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by 
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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 

87 



88 

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. 
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Figure 1. Schematic of Assembly of New TREAT Hodoscope 
Collimator for Full-Length Fuel Pins 
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Figure 2. Details of Design of a Typical Steel Plate 
for New TREAT Hodoscope Collimator 
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Figure 4. Photograph of 51-cm Hodoscope Collimator at TREAT 
with Three Tandem Detector Bays 
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Figure 5. Hodoscope Neutron Scan of Single Pin in TREAT 




