch) and length of 

3.81 cm (1-1/2 inch), O/M of 2.00, and 95% theoretical density. The initial 

radial temperature distribution was assumed (arbitrarily) equal to the 

steady-state value obtained from a constant 2 ampere current through the 

specimen. 

Figure 2 shows the calculated average power density as a function of 

time for the discharge of a capacitance bank of 480 ~f charged at the 

various voltage levels indicated. We note from these results that transient 

power profiles quite comparable to those anticipated in the in-pile tests 

can be obtained and that considerable flexibility in shaping the profile 

by initial voltage selection can be achieved. The dashed curves labeled 

480 ~f and 360 ~f are simply connections of the points of peak power at the 

various voltages for the respective capacitance levels indicated and serve 

to demonstrate how the duration and magnitude of the power transient can 

be adjusted. 

Figure 3 shows the transient power profiles for various levels of 

total capacitance at the fixed voltage of 4000 v. The 480 ~f maximum 

capacitance and 60 ~f increments shown correspond to the eight 60 ~f 



capacitors actually in our equipment inventory. These results indicate that 

the magnitude of the pulse can be conveniently incremented without changing 

significantly the duration of the pulse. 

The largest energy transient considered was for the case of 480 ~f 

capacitance at 6000 v (8.64 KJoules). The results for this case are shown 

in Figs. 4 through 6. Figure 4 shows the transient on a gross time scale 

covering 40 sec (even though the specimen would probably lose its integrity 

shortly after the pm'ler burst. An initial 2 amp current is applied at 

time zero with the specimen at a uniform temperature of 1000oK. Steady 

state is reached in about 7 sec. The capacitor switch is closed at 15 sec., 

and the center line temperature rises to over 5000 0 K in about 1.5 msec. 

The molten zone extends out to about half the fuel rod radius. Only surface 

and centerline temperatures are sho~m in Fig. 4. 

Figure 5 shows an expansion of the time scale after the capacitor 

switch is closed. VoluMe averaged power density as well as temperatures at 

various radii are shm,m. The shape of the power curve is due to the slow

down in temperature rise (and, therefore, slowdo~vn in increase of the total 

electrical conductivity) associated with onset of melting. 

Figure 6 shows the time-varying temperature profile in the specimen. 

Times shown are after the capacitor switch is closed. Dashed lines are 

profiles during cooldown, again under the assumption that the physical 

integrity of the specimen has been maintained. 
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CONCLUSIONS 

Calculations of the power and temperature transients obtainable on 

LMFBR prototypical diameter U0
2 

fuel through capacitor discharge indicate 

that these transients can be tailored to simulate relatively closely the 

corresponding transients anticipated from in-pile rapid transient fission 

heating. The tailoring can be accomplished through a combination of the 

total discharge capacitance and the initial charging voltage. 

This type of simulation could possibly provide a convenient means for 

checking out fuel motion or other fuel behavior diagnostics prior to their 

application to the in-pile situation. These possibilities have not yet 

been explored by us nor are we aware of any other DEH group working in this 

direction. 
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Analysis of In-Core Fuel Motion Detection* 

by 

F. Biggs and J. H. Renken 

Sandia Laboratories 
Albuquerque, New Mexico 87115 

A plan has been devised for analyzing proposed experiments in which 

we hope to determine the motion of fuel rods in a reactor test cavity from 

measurements of neutron fluxes at points inside the cavity. The plan is 

organized into four phases that are successively more expensive in man

power and computer costs. A favorable result on anyone of the first 

three phases justifies proceeding to the next phase. 

Encouraging results from an analysis of small-fuel configurations of 

simple geometric design have led us to proceed to the second phase of the 

study. This phase is in progress and consists of detailed neutron transport 

calculations to determine if assumed fuel displacements of interest produce 

changes .in the neutron fluxes at the detector locations that are significant 

compared to background levels. Preliminary results from this phase in

dicate that a detailed feasibility study in Phase 3 is justified for at least 

some of the experimental designs under consideration. 

The third phase involves the use of adjoint transport calculations to 

obtain "importance" functions to be used in the error-analysis option of 

our UNFOLD(l) computer program so that the accuracy with which fuel 

motion can be unfolded from measurements during the initial part of the 

motion (near zero time) can be determined. An encouraging result from 

this effort would justify proceeding to the fourth phase which involves 

* This work supported by the U. S. Energy Research and Development 
Administra tion. 
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numerical simulation studies. This last phase of the study would provide 

information on how long in time the data analysis can follow the fuel motion 

with satisfactory resolution. It is also an appropriate time to organize 

the analysis procedure for efficient use with the subsequent experiments. 

Let us now turn to a description of the Phase 3 analysis. 

A neutron detector placed in the core of a reactor is more likely to 

be influenced by neutrons which are emitted close to the detector than by 

those emitted at some distant part of the core. The output signal G. (t) of 
1 

the i-th detector at time t is given by 

(\(t)=J ... ! ¢(r, E,"rt, t)R
i
(s=2,E)dP, i= 1, ••• , M, (1) 

where ¢ is the neutron flux and R. is the response of the i-th detector to 
1 

--'" 
neutrons of energy E that are moving in direction r2. The differential dP 

denotes integration over the phase-space variables: position, energy, 

" and direction. It is also possible to express G. (t) as 
1 

Gi(t) =f ···f \(F. E. Q. t)S(F. E. t) dP. i = 1 ••••• M. (2) 

Here S describes the variation of the neutron emission amplitude, and I 

is the importance, or sensitivity, function for the i-th detector. This 

function is a measure of the probability that a neutron emitted at a phase

space point denoted by the function's arguments will make its way to 
2-4 

detector i and produce a response. It can be shown by appropriate 

manipulation of the forward and adjoint transport equations that 1. is the 
1 

adjoint flux which solves a well-defined adjoint transport problem. This 

fact provides a convenient method by which the necessary importance 

functions can be calculated. 



The function S can be written as 

S(:f, E, t) = W(t)/fi(E)p(r, t) , (3 ) 

where W(t) gives the time dependence of the power excursion and is taken 

here to be the same at all positions in the reactor fuel. The neutron 

emission energy distribution IP (E) is assumed to be the same throughout 

the fuel; it is equal to the fission neutron spectrum. The function p(r, t) 

gives the distribution of fuel mass at time t. 

The time dependence here is assumed to be caused by the power 

excursion and the fuel motion versus time, and the time resolution of 

interest is rv milliseconds. The time-dependent processes involved in the 

neutron transport problem are much faster than this. Therefore, an 

adiabatic approximation in which the neutron transport is describable as 

a sequence of steady-state solutions is valid. 

Now define 

r.(r, 
1 

... 
(:f, E, rt, t)/fJ (E) dP , i = 1, ... , M 

where the integration is carried out over all the phase space variables 

except the spatial ones to get 

(4) 

Gi(t) = W(t)fff li(F, t)p(F, t) dx dy dz, i = 1, ... , M (5) 

V 

This remaining integration is over the volume V that contains the fuel. 
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The time dependence of the excursion W(t) is a dimensionless 

multiplier that has the value unity at t = 0, the start of the power excur

sion, and is expected to increase by more than two orders of magnitude 

during the excursion. There are several possibilities for determining 

W(t): 

(1) Measure it from time-dependent quantities that are 

insensitive to test-specimen fuel motion, such as 

out-of-core neutron detectors, 

(2) Calculate it from theory. 

(3) Unfold it together with the fuel motion from the 

measurements, 

(4) Some combination of (1) to (3). 

It is convenient to rewrite Eq. (5) in a form suitable for any of these 

approaches. 

Gi(t) = Ilf 
V 

r. (-r, t) Z Cr, t) dx dy dz, i = 1, ••• , M • 
1 

(6) 

If W(t) is determined independently of the unfolding analysis, then 

we define 

G.(t) = G.(t)/W(t), i = 1, ••• , M 
1 1 

(7a) 

and 

Z(!\ t) = pCr, t) • (7b) 



However, if W(t) is to be determined from the measurements, let 

,. 
G.(t) = G.(t), i = 1, ... , M 

1 1 
(Sa) 

and 

ZCf, t) = pCi, t)W(t) • (Sb) 

We now focus our attention on Eq. (6). This is a Fredholm integral 

equation of the first kind in which the unknown fuel-mass distribution 

Z(r, t) is inside the integral. The Gi(t) are provided by the measurements 
~ and the r.(r, t) can be calculated from neutron transport theory. The 

1 

phase-3 investigation includes, not only the method of solving Eq. (6) for 

the fuel-mass distribution Z(r, t), but also the analysis of what kind of 

resolution in space and in time that can be expected from the solution of 

the equation for the various proposed experiments. 

We have available the computer programs for the study of this 

problem: the neutron transport codes for calculating the r.(:f, t) and 
1 

updating it as fuel-motion changes the neutron emitting source configura-

tion, and the data-analysis program UNFOLD1 for doing the feasibility 

studies and for solving for the fuel-mass distribution Z(I\ t) versus time. 

In terms of computer costs, the calculation of the r.cf, t) is, by far, the 
1 

most expensive. It also requires a significant effort in order to specify 

the changing geometric conditions. 

We now turn to a brief description of the procedure used to analyze 

Eq. (6) with the UNFOLD program. In solving this integral equation, it 

is very important to include any "auxiliary" information that is available. 

This would include such a priori information as the fact that there can be 

no negative sources of neutrons or that the total fuel-mass in the volume 

V is constant. It could also include any information that becomes available 
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during the evolution of the fuel motion. For example, once a pattern of 

fuel motion develops an approximate extrapolation of the motion from one 

time interval to the next is useful. It may be desirable to constrain the 

fuel motion to a "smooth" pattern. Program UNFOLD has proven 

capability to solve the least squares problem (such as Eq. (lla» subject 

to the condition that the "auxiliary" information be satisfied. It also 

calculates various statistical quantities that are useful in conducting 

feasibility studies. 

One way to parameterize the distribution of fuel mass is to write 

N 

ZCr, t) = L: 
j=l 

C.(t)D.("r, t), 
J J 

N< M 

The basis functions D.("r, t) define spatial cells that are equal to the 
J 

(9 ) 

reciprocal of the volume of the cell if r falls inside the cell and equal to 

zero if r falls outside the j-th cell. The C.(t) is the mass of fuel in the 
J 

j-th cell, so the product C.(t) D.(r, t) is the mass of fuel per unit volume 
J J 

for the j-th cell. This is simply one representation out of many possi-

bilities to describe the motion of the fuel. It will probably be necessary to 

change this form as the motion evolves. It may be convenient to use cells 

that move with the fuel, especially after some motion pattern develops or 

for "resolving" the problem after a tentative motion versus time has been 

obtained. These kinds of considerations would be addressed in Phase 4 

of this study. 

Substituting Eq. (9) into Eq. (6) gives 

N 

G. (t) = L: c.(t)hhr 
1 . 1 J J= V 

r.("r, t) D.er, t) dx dy dz, 
1 J 

i = 1 .•. , M (10) 



or 

N 
G. (t) = L A .. (t)C.(t). i = 1, •••• M 

1 j= 1 IJ J 
(lla) 

where 

Ai/t) = Iff r i Cr. t)DjCr. t) dx dy dz 

V 

(llb) 

As stated here. the problem now is to solve Eq. (lla) for the 
-'> 

solution vector C(t) (with elements C.(t)) when the G. (t) are measured 
J 1 

and the A .. (t) are calculated from Eq. (llb) using the r.('r. t) as calculated 
IJ 1 

by our neutron transport programs and the basis functions D.C~. t). 
J 

Whenever N < M a least squares solution to the problem is used. Note 

that one run of the transport code to get a set of r. Cr. t) can be used for 
1 

various sets of D.(r. t). This will be an important consideration when 
J 

we try various spatial cell sizes in the error-analysis operation of 

program UNFOLD to find a set that gives a satisfactory error tolerance. 

In order to calculate the fuel motion during the first time step At. 

the values of A .. (0) are first used to calculate a set of C.(At) which 
IJ J 

specifies a new fuel distribution. This new fuel distribution is then used 

to determine new values of A .. which apply to the average fuel configura
IJ 

tion during this time step. This updated value of the matrix A is then 
-'> 

used to calculate the second iteration of the solution vector C. If this 

iterative procedure fails to converge. either the time interval At is de

creased and/ or the space-cell size is increased until convergence is 

obtained. A similar procedure is used in the subsequent time steps. 

If the function W(t) is also being estimated from the measurements. 

the C.(t1t) are first set equal to C.(O)w. and the best single multiplier w 
J J 
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is determined. This value of w then provides the first iteration to W(At)/ 

W(O). This time dependence is then divided out of the G. (At) and the 
1 

procedure is continued as explained above. 

Estimates of the errors ~C. in the C. that correspond to the specified 
J J 

variances O'~ of the measurement errors in G. are provided byl 
1 1 

(12a) 

where 

M 
=~ (12b) 

i=l 

Note that the C. depend on the parametrization D.("F, t) and on the 
J J 

O'~ but not on the Gi (t). This permits us a priori to carry out feasibility 

studies on any specified experiment. For example, we can estimate the 

spatial resolution of a propos~d experiment by determining the cell sizes 

that give acceptable values of AC.. The resolution (cell sizes) may be 
J 

different in different parts of V. In general, the AC. decrease as the 
J 

average size of the spatial cells increase. 
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Accuracy of Fuel Motion Measurements Using In-Core Detectors 

An initial assessment has been made as to how accurately fuel motion 

can be measured with in-core detectors. A portion of this assessment has 

involved the calculation of the response of various detectors to fuel motion 

and the development of a formalism for correlating uncertainties in a neu

tron flux measurement to uncertainties in the fuel motion. 

Initially, four idealized configurations were studied in one dimension. 

These configurations consisted of 

1. A single fuel-pin test using ACPR 

2. A seven fuel-pin test using ACPR 

3. A full subassembly (271 pin) test using a Class I ANL-type SAREF 

4. A full subassembly plus six partial subassemblies (,..., 1000 pin) 
test using a Class III GE-type SAREF 

It was assumed that melt would occur symmetrically at the center of the 

test fuel and that fuel would therefore disappear from the center of the ge

ometry. For each case a series of calculations was performed in which 

detector responses were determined at several radial locations for the un

perturbed core and for the core with various fractions of the fuel replaced 

with Na. This fuel loss was assumed to occur essentially instantaneously 

such that the power level in the remaining portion of the test fuel remained 

unchanged from that of the initial unperturbed condition. 

Three types of detectors have been considered for the purpose of 

comparison: 



1. An isotropic detector with a flat energy response 

2. A 27r detector with a flat energy response, the active hemisphere 
being directed radially inward 

3. An isotropic detector with a U
238 

fission cross section response 

These responses are believed to be reasonable for representing a possible 

range of application for in-core detection. 

Figure 1 shows the ratio of the detector response in the perturbed 

configuration to that in the unperturbed configuration, ¢ / 1fJ, vs the fraction 

of total test fuel mass which has disappeared, Am/m, for the 1-pin experi

ment on the ACPR. Only isotropic U
238 

and flat-response detectors are 

shown. Radial positions vary from 0.56 to 4.5 cm from the center of the 

test pin. A steep negative slope indicates a sensitive response to fuel 

motion, Thus the detectors closest to the pin are the most sensitive to fuel 

motion. In addition, the U
238 

response detector is more sensitive to fuel 

motion than the flat response detector. This is due to the energy discrim

ination afforded by the U
238 

fission threshold. Note that at 20 percent fuel 

motion (i.e., 20 percent of the volume of the fuel in the pin has vaporized 

or otherwise disappeared from the calculation) the most sensitive detector 

signal has fallen about 6 percent below its unperturbed level. 

Figure 2 shows the analogous results from the seven-pin ACPR ex-

. t A ' . t . U238 f" d fl d perlffien • gam, ISO roplc - IsslOn an at-response etectors are 

assumed, and again the U
238 

detector is seen to be superior. Radialloca

tions from 0.464 to 4.5 cm are shown, the 0.464 cm location being between 

the central pin and the surrounding six pins. Note that for the most sensi

tive detector in this 7 -pin case, a 20 percent fuel loss results in a signal 

decrease slightly in excess of 10 percent. 

For both of these hypothetical ACPR experiments it is apparent that 

all detectors shown will see a relatively high background neutron flux from 
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the driver core. This is inherent in a test such as this since the test fuel 

mass is necessarily small compared with the driver core, and its signal 

correspondingly so. Such a disparity between the signal and background can 

be minimized by placing the detectors close to the test fuel and by tailoring 

the experimental configuration in some way so as to shield the detector from 

the driver core. No attempt was made in the calculations performed here to 

minimize the background inside the test region and it is believed the pres

ent results can be improved without great expense. 

The corresponding curves for a 2 IT flat-response detector have not 

been processed in time for this presentation. It is expected that such de

tectors will have responses similar to the isotropic U
238 

response shown 

here. Optimization of in-core detector schemes for use in an ACPR exper

iment of the present type will require additional studies on candidate detec

tors and on the tailoring of the geometry to reduce the background. 

Figure 3 shows detector response curves for the full subassembly 

test in the Class I SAREF. Detector radial locations vary from 0.5 to 9.9 

cm; i.e.; from points deep within the pin matrix to points several cm out

side the test hex. The value of placing detectors inside the fuel pin matrix 

is apparent from this figure. At 20 percent fuel loss the 0.5 cm U
238 

de

tector signal falls by over 30 percent while the signal for a U
238 

detector 

located outside the test hex falls by less than 3 percent at the same fuel 

loss. A 2'IT flat response detector located outside the test hex shows a sig

nal decrease of about 4 percent under the same conditions. 

Obviously the interpin U
238 

detector offers interesting possibilities 

for measuring fuel motion in large-scale tests. Conversely, in this full 

subassembly configuration, any detection system viewing the test core from 

the outside suffers from a severe lack of sensitivity to fuel motion. 



Figure 4 shows a similar set of detector response curves for the 

Class III SAREF with a full test subassembly and six partial subassemblies. 

In this figure t:.m/ m refers to the fraction of fuel lost from the central test 

hex only; no fuel loss is considered from the partial subassemblies. 

A b f th " "U2 3 8 d t t h f "t" " s e ore, e Interpin e ec ors s ow ar more senSI IVlty to 

fuel motion than do the others considered. The most sensitive detector 

shows about a 28 percent drop in signal for 20 percent fuel motion, which 

is very close to the result obtained for the Class I SAREF. 

Having examined in-core detectors in one dimension, and having 

found somewhat favorable results, a series of two-dimensional calculations 

was undertaken to provide additional information. The two-dimensional 

analysis considered only the Class lIT SAREF with full test subassembly and 

six partial subassemblies in the test region. The unperturbed case and two 

perturbed configurations were examined. Normalization between configura

tions was based on the assumption that the power level in the test core re

mained unchanged. 

Unlike the one-dimensional calculations, the two-dimensional studies 

require the use of an a priori model of the fuel motion. Without presuming 

to judge the merits of one model over another, a model which might be de

scribed as the "toothpaste tube" model was used for the present study. That 

is, the fuel was assumed to melt and vaporize at the center of the core, the 

vapor pressure rupturing the clad at the top of the active fuel region and 

forcing the molten fuel to squirt out at that point. Thus fuel is rapidly trans

ported from the center to the top of the core and is distributed there within 

the coolant channels in some manner. For present purposes, fuel was as

sumed to be forced out of the inner seven layers of pins, to fill the coolant 

channels in the lower part of the upper axial blanket first and then begin 
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filling the upper part of the test core and the top of the upper axial blanket, 

depending on the amount of fuel being moved. 

Detector responses to such fuel motion are included in Figure 5 which 

shows vertical transits at three different radii for U
238 

detectors when about 

6.5 percent of the fuel mass of the central hex has moved. The initial and 

final fuel configurations assumed are shown diagramatically on the left; the 

detector responses are shown on the right. The maximum relative response 

occurs in the upper blanket region where the fuel is deposited. The mean

ing of the double peak in the detector responses in this region is unclear. It 

may not be physical but rather be the result of a numerical problem in the 

calculation. 

Figure 6 shows the same data when about 12 percent of the core mass 

has moved. Again the largest proportional response occurs in the axial 

blanket with the most sensitive response being given by the detector located 

closest to the core axis. The profile of the displaced fuel is followed in gen

eral by the detectors; however, all sharp edges on the fuel density are blurred 

over, giving a greatly smoothed profile. One may conclude that pinpointing 

the location of the fuel motion and its denSity profile based on measurements 

such as these will be a difficult task; however, an axial resolution of about 

±5 cm and a radial resolution of about ±0.5 cm should be possible. 

These two-dimensional data can be put into a form similar to the one

dimensional results presented earlier. This has been done in Figure 7 in 

which the detector response vs ~m/m is shown for various interpin de

tector locations. The abscissa here goes only to 12 percent but at this level 

the response of the most sensitive detector in the depletion region has dropped 

by about 40 percent from the unperturbed case. Correspondingly, the re

sponse of the most sensitive detector in the fuel deposition region has in

creased by about a factor of 5. Therefore the tentative conclusion that 



in-core detection of fuel motion is a potentially viable scheme for multiple 

subassembly tests is supported by preliminary two-dimensional studies. 

An approximate formalism has been developed for correlating detec

tor response with fuel motion. It can be shown that a linear detector located 

at the center of the fuel depletion region in the two-dimensional model con

sidered here, and measuring the neutron flux to an accuracy of ±10 per

cent, should be able to detect fuel losses on the order of 2 percent of the 

total central hex mass. At fuel-motion levels of 10 percent such a detector 

should be able to measure the motion quantitatively roughly to within a fac

tor of 2. If n(independent) measurements of the flux in the vicinity of the 

fuel motion are correlated by an unfolding technique such as that described 

in the previous talk, this error should decrease as l/Vll ; i.e., 100 detec

tors should reduce the uncertainty in the measured mass of moving fuel from 

a factor of two to about ±20 percent. Larger fractional fuel motion should 

be measure able to correspondingly greater precision. 

To summarize: accurate in-core detection of fuel motion in experi

ments involving a large number of pins appears at this state of the analysis 

to offer an improvement in sensitivity of fuel-motion detection compared with 

systems viewing the core from outside the test chamber, and thus to be vi

able from a theoretical point of view. The desirable attributes for such a 

detection scheme are: 

1. High-energy response detectors 

2. Detectors located within the fuel pin matrix at axial locations a
long the full length of the core, including the axial blankets 

3. Additional detectors, possibly 2'lT, located outside the fuel as
sembly to correlate gross fuel motion particularly in case of loss 
of signal from interpin detectors following fuel melt. 

Specific details of the candidate detectors will be presented in the 

next paper. 
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Fuel Motion Measurements with In-Core Detectors* 

by 

L. R. Edwards 

Sandia Laboratories 
Albuquerque, New Mexico 87115 

ABSTRACT 

Two detection schemes which appear promising for in-core fuel motion moni

toring in safety reactor facilities such as SAREF are described. The two 

types of detectors being considered are the diamond solid state ionization 

chamber and the fission couple. The pertinent physical properties of these 

detectors relative to their potential usage are discussed. 

* This work supported by the U.S. Energy Research and Development 
Administration 
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I. Introduction 

The analytical situation in regard to in-core fuel motion detection was 

presented by F. Biggs and J. H. Renkenl and by S. A. Dupree. 2 As a sequel, 

this paper will be concerned with in-core detection systems that look quali

tatively feasible. One of the advantages of the in-core concept is that the 

detectors are sampling a less sterile neutron flux than out-of-core detectors, 

where the neutron flux has interacted with the containment structure. The 

main problem associated with in-core detection is created by the high temper

ature, the high neutron and gamma fluxes, and the liquid metal coolant. 

Because of this hostile in-core environment severe constraints are imposed 

on both the selection of the type of detector and the selection of the detec

tor materials. 

I . I f hI· 1,2 I h d t 1S C ear rom t e ana YS1S, that the c oser t e etectors can 

be located to where the "action is" the better the accuracy to which fuel 

motion can be predicted. There are three different types of detectors which 

look feasible for in-core fuel motion studies in facilities such as the 

proposed SAREF reactor and Sandia's ACPR and SPR reactors. The first two 

types are the diamond detector and the fission chamber. These devices, 

although small, would have to be located radially just outside the test 

fuel pin bundle and on the axial blankets. The third type of detector, the 

fission couple, is extremely small and can be located inside the coolant 

channels within a test bundle. The discussion in this paper will focus only 

on the diamond detector and the fission couple. The fission chamber is a 

common detector and a description can be found elsewhere. 3 

II. Detector Properties 

A. The Diamond Detector 

For applications in a harsh environment, diamond appears to be the 

best candidate for use as a solid state ionization chamber. Many of the 

problems associated with diamond as a conduction counter have recently been 

solved. 4 The most recent work centers around the use of a diamond detector 



in a reactor to measure the fission spectrum. 5 The results were very en

couraging. 

Some of the characteristics of diamond which are important for fuel 

motion detection are listed below. 

Advantages 

1. High temperature operation (~6000C) 

2. Small physical size (~3 mm) 

3. Fast response (~ nsec) 

4. Relatively insensitive to gammas (low Z) 

5. Can be made sensitive to different types of radiation 

6. Mechanically rugged 

7. Can be used in corrosive media 

8. Has above average resistance to neutron damage 

9. Can be made directional 

Disadvantages 

1. Synthetic materials are not currently suitable (an adequate 

supply of suitable natural diamond exists) 

2. Cannot simultaneously tailor both the energy response and the 

directional properties. 

A schematic diagram of a diamond detector with directional properties 

is shown in Figure 1. The directional properties are achieved by the use 

of a forward scattering recoil mechanism, such as the proton recoil mech

anism. For the active region a polyethylene film could be employed, or 

another section of diamond ion implanted with hydrogen or helium could be 

used. A diamond detector can either be operated in a pulse or a current 

mode. For the present types of applications where the flux levels and flux 

changes are very high, the current mode would probably be the most desirable. 

Estimates of the carbon and proton recoil currents have made for a 

diamond with a volume ~O.OOI cm3• The basic reaction rate equation and 

monoenergetic neutrons of energy 0.5 MeV were used in the calculations. 

345 



346 

-19 /. -18 /. Sensitivities of 5 x 10 amp un~t flux and 2 x 10 amp un~t flux were 

obtained for the carbon and proton recoils, respectively. The directional 

response ratio is just the ratio of these sensitivities and is ~4:l. 

Currently, at Sandia, a research program has been initiated for devel

oping diamond as an in-core detector. Procurement of high purity natural 

diamonds with nitrogen impurity concentrations less than 1020 nitrogen 

atoms/cm3 has been no problem. Initial experiments have focused on charge 

injecting contacts. The preliminary results show that the counting rate does 

not saturate or deteriorate in time under a and S radiation. These results 

are consistent with the Russian work which demonstrates that the space charge 

polarization effects are virtually eliminated by use of appropriate charge 

injecting contacts. Future work will be directed toward neutron damage 

effects and ior. implantation. 

B. The Fission Couple 

A fission couple is basically an intrinsic thermocouple with a 

junction that is comprized of some fissionable material. Sandia has had 

considerable experience in the design and development of these devices for 

neutron detection in reactor transient diagnostics and in underground tests 

at the NTS. 6 The important characteristics of fission couples are listed 

below. 

Advantages 

1. Extremely small size (~0.75 mm) 

2. Fast response (~ ~sec) 

3. Adjustable energy response 

4. High temperature operation (~ 10000C) 

5. Can be used in corrosive media 

Disadvantages 

1. Intrinsically an integrating device 

2. Cannot be made directional 



The basic problem associated with the design of fission couples is the 

accounting of heat flux. The appropriate heat equations for these types of 

devices have been solved in detail. 6 The calculated time rate of change of 

the temperature as a function of neutron flux for various types of fissionable 

materials is shown in Figure 2. A considerable latitude in the choice of 

materials is available depending upon the applications. The fissionable 

material can be chosen to tailor the energy response, however, the maximum 

temperature extreme should not exceed the material's phase transition 

temperature. The observed linear relation here is important for simplifying 

the calibration. 

In Figure 3 actual test results for a fission couple detection in Sandia's 

SPR reactor are shown. 7 The raw fission couple output is depicted by the 

open circle data points. Differentiation of the fission couple output yields 

the profile of the neutron flux pulse. The triangular data points for the 

fission couple compare very well with the photodiode response (solid curve). 

These results show that fission couples are sensitive and responsive devices 

for neutron detection. 

III. Discussion 

Intercomparing the various types of detectors show that each of them 

have individual advantages. In comparing the physical size, for example, 

the fission couples are extremely small and can be located directly in the 

liquid sodium coolant channels within the test fuel bundle; while the diamond 

detectors or the fission chamber detectors would have to be located outside 

of the fuel bundle. In considering the basic electrical properties the 

fission couple and the fission chamber have a common advantage in that the 

energy response can somewhat be tailored by the choice of fissionable 

material; and, on the other hand, the diamond detector can be made direction

ally responsive. In the overall design of a fuel motion diagnostic system, 

it may be advantageous to use combinations of these detectors in a comple

mentary fashion. 
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Some of the following observations are based on the analytical studies. 2 

For multiple subassembly tests a series of diamond detectors located radially 

on the outside of the test bundle and on the axial blanket would be effective 

in measuring gross fuel motions. This is because the neutrons originating 

from the central pin region are attenuated as they pass through many layers 

of fuel pins. Fission couples, on the other hand, located within the test 

bundle can detect fuel motion involving a few percent of the mass of the 

total test fuel. When melting occurs the fission couples would probably be 

destroyed, however, this is useful information for the unfolding analysis 

in that fiducial points are established. For times beyond which the fission 

couples exist, complementary detectors on the outside of the fuel bundle may 

be necessary. 

In the case of small scale tests for 1-7 pins, diamond detectors may be 

feasible. Because the neutron signal from a few test pins is small compared 

to the background from the driver core collimination may be necessary. The 

analytical studies show, however, that a 2IT detector such as diamond would 

have a distinct advantage over 4IT detectors. 

Obviously, further development work will be necessary for these in-core 

detection schemes. The previous conclusions are necessarily qualitative 

because the calculations are somewhat crude and because of the lack of 

adequate detector calibration data. Since these detectors would be operating 

in integrating modes, the accuracy of the calibrations will be of paramount 

importance. In any program to develop these schemes, the development of 

calibration techniques will playa major role. 

Questions concerning the ability of detector materials to survive long 

term radiation exposure and very high fluxes need more detailed answers than 

are currently available. In the case of the fission couple, fission product 

buildup needs further study, along with determining useful detector life times. 

P 1 · . 1· fl· d· h U238 f· . re 1m1nary calcu at10ns or examp e, 1n 1cate t at a 1SS10n 

couple should survive a several months exposure to a flux of 1015 n/cm2-sec, 

however, this effect needs to be quantified. In the case of the diamond 



detector, radiation damage studies are incomplete for diamond. In particu

lar, additional research is needed to determine the maximum neutron damage 

tolerance along with the temperature annealing mechanisms. These types of 

studies are being initiated on diamond. 

As far as fabrication techniques are concerned, it is not anticipated 

that any new major technological developments will be required. In the case 

of the diamond detector, ion implantation studies will be needed; however, 

the technology of ion implantation is well established. For the fission 

couples electrical leads will probably pose some problems. Currently 

0.010 in. 0.0. stainless steel sheathed cable looks quite promising. 

In summary, the types of detectors discussed here appear to be quali

tatively feasible for in-core fuel motion diagnostics. In order to bring 

these detectors into reality, additional research and development will be 

needed. 
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A program has been undertaken at ANL to develop in-core instrumen

tation for fuel motion monitoring in connection with the Sodium Loop Safety 

Facility (SLSF) tests. Since the SLSF fuel bundle is to be inserted into a 

test hole in the Engineering Test Reactor (ETR)' any monitor must be able 

to observe changes in flux from the fuel bundle in the presence of a large 

background flux from the ETR. A detector with directional sensitivity 

would enhance the signal from the fuel bundle. A detector with a threshold 

type behavior is also desirable in order to discriminate against the soft 

components of the neutron and gamma ray flux of the ETR. Current effort 

is concentrated in investigating the characteristics of two types of detector. 

The two detector types include a neutron detector which utilizes a hydro

genous layer as a proton recoil radiator, and a gamma ray detector which 

utilizes a thin lead layer to take advantage of the Z 
5 

dependence of the photo

electric effect. Z is the atomic number of the electrode material. 

One of the models of the proton recoil type detector under study con

sists of three flat plates in an evacuated chamber. A 20-mil polyethylene 

radiator is attached to one side of the center electrode. Proton recoils from 

the radiator provide directional sensitivity through the cos (e) dependence of the 

(n, p) scattering cross section. Measurements to date have been made in 

the graphite pit of the Argonne Thermal Source Reactor (ATSR). A vertical 

This work supported by the U. S. Energy Research and Development 
Administration 
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strip of 235U serves to convert the thermal neutrons into fast fission neu

trons and fission gamma rays. The converter is thus a good simulation 

of a fuel bundle in the ETR. The detector is sensitive to the movement of 

the 235U strip and shows a substantial amount of directional discrimination. 

The signal from the fission strip amounts to approximately 20% of the back

ground signal from the ATSR thermal neutron flux and gamma-ray flux. 

The gamma ray detector is also an evacuation detector. Within the 

vacuum container is a cylindrical stainless steel electrode which surrounds 

a flat plate electrode. The flat plate electrode consists of a plate of graph

ite bonded to a layer of lead. In one of the models the graphite plate is 1/8 

inch thick and the lead layer is O. 020 inches thick. Because of the Z 5 de

pendence of the photo-electric effect the lead layer is much more efficient 

in producing photo- electrons than the graphite layer. As a result of the 

asymmetry the detector has a high degree of directional sensitivity. Be

cause the compton cross section varies as Z and the range of the electrons 

produced varies as l/Z the detector is highly compton compensated. Since 

the photo- electric cross section varies as Z 5 and the electron range varies 

as l/Z the photo-electron current produced at a surface of the flat plate 
4 

electrode should vary as Z Since Z is 6 for graphite and 82 for lead the 

photo-electron current at the lead surface for a given gamma-ray flux 

should be approximately 35, 000 times the photo-electron current at the 

graphite surface when the graphite is exposed at the same gamma-ray flux. 

Thus the photo-electron current from the graphite is negligible compared 

with the photo-electron current from the lead. At first it was expected 

that the largest induced current in the central flat plate electrode would 

occur with the electrode oriented so that the lead side of the electrode 

faced away from the gamma source. In this orientation some of the photo

electrons produced in the lead layer by the incident gamma rays would have 

sufficient range to escape and thus induce a positive current in the central 

electrode. In the orientation with the lead side facing toward the gamma 

source the photo-electrons produced in the lead would be trapped in the 



graphite and no net current would result. However there is another pro

cess by which photo-electrons can be produced. This is a photo-electric 

interaction which occurs after the incident gamma ray has been compton 

scattered. Some of the incident gamma rays are backscattered in the 

graphite by the compton process. In the orientation with the lead side of 

the central electrode facing away from the gamma source these back

scattered gamma rays interact only with graphite which has a very small 

photo-electric cross section and only a very small photo-electric current 

would be produced. In the orientation with the lead side facing toward the 

gamma source the backscattered gamma rays must pass through the lead 

layer where the photo- electric interaction is greatly enhanced because the 

energy of the backscattered gamma ray is much lower than the energy of 

the primary gamma ray. For 180-degree scattering the maximum energy 

of the scattered gamma ray is O. 256 MeV. For example, for an incident 

gamma-ray energy of 2 MeV the photo-electric cross section is 1.8 barns/ 

atom; whereas the backscattered gamma ray with an energy of O. 227 MeV 

is subject to a photo-electric cross section of 250 barns/atom. 

A detailed, if somewhat approximate, calculation which takes into 

consideration all of the cross sections involved, the relative intensity of 

the backscattered gamma rays, and the ranges of the photo-electrons pro

duced does in fact predict that the photo-electron current produced by the 

backscattering is much larger than the current produced by the primary 

process. Measurements made using a 1 curie radium source confirm 

these conclusions. In the orientation with the lead side of the central elec

trode facing toward the radium source the inducted current is 20 times the 

current induced when the electrode is oriented with the lead side facing 

away from the source. 

So far measurements of the detector performance have been made 

either in the ATSR or at the gamma irradiation facility. Both facilities 

are rather low-flux facilities and as such are not suitable for measuring 

the effect on the detector performance of a high-radiation field or an 
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elevated temperature. Experiments are scheduled in the Argonne Research 

Reactor (CP- 5) to investigate these effects. The electrode structure for 

the detectors to be used in CP- 5 must be modified from the detectors used 

in the ATSR to withstand the gamma heating which is present near the core 

region of CP- 5. Measurements indicate that the gamma heating amounts 

to approximately 1/2 watt per gram in the heavy water region just outside 

the core. Two detectors will be placed in this region and measurements 

made as the detectors are rotated to confirm their directional sensitivity 

in the presence of intense gamma radiation and at a temperature in the 

vicinity of 100 degrees centigrade. One detector of the hydrogenous

radiator type and one of the lead-graphite type will be tested in this manner. 
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ABSTRACT 

A description is provided of the basis for a comprehensive assessment 

of material motion for experiments in the Safety Research Experiment Facility 

(SAREF) that is being carried out, in which the projected capabilities of 

several instrumentation systems are to be compared against the requirements 

established by the desired experimental information. Preliminary require

ments for fuel motion monitoring criteria are related to meaningful require

ments for experiment interpretation and to analysis of postulated accidents. 

Preliminary projected capabilities are presented that focus on the initial 

emphasis of fuel motion assessment for the largest tests, particularly with 

respect to whether in-core detectors can achieve the desired capability, or 

whether devices requiring slots within the reactor core are essential. The 

conclusion from this initial effort is that a reasonable basis exists for 

expecting the hodoscope to satisfy the criteria for fuel-motion monitoring 

for these experiments in SAREF, while in-core detectors are likely to fall 

substantially short of meeting the requirement. 

* This work supported by the U.S. Energy Research and Development 
Administration 
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Introduction 

A comprehensive assessment of material motion for experiments in the 

Safety Research Experiment Facility (SAREF) is being carried out, in which 

the projected capabilities of several instrumentation systems are to be 

compared against the requirements established by the desired experimental 

information. The preliminary assessment thus far has focused largely on the 

monitoring of fuel motion. A description is provided of the basis for this 

assessment and of some preliminary results obtained to date. First, it may 

be appropriate to present briefly some background information on SAREF and 

on the safety experiments planned in the facility, particularly as they may 

impact diagnostic requirements. 

The SAREF design concepts are motivated by the need to provide an in

pile testing capability for the LMFBR safety program beyond the range of 

available or firmly planned facilities. Under ERDA sponsorship, two concep

tual design studies are nearing completion, one by Argonne National Labora

tory and the other by General Electric Company. The ANL design concept, 

categorized as Class I, is capable of generating power bursts or time shaped 

transients without the need for significant heat removal during the test. 

The GE design concept, categorized as Class III, is capable of long-term 

steady-state operation and of superposing certain transients during the test. 

Although differing views may exist as to the key experiments each facility 

should be designed to perform, both are required to test fuel arrays up to 

full subassembly size and larger, with flat power distributions, and rated 

power test fuel operation for at least 30 sec or, alternatively, decay power 

levels for longer periods. Both facility designs provide a fast-flux spec

trum reasonably prototypic of LMFBRs over the full test assembly. The 

following brief design description will be limited primarily to the ANL 

design concept. 

The ANL SAREF reactor, which is helium cooled, is contained in a pre

stressed concrete reactor vessel. Figure I is a vertical cross section 

through the PCRV. The reactor has a central test hole surrounded by a neu

tron spectrum hardening zone, the converter, and an outer thermal driver zone. 



The converter provides a neutron spectrum transition region to harden the 

spectrum in the experiment region and provide the very flat max/min power 

profile requirements for the experiments. One of three slots through the 

PCRV for fuel motion monitoring is seen in this figure. The three slots 

have a relative orientation of 0°, 90°, and 180° and allow full core height 

viewing. 

The experiment test zone is defined by an experiment containment tube 

which separates the reactor environment from the experiment and within which 

an experiment test vehicle is inserted. The experiment containment tube is 

removable as is the converter region to accommodate different size test 

assemblies. Three different test assembly sizes are now contemplated -

partial subassemblies (or small bundles, S8), single subassemblies, SS, and 

multisubassemblies, MS. 

Figure 2 shows a schematic cross section through the core and test 

section in which the three viewing slots for fuel motion monitoring are 

seen. Provision is made to use any two of the three slots in any given 

experiment, and removable fuel boxes would be provided for, within the 

reactor core, both to provide this flexibility and to minimize the material 

interposed in the path of detectors which require slotted access. It is 

likewise important to minimize the amount of material, particularly steel, 

immediately surrounding the fest fuel bundles. 

Figure 3 shows a schematic of a test loop for a small bundle experiment 

as well as a cross section through the test assembly with 37 fuel pins. The 

space between the experiment containment tube and the outside of the test 

vehicle provides an annular region in which in~core detectors could be lo

cated. This provision is typical for all three sizes of test assemblles. 

Figure 4 shows a test vehicle schematic in which a multisubassembly 

test is represented. A similar test vehicle, smaller in diameter, would 

accommodate a single subassembly test vehicle. Cross sections through such 

a single subassembly test section with 271 pins and a multisubassembly test 
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section are shown in Figure 5. The multisubassembly test section represented 

here consists of a full central subassembly of 271 pins surrounded by six 

approximately-half subassemblies. 

To provide one additional perspective, the classes of experiments 

which we anticipate would be performed in the ANL-designed SAREF are listed 

in Figure 6. 

Basis for Assessment 

Returning to the main topic~ it is desired to provide diagnostic 

capability for monitoring of all three significant materials included with-

in typical test sections, i.e., fuel, cladding, and coolant. Monitoring 

is desired of material motion during transients and of quasistatic changes 

during nontransient conditions immediately prior to or just after a tran

sient. To accomplish this, a wide spectrum of techniques is being considered, 

most of which have been the subject of papers presented at this meeting. 

Indeed, since the lead time required before such a major facility as SAREF 

becomes operational is quite long, it would be remiss not to explore new 

avenues for improved techniques. Thus, in evaluating the capabilities of 

candidate instrumentation systems, a reasonable projection of future develop

ments should be taken into consideration. Insofar as pOSSible, the facility 

design must include the flexibility to ultimately accommodate the spectrum 

of diagnostic techniques. 

The disgnostic techniques under consideration can be placed in two 

categories, depending on whether or not slotted access through the core to 

the test section is required, and distinguished simply as in-core or ex-core 

detection. The ex-core detector systems can be further categorized as: 

• Collimated detection systems, such as the hodoscope, which 

monitor induced radiation, both fast neutron and gamma, by 

means of detectors situated ex-core. 



• Transmission schemes which require an external source (such 

as high-energy X-rays from an electron acceleration) and 

make use of penetration characteristics measured by an 

ex-core opto-electronic system after transmission through 

the test section. 

• Coded aperatures, with which fission-induced neutron or gamma 

rays are monitored by ex-core psuedo-optical techniques, such 

as fresnel zone plates or pin holes. 

To establish a reasonable basis for comparing the capabilities of 

candidate instrumentation systems with the requirements, a set of material 

monitoring criteria was formulated. The principal criteria established for 

the monitoring of fuel motion are shown in Figure 7. 

A format for the intercomparison between requirements and projected 

capabilities was established in which the requirements are related to the 

three characteristic sizes of tests anticipated, namely, SB, SS, and MS test 

configurations. As will be seen later, there are other, nonarbitrary rea

sons for this categorization. We have also chosen to define three levels of 

requirements for each of the criteria being explored, as follows: 

Necessary -- a requirement level which, if not achieved, means 

that the experiment probably should not be performed. 

This is a minimum requirement. 

Acceptable -- the level of information which provides adequate 

data in conducting the experiment. Below this 

level, the value of the experiment becomes increas

ingly compromised. Every effort should be made to 

meet this requirement level. 
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Desirable -- a high information level which allows for optimal 

data recovery and possible furture improvements in 

analytical capability. This is a goal or ideal 

requirement. 

It should be emphasized that these criteria are viewed from the narrow 

perspective of material motion monitoring requirements. Clearly other crite

ria enter into any composite evaluation of the desirability of performing 

specific experiments and whose importance could outweigh judgments reached 

on material monitoring alone. 

Considerations that entered into establishing the criteria shown in 

Figure 7 are summaried below: 

1. An overall field of view large enough to encompass the potential 

regions of interest during and after the experiment is required. 

For example, a multisubassembly test (consisting of a full single 

subassembly surrounded by a ring of six half-section subassemblies) 

requires a width and depth of ~30 cm, at the desirable level. The 

total fuel height for prototypic FBR fuel elements is ~lOO cm, and 

it would be desirable to monitor the fuel motion of the order of a 

meter above and below the original core height. (These and corre

sponding values for SS and SB tests at all three levels are shown 

under "Requirements" on Table 1.) 

2. The tests require material monitoring within 

(a) a certain resolution - i.e., the monitoring device 

must have a certain resolving power, and 

(b) a certain field of view or region inside which the 

resolution criteria can be met. 

3. Resolution, average density, and time interval requirements are 

all interrelated and are keyed to a range of accident conditions. 



Spatial resolution is set first, since there are practical 

limits on the size of regions in a finite element or finite 

difference model of the test region. These limits, based 

upon current analytical models and allowing for improvement, 

are 5 cm axially and 2-1/2 cm radially. The resulting 

~8000 regions, for MS tests, would certainly be an upper 

bound with ~350 regions being a reasonable number. (These 

and corresponding values for SS and SB tests are shown under 

"Requirements" on Table 2.) 

4. The time intervals can be separated into resolution and total 

intervals similar to field of view. Different time resolution 

will be required for different phases of the experiments. The 

near steady-state (i.e., preheat or nontransient) phase of a 

test will only require a coarse time monitoring of material 

location. The transient part, involving a heating of the test 

section but without rapid power bursts or material eructations, 

requires a finer time monitoring. The bursts require the shortest 

time resolution. The total time interval requirements, shown 

in Table 3, are readily set. 

5. The requirement for monitoring material density changes in a 

region can be related to: 

(a) changes in reactivity affecting the course of an 

accident, and 

(b) the blocking or unblocking of coolant channels 

within fuel pin structure through sOlidification 

or remelting of materials. 

The criterion for monitoring rates of change of region-averaged material 

densities (such as changes in fuel, coolant, clad or structure) is that the 

monitoring instrument is sensitive to those rates of change in densities 
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which would produce feedback reactivities (positive or negative) comparable 

to a postulated reactivity change in a particular phase of the accident 

analysis scenario. 

Description of Requirements for Small Bundles 

Further definition of the requirements, particularly for density and 

time resolutions, requires taking into account the specific purposes of the 

anticipated experiments. The description of the basis for selection of the 

specific values of requirements listed in Tables I through 4 must necessarily 

be limited to selected values, by way of illustration, in the limited time 

available. Further, the values of both requirements and projected capabili

ties are preliminary and are expected to change as the assessment is devel

oped further. 

In general the small bundle experiments are phenomenological tests. 

The small bundle experiments in SAREF will investigate such specific aspects 

of fuel pin behavior as: 

(a) The probable fission-gas driven radial dispersal of unclad fuel 

in a loss-of-flow accident. 

(b) The fission gas or fuel vapor driven radial dispersal of clad or 

unclad fuel during a power burst. 

(c) The axial motion of molten fuel inside the cladding during an 

overpower situation. 

(d) The location and coherence of cladding failure in an overpower 

situation. 

(e) The ejection of fuel through cladding ruptures, with full sodium 

flow and with partially voided channels. 



In order to investigate many of these phenomena it will be necessary 

to "see" what is happening in the molten region of the pins. For some it 

is also important to monitor the motion of the outer unmelted fuel which 

might be dispersed, for example, in the form of solid chunks. It therefore 

seems "acceptable" to have a width and depth resolution of one-third pin 

diameter, or about 0.25 cm. The "necessary" criterion for the width and 

depth resolution should be about the same because if one relaxes the above 

criterion one can no longer discriminate between pins and channels. If one 

wants to monitor the different microstructural regions in the pin a width 

and depth resolution of about 1/10 of a fuel pin diameter would be required, 

and this value is used as the "desirable" requirement. The height resolution 

is nominally set in correspondence with one or several fuel pellet heights. 

The rate of fuel density changes in a molten pin region during an over

power excursion; that is, a slow transient can be determined from calculations 

with the PLUTO code and to a certain extent from experimental evidence. 

Typical PLUTO calculations show that the fuel density in the molten fuel 

region changes by more than 25% in 20 msec. Since one can relate this to 

the original smear density in the pin of about 8 g/cm3, the rate of fuel 

density change (Table 4) is 0.1 g/cm3/msec. This is taken as both an accept

able and necessary requirement. The desirable requirement is taken arbi

trarily as one-half. Information from the H5 overpower experiment in TREAT 

indicated a larger rate of fuel density change. 

The disintegration of fuel in a power burst is expected to lead to a 

radially homogeneous fuel distribution; i.e., the fuel density changes 

roughly from 0 to 4 g/cm3 in the channel and from 8 to 4 g/cm3 in the pin. 

Power burst situations may last up to 20 msec. The radial pin dispersal 

probably lasts for a much shorter time; a conservative time duration estimate 

is 10 msec. This would lead to a rate of fuel density change (Table 4) of 
3 3 4 g/cm over the 10 msec or 0.4 g/cm /msec. This is taken, likewise, as 

both an acceptable and necessary value, with the desirable value arbitrarily 

one-half. 
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The values for mass resolutions (in Table 4) for the fuel are obtained 

by multiplying the appropriate rate of fuel density change with the resolu

tion volume (from Table 2) and the resolution time (from Table 3) from the 

respective category (necessary, acceptable, or desirable). 

Description of Reguirements for Single and Multisubassemblies 

The type of experiments anticipated in single subassembly or multi

subassembly size fuel bundles emphasize the capability to differentiate 

between non coherent events and detect larger-scale phenomena. Less demand

ing time and space resolution criteria, with respect to monitoring material 

density changes, are required in studies of larger scale and/or slower phe

nomena such as: subassembly blockages, meltthrough of subassembly cans, 

and gross rearrangement or extended motion of subassembly materials. How

ever, these studies have more demanding requirements in regard to overall 

instrumentation field of view. 

To arrive at the rates of change in material densities required to 

affect significant positive or negative reactivity feedback, existing 

accident analysis calculations which describe the transient power history 

in reference LMFBR core-disruption accidents were examined. 

One such accident analysis considered was that of a hypothetical 

transient ~ndercooling (TUC) accident for a CRBR core. The reactivity and 

power traces calculated with the SAS code show that the first rapid reacti

vity and power decrease is due to fuel dispersal in several subassemblies. 

For a short time this fuel dispersal (calculated by the SLUMPY routine of 

the SAS code) leads to a large reactivity decrease. In order to verify the 

existence of such a dispersal mechanism one should be able to monitor this 

event quite precisely. From aSAS analysis of the fuel-steel mixture dis

tributions at two different times, the average change in fuel density is 

found to be 0.48 g/cm3• Since this change occurs during 26 msec, the rate 

of density change per msec is approximately 0.02 g/cm3/msec. This can be 



regarded as both an "acceptable" and "necessary" requirement for the case 

of a slow transient for both SS and MS. Further, since the fuel dispersal 

event lasted about 40 msec, 5 msec is regarded as an acceptable resolution 

time. 

Another accident analysis considered was that of a transient overpower 

accident, likewise for a CRBR core. The fuel density distributions during 

this accident were calculated with the PLUTO code. The average absolute 

difference between the "total" fuel distributions at times 20 msec apart 

was approximately 0.4 g/cm3• Thus the rate of density change is 0.02 g/cm3/ 

msec, which corresponds to the above mentioned requirement. 

Still another accident examined was that of a prompt critical excursion 

in a sodium-voided CRBR core in which a 50$/sec reactivity ramp at prompt 

critical was used and the disassembly calculation was performed with the 

VENUS code. The average absolute density change was determined by compar

ing the smear density distribution of the fuel-steel mixture over a major 

region of the core at the beginning of the disassembly calculation with that 

4.75 msec later. The average fuel density change was 0.57 g/cm3• With a 

time interval between the two configurations of 4.75 msec, the rate of fuel 

density change is 0.12 g/cm3/msec. This rate of density change can be re

garded as both an "acceptable~' and "necessary" requirement for a fast or 

burst transient. In view of the 4.75 msec duration of the burst, 0.5 msec 

seems acceptable as a corresponding time resolution. Values of mass resolu

tion are obtained as described previously. 

Time does not allow for a comparably detailed definition of all the 

requirements established in the tables. However, before proceeding with 

other aspects of this preliminary material motion assessment, there is one 

further point to be noted, namely, the depth perception, rather than two

dimensional viewing, has been treated implicitly as an essential requirement. 

Two-dimensional viewing of large pin bundles cannot differentiate between 

signals resulting from changes in materials densities occuring either: 

(1) at the front, center, or far side of the bundle; or (2) homogeneously in 

the plane which is in a transverse direction to a two-dimensional detector 

array. 
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Projected Capabilities 

In the preliminary assessment of instrument capabilities - to be 

compared with the experiment requirements - the initial emphasis has 

been place on the fuel motion assessment for multisubassembly and single

subassembly tests, and in particular whether in-core detectors could achieve 

the desired capability, or whether devices requiring slots within the reactor 

core are essential. This is due to the potentially significant impact of 

slots on both design concepts for SAREF presently under evaluation by ERDA. 

Their impact is most significant with respect to the MS test configurations, 

and the comparison of in-core and ex-core detectors has thus far been limited 

to this issue. 

In the present assessment, the hodoscope has been taken as representa

tive of the class of devices requiring slotted access through the core to 

the test section; subsequently, performance predictions for alternate ex-core 

devices (of which X-radiography and Fresnel plates are the primary candidates) 

will be evaluated. A final selection among the ex-core systems will depend 

upon which system is best able to meet or corne close to meeting the funda

mental requirements. 

Hodoscope Evaluation 

For the hodoscope, the field-of-view requirements for height and width 

in Table I can be met without difficulty by choice of design of collimator 

and detectors. (It is a separate question whether the most stringent re

quirements can be met in terms of impact of the required slot on the reactor 

and experiment design.) The depth requirement, however, requires a second 

hodoscope and slot, probably at 90°. Spatial resolution (Table 2) is gener

ally adequately met. 

Data collection time and time resolution (see Table 3) do not cause any 

difficulties; the most stringent criteria represent small extrapolations 

from current practice or from developments already underway. 



The development of the density resolution capability for the hodoscope 

requires several intermediate steps. Extensive calculations were carried 

out that can only be briefly summarized here. The signal-to-background 

(SIB) detector response characteristics were determined for both SS and MS 

tests, using multigroup calculations in one-dimensional cylindrical geometry. 

SIB ratios were found to decrease when fuel is removed. As fuel is voided 

at the center of the test bundle, the SIB ratio decreases linearly with the 

number of pins removed. Also calculations show that SIB ratios in the range 

of 2 to 3.5 are possible for fuel monitoring in MS and SS size tests. These 

ratios are comparable or better than those achieved at TREAT, which suggests 

that the present techniques for hodoscope data visualizations and analysis 

may be applied to SAREF without extensive development. 

Since the calculated results for the SIB ratio increases essentially 

linearly as pins are added to a test section, this indicates that hodoscope 

sensitivity can be extended from small bundles up to multisubassembly size 

tests. Further, since the calculations are based on a model which has been 

verified by determining measured parameters at TREAT, this lends confidence 

to scaling of data from TREAT to SAREF and places the estimates of sensi

tivity upon a reasonably sound foundation. 

As indicated, the values of SIB ratio calculated provide a functional 

dependence on the cumulative total of fuel pins. This functional dependence 

can be translated into sensitivity as a function of the number of voided 

rings of fuel, beginning with a single pin at the center as the first "ring", 

and progressing outward to rings of 7, 19, etc., pins. In TREAT the current 

hodoscope sensitivity limit has been measured to be about 0.02 for SIB ~ 1 

(corresponding to 50 mg of fuel in a single pin TREAT experiment). Based 

on this approximate sensitivity limit, and based on 100% density change* in 

a single volume element, the calculations for the SAREF hodoscope predict 

sensitivity thresholds corresponding to about 7 pins within the SS experiment 

and about 19 pins in the central subassembly of the MS experiment. 

* The calculations, being derived from a one-dimensional model, only predict 
performance for full material voiding commencing at the center and prop
agating radially and uniformly outward. 
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These sensitivity threshold values, when converted to their mass 

equivalence, result in values of 25 gm and 80 gm, respectively, for the 

SS and MS test configurations, which is to be compared directly with the 

corresponding values of the requirements in Table 4. In the MS case the 

proj ected capability for fuel sensitivity is seen to approach the "accept

able" level of requirements. Although the proj ected capability in the SS 

case falls short of the "necessary" level of requirements, examination of 

several of the approximations made indicates a reasonable assurance that 

the necessary criterion can be met. 

In-core Detector Evaluation 

Consideration is being given in both SAREF conceptual designs to the 

use of in-core detectors. Specific provision must be made in either design 

to accommodate them. In the ANL design concept, provision is made for an 

instrument annulus surrounding the test section, within which it would be 

possible to place an in-core detector array for fuel motion'monitoring 

during a transient. Each axial array about 50 in. in length, might consist 

of up to 50 discrete neutron detectors. This array then provides a 50-

pOint axial profile of (fast) neutron population at the periphery of the 

test section. To achieve a high degree of azimuthal resolution, a large 

number of such axial arrays would be needed, requiring perhaps up to a 

total of 2500 detector channels. For the present purposes, the attendant 

design and engineering problems of accommodating such large numbers of 

signal cables, etc., are being ignored. 

For the evaluation of the in-core detector capability, workable 

isotropic threshold detectors have been assumed as achievable and represent

ing an upper limit projection of such detector capability. The axial pro

file generated from an in-core detector array has been calculated for the 

change due to 100% voiding of the central 15 cm height across a full MS test 

section. This is a volume of 21 liters, corresponding to about 100 kg of 

fuel. The profile is generated by some power normalization and is based on 

a comparison with the initial undisturbed profile prior to material motion. 



There is a sizable component of the background which is caused by the 

contributions to the local population from neutrons not directly correlated 

with fuel in the test section. The signal/background ratio ST/B for total 

signal over background has been calculated to be about 0.13. This composite 

signal is due to the net effects on neutron population at the detector pro

duced by voiding of all fuel, coolant, and structure within the 15 cm height 

across the entire multisubassembly test section. If the purpose of monitoring 

with in-core detectors were to measure the combined effect of all materials, 

then the signal/background parameter of interest would be 0.13. 

If in-core detectors are to be examined in terms of their ability to 

distinguish fuel from other materials in the test section, then a different 

"signal" to "background" condition applies. One must assume that there is 

some way of modeling the effects of coolant and structure on the fast neutron 

flux at the detectors. This is important because their effects are large. 

The SIB is estimated to increase to about 0.26 when only fuel is voided. 

Without the advantage of in-reactor testing of detector configurations 

suitable to this application, it is difficult to ascribe a lower limit of 

sensitivity. Since the data processing codes will have to deal with rather 

small differences between large numbers, a high level of statistical accu

racy will be required. If we assume that a sensitivity level of 0.01 in 

SIB can be achieved for in-core detectors, which is twice as good as been 
8 demonstrated for the hodoscope, then well over 10 cps per detector must be 

handled to achieve 0.1 msec time resolution with minimal confidence level. 

To estimate the limiting level of fuel sensitivity, it is necessary to 

examine the response profile calculated for voiding of a single subassembly. 

It is estimated that voiding of fuel only in the central SS of a full MS 

experiment yeilds SIB of about 0.04. Although only one-fourth of the fuel 

(and one-fifth of the volume) was vacated from the full configuration, the 

calculated SIB dropped substantially (by a factor of six from 0.26 to 0.04); 

this decrement reflects the substantial shielding effect of fuel in the 

outer assemblies. Thus the mass sensitivity level associated with a SIB 
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value of 0.01 should be nearly that of a full subassembly, and corresponds 

to a volume of about 2.4 liters or 12 kg of fuel. 

As can be seen from Table 4, this fails to meet the necessary fuel 

density resolution requirements by a large margin. 

It should be emphasized that while in-core detectors may indeed be 

expected to provide sizable signal rates, the almost complete lack of 

directional or material discrimination (reflected in Tables 1 and 2) pre

sents a formidable problem for interpretation. Also, these preliminary 

calculations were done with isotropic detectors, and it remains to be seen 

what improvement might be achievable with the directional detectors under 

development. In any case, their capability is not expected to alter the 

conclusion reached in this preliminary assessment. 

Conclusion 

The preliminary assessment described here has specifically addressed 

the question. whether in-core detectors could achieve desired fuel motion 

monitoring capability, particularly for MS size tests, or whether devices 

requiring slots within the reactor are essential. The conclusion is clear 

that it would seriously compromise the future potential for meaningful ex

periments in SAREF to rely on in-core detectors as the primary devices. On 

the other hand, in-core detectors have the potential to supplement the ex

core detection devices and should continue under development and evaluation. 

A number of additional factors that constitute important criteria to be 

evaluated as part of a complete assessment have not been discussed. These 

include, in addition to the monitoring of clad blockage and coolant voiding, 

such items as: (1) the impact of the detection devices on the reactor 

facility design and cost; (2) the relative feasibility or realizability of 

the candidate devices; and (3) the auxiliary capability for in-situ radio

graphy and for pre- and posttransient monitoring that may be achievable 

with each candidate device. 



Finally, I would like to point out that the work reported here is the 

result of a task force effort, which includes E. W. Barts, C. L. Beck, 

E. F. Bennett, W. A. Bezella, A. DeVolpi, A. B. Rothman, and H. Wider, all 

at ANL. In addition a supportive effort is underway at Sandia Laboratories, 

under cognizance of J. Powell, which will contribute toward completing this 

assessment. 
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TABLE 1. PRELIMINARY MATERIAL MONITORING ASSESSMENT 

TRANSIENT FUEL MOTION DETECTION - FIELD OF VIEW 
(TENTATIVE VALUES) 

REQU I REf1ENTS I PROJECTED CAPABILITIES 
NECESSA~ ACCEPT ABL~ DES I RABLE ! HODOSCOPE!X-RADIOGRAPHYj FRESNEL] IN-CORE 

HEIGHT, CM 
SB 130 180 I 280 I ./" ./ 
SS 130 180 280 I ./ ~ 

MS 130 180 280 ! ./ ./" 
'tlIIIHI, eM 

SB 

I 
7 

I 
7 

i 
7 

Ii 
./ 

I I 
.. 

I 
SS 20 20 20 ./ .. 
MS 20 25 30 .,/ .. 

DEPTH, CM 

SB 

I 
7 

I 
7 

I 
7 

II 
./ 

I 

.... 

I 
SS 20 20 20 ./ .... 
MS 20 25 30 ~ .... 

~INDICATES ADEQUATE PROJECTED CAPABILITY . 
.. AZIMUTHAL COVERAGE AROUND INSTRUMENT THIMBLE . 

.... DOUBTFUL DEPTH (RADIAL) DISCRIMINATION. 

TABLE 2. PRELIJillINARY JlllATERIAL MOtIITORING ASSESSI"ENT 

TRANSIENT FUEL JIIIOTION DETECTION - SPATIAL RESOLUTION 

HEIGHT, CM 
SB 

I 

5 

I 

2.5 
SS 10 5 

/'IS 20 10 I~? II 
WIDTH, CM 

SB 0.25 0.25 0.07 

SS 1.5 1.5 0.5 .,/ 
JIIIS 10 5 2.5 ./ "150 

n""T" rM 

SB 0.25 0.25 0.07 
SS 1.5 1.5 0.5 ../ 
JIIIS 10 5 2.5 ./' .... 

VOLUME CM3 (CYLINDRICAL) 
SB 0.25 0.12 0.005 

SS 18 9 0.5 V" 
JIIIS 1600 200 25 ./ 

.. PROJECTED AZIMUTHAL COVERAGE. .... DOUBTFUL DEPTH (RADIAL) DISCRIMINATION. 
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TABLE 3, PRELIMINARY MATERIAL MONITORING ASSESSMENT 

TRANSIENT FUEL MOTION DETECTION - TIME DEFINITION (TENTATIVE VALUES) 
REQUIREf1ENTS PROJECTED CAPABILITIES 

NECESSAR~ACCEPTABudDESIRABU HODOSCOPEI X-RADIOGRAPH~ FRESNEL I III-CORE 
DURATION, SEC 

SB 

1 

30 

1 

45 

I 
60 

II 1 1 /1 
SS 30 45 60 / 
I1S 30 45 60 ./ 

RESOLUTION, MSEC NEAR STEADY STATE 
SB 1000 500 100 

SS 1000 500 100 ./ 
MS 1000 500 100 / v" 

SB 5 
SS 5 

5 

I I I, BURST 
SB 

1 :! 0,5 

0,5 
0,5 SS 

MS 

TABLE 4, PRELIMINARY MATERIAL MONITORING ASSESSMENT 

TRANSIENT FUEL MOTION DETECTION - DENSITY RESOLUTION 
(TENTATIVE VALUES) 

REQUIREMENTS PROJECTED CAPABILITIES I 
~ECESSAR~ACCEPTABuiDESIRABU HOnoSCOPE' X-RADIOGRAPH~ FRESNEL/ III-CORE " 

RATE OF DENSITY CHANGE GM/CM3/MSEC (FOR SLOW TRANS'IENT) , 
SB 0,1 0,1 O,OS 

SS 0,02 0,02 0,01 

I1S 0,02 0,02 0,01 

MAss EQUIVALENT, GM (FOR SLOW TRANSIENT) 

112,000 
3 RAT" n" n" .. :TTV CIlANI~~ GM/CM' /f"S~r: (F, R RURST) 

SB 0,4 0,4 0,2 
SS 0,12 0,12 0,06 
I1S 0,12 0,12 0,06 

MAss EQUIVALENT GM (FOR BURST) 
SB 0,1 0,024 0,0001 

SS 2 0,5 0,003 25* 

MS 200 12 0,15 80** Ivrn 
NUMBER OF DETECTORS VIEWING OBJECT VOLUME: = 3*; = 4** 
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