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FUEL-MOTION DIAGNOSTICS AND CINERADIOGRAPHY

by
A. DeVolpi

ABSTRACT

Nuclear and non-nuclear applications of cineradiography are reviewed, with
emphasis on diagnostic instrumentation for in-pile transient-reactor safety
testing of nuclear fuel motion. The primary instrument for this purpose has
been the fast-neutron hodoscope, which has achieved quantitative monitoring
of time, location, mass, and velocity of fuel movement under the difficult
conditions associated with transient-reactor experiments. Alternative
diagnostic devices that have been developed have not matched the capabilities
of the hodoscope. Other applications for the fuel-motion diagnostic
apparatus are also evolving, including time-integrated radiography and direct
time- and space-resolved fuel-pin power monitoring. Although only two
reactors are now actively equipped with high-resolution fuel-motion
diagnostic systems, studies and tests have been carried out in and for many
other reactors.

This report is more detailed version of a topical review invited by The
Review of Scientific Instruments.

I. INTRODUCTION

The consequences of nuclear-reactor fuel-element failure have been the
subject of extensive experimental and computational study. Postulated safety
implications resulting from cladding failure and subsequent fuel motion are
being evaluated worldwide in major experiment programs. Of particular
interest is the real-time behaviour of fuel elements when abnormally stressed
due to hypothetical loss of coolant or sudden reactor overpower. Some of
these unusual conditions are simulated in-pile (in nuclear reactors), and
others can be tested out-of-pile (in laboratories away from a reactor).

For in-pile experiments, the test fuel is irradiated with a high-intensity
burst from reactors usually designed for transient operation. The burst of
neutrons and gamma rays induces fissions and other effects in the fuel and
container. Experiments consist essentially of one or more fuel pins placed in
a static container or coolant-circulation loop that is centered in the
reactor core. Each test section (for example, Fig. I-1) is enclosed in
multiple barriers that prevent radiation leakage. The vessels have been
built to approach prototypical thermal-hydraulic and neutronic conditions for
the fuel being tested. ‘



Extensive static and dynamic testing of fuel elements has taken place at
many laboratories throughout the world. In particular, in-pile transient
tests of fuel pins are conducted routinely at the United States Department of
Energy reactor TREAT in Idaho [DI-61]. Other U.S. reactors that subject test
fuel to destruction are PBF, LOFT, ETR, and ACRR.

A wide variety of diagnostic
techniques are utilized in monitoring
nuclear-safety experiments. Some
measurement devices are associated
with the experiment, some with the
host facility, and some with direct-
view external instrumentation. The .
direct-view diagnostic instrumentation fz'a.ggsi#.agoﬁff;h:m
can image objects or their densities
in static and time-resolved configura-
tions, and they can measure extrinsic
properties such as time- and space-
varying power distribution with the
field of view.

This review concentrates on time-
resolved radiographic (cineradiogra-
phic) measurement techniques (Sect. 1
I1) applied to in-pile nuclear-safety asoinsn ose0in. oo
experiments. In-pile experiments must
use more sophisticated instrumentation
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the entire test assembly, direct-view
instrumentation collects other data
besides time-resolved fuel-motion
information for in-pile reactor-safety
testing.

A large proportion of the in-pile experiments are in support of fast-
breeder-reactor development, for which fuel-motion safety issues are of great
significance [WA-81]. A major goal of these measurements is the validation
of computerized computational models of effects transferable to full-scale
reactors under postulated accident conditions. In initial stages of
transients, fuel motion internal to the pin cladding often takes place,
culminating in some cases with failure of the cladding. Up to this point,
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the dominant motion of the fuel is constrained within definable boundaries.
Subsequent to c¢ladding breach, highly disorganized fuel motion can take
place, including sweepout, eructation, slumping, etc.

Pre-failure fuel-motion detection, such as axial expansion, is desired,
along with time and axial location of fuel breach through the cladding. For
post-failure fuel motion, three-dimensional spatial resolution is usually not
necessary because the axial reactivity change is the most desired
information; the three mest significant parameters are axial resolution,
time, and fuel density. Diagnostic methods should be able to distinguish
between steel and fuel by means that are more definitive than differences in
the density. Without the time history of material motion during experiments,
an extremely important aspect of the destructive experiments would be
missing. It might not be possible to infer from the integral post-test data
the instantaneous nodes that are important to reactivity calculations.

Two transient reactors in the United States (TREAT and ACRR) and one in
France (CABRI) are uniquely arranged to accept high-resolution fuel-motion
diagnostic instrumentation (Sect. III). The fuel being tested, which is
placed at the center of the reactor core, emits fission and capture radiation
induced by the burst of reactor neutrons; the emitted radiation can travel
unimpeded through an opening in the core to the direct-view diagnostic
instrumentation installed in the biological shield (Fig. I-2). The vertical
height of the slot in TREAT is up to 1.5 m.

e 4.49 am
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Fig. I-2. Schematic arrangement of test element and hodoscope at TREAT. For
most experiments the slot through the reflector and core terminates at the
test-eiement container.



Loss of reactivity and flux asymmetry introduced by the slot are not
inconsequential; they can usually be partially compensated by adjusting the
fuel loading in the core. A full slot through the TREAT core is worth about
5% aAk/k reactivity and a half-siot nearly 3%. Usually the transient upper
energy limit of the reactor is determined by conditions other than the slot

worth.

The instrumentation task is defined by experimental conditions. Test fuel
(from 1 to 37 pins) for in-pile experiments is normally placed in thick-
wallad (1 to 3 cm) steel vessels or loops. The reactor may be directed into
a brief high-power burst up to 20,000 MW or persist at lower powers, say 100
MW for tens of seconds. In ACRR or CABRI, the full-width-at-half-maximum is
Just a few milliseconds, and in TREAT it could be as short as a few-hundred
milliseconds. Because instrument signal strength is proportional to tpe
reactor power, which during a transient may vary by a factor of 107 or 107,
the instrumentation should have the dynamic range to produce useful data
throughout the experiment. The diagnostic instrumentation is located out of
the reactor core where it will not only survive the burst but also avoid
undue background effects. Because of the brief duration of the transient,
the recorded data is not analyzed until after the transient.

Out-of-pile experiments do not have to contend with a reactor environment.
This eliminates the reactor background, reduces required experiment
containment, and allows greater accessibility for instrumentation. OQut-of-
pile experiments usually cause fuel cladding or element failure by electrical

or inductive heating [SP-82].

Except for calibrations and special non-destructive or threshold tests,
the fission energy produced within the in-pile fuel ‘capsule is usually
sufficient to fail the fuel-pin cladding or induce expansion, melting, or
other fuel-movement phenomena. Specific experiment objectives include
measurement of the amount of fuel disturbed by the fission burst, the time
and location of displacement, and the velocity of fuel. Diagnostic
measurements should determine precise time and axial location of failure and
specify the velocity and quantity of fuel relocation -- at time resolution of
a millisecond or so, spatial resolution in the range of a millimeter
horizontally and a centimeter vertically, and mass resolution in the order of

a few hundred milligrams.

A relatively unique aspect of in-pile fuel-motion -ineradiography is the
need for quantitative and dimensional data (Sect. V). Although qualitative
phenomenological observation and visualization of processvs is of importance,
the precise and accurate determination of fuel-mass movement is the dominant
objective. Achievement of the combined resolution in space, time, and areal
density that is needed places unique demands upon the design and operation of
the instrumentation that are not encountered in other forms of diagnostics.
Moreover, compensation must be made for the nonuniform and time-varying
nature of both the reactor power and its coupling to the fuel.

Other instrumentation installed in the test vehicle is used for
measurement of thermal-hydraulic conditions (flow, pressure, temperature).
The physical remains of an experiment are examined afterwards by penetrating
radiography and destructive disassembly.
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The First in-pile fuel-motion measurements were conducted soon after TREAT
was finished in 1958, using cinephotographic techniques when it was possible
to view the test section through a transparent window [G0-62].
Cineradiography and cinephotograpny are complementary in nature. Opticeai
wavelengths are such that only surface features are imaged in photography,
but radiography extends from topographical mapping of subsurfaces to highly
penetrating densitometry of volumes.

When plans were made to perform experiments with liquid sodium &z a
coolant and with optically opaque containers, development of a gamma-ray
pinhole apparatus was undertaken starting in 1958 at the Naval Research
Laboratory supported by Argonne National Laboratory. This concept gave way
to a gamma-ray scanning system, which was tested at TREAT [BE-61]. Because
the signal-to-background ratio achieved was too low, the method was not
actively pursued beyond 1961,

The fast-neutron hodoscope concept (Sect. III) was proposed in 1963,
taking advantage of the experience gained in development of the gamma-ray
systems. Tests performed in 1964 indicated a high signal-to-background ratio
for fast-neutron detection. Consequently, the TREAT hodoscope system has
evolved through several stages [DEV-75, DEV-77A, DEV-8la, DEV-82a] to its
present advanced configuration.

Studies (Sect. VI) have been made of appli.ation of fuel-motioun
diagnostics to other reactors. These include FARET, PBF, STF, ETR, EBR-II,
ACRR, and other U.S. facilities [DEV-82d]. A fast-neutron hodoscope that
incorporates sev:ral improvements in design and instrumentation has been
installed and operated since 1978 in the CABRI reactor (Sect. III) at
Cadarache under an internationally supported program. A four-channel
hodoscope was built at Los Alamos National Laboratury for testing hodoscope
applications to large test bundles [EV-79a, EV-79b, EV-80]. Pinhole
diagnostic devices at TREAT and coded apertures at ACRR have been extensively

tested (Sect. 1IV).

Because of the productive and sometimes essential role of fuel-motion
diagnostics in reactor-safety experiments, the choice of an instrumentation
system has considerable consequence. Design concepts of major safety-test
reactors have centered about capability to tolerate high-resolution
diagnostic systems. Selection of a diagnostic system for existing reactors
can have substantial influence on development time, cost, availability,
quality of data, and general utility. Without appropriate understanding of
performance quality parameters, considerable effort can be nonproductive.
Major sums of money have already been spent in studying applicability of
alternative concepts of diagnostic systems for experiments in many reactors,
for specific experiments in TREAT, for slot arrangements in an upgraded
TREAT, for diagnostic calibration, and for future reactor designs.

Documentation of these studies is sparse and not formally published for
the most part. Most of the diagnostic information was reported at four
infcrmation exchange meetings, only two of which have been printed as
government documents. Other data is accessible in national laboratory
reports. Some relevant information has been published in the transactions of
three meetings on fast-reactor safety technology.
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Before reviewing existing and alternative fuel-motion diagnostic devices
in detail, cineradiographic instrumentation applied more generally to non-
nuclear and nuclear application will be surveyed briefly, particularly to
provide understanding of limitations if applied to in-pile experiments.
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[I. CINERADIOGRAPHIC INSTRUMENTATION

Cineradiography uses penetrating radiation to produce time-resolved
images. The detected radiation may emanate directly from the source
(autoradiography), be attenuated by the subject (transmission radicgraphy),
or be induced in the subject (emissive radiography). The recording of
radiographic projections is not limited to film or TV cameras, invelving
instead often other means of data collection and image reconstruction.
Multi-dimensional information is often sought.

Although time resolution for real-time (0.02-0.06 s) reconstruction is
sometimes adequate for technical applications, cineradiography also embraces
slow-motion (1-1000 s) and high-speed (0.01-0.0000001 s) events. Time
resolution is usually sought to be commensurate with repetition rates,
frequencies of occurrence, or source pulsing. For technique evaluation, a
single radiograph, especially one of short duration, falls within the field
of interest. The ultimate goal, as in cinephotography, is a sequence of
slow-motion, real-time, or time-lapse images repiayed to illustrate changes.

A status report on some radiation sources for cineradiography has been
prepared by Polansky [P0-80] and by John, Dance, and Whittemore [J0-82].
Detectcr and imaging systems have been reviewed by Halmshaw [HA-80], Kuhi
[Ku-80], Bates [BA-80], Chalmeton [CH-80], Jacobs [JA-80], Kingsley [KI-80],
and Bossi and Oien [B0S-81a, B0S-81b].

Examples of industrial applications include dynamic imaging of gas turbine
operation using x-ray transmission and enyine lubrication dynamics using
cold-neutron transmission [ST-80, PU-81]. Real-time imaging of pipe welding
has been accomplished [RU-80], anc studies in Japan of beam welding and
cutting have been reported [AR-81]. Real-time neutron-radiographic
inspection techniques for aircraft wing structure have been developed [PA-
813, Basic limits in real-time radiographic systems have been analyzed by
Kuriyama, Boettinger, and Burdette [KUR-80]. Imperfections in crystals [HA-
80; CHI-80; DA-80] have been mapped by real-time topographic methods.

A major concentration of development has involved military applications,
especially ballistics and explosives research. Weapons-research practices in
France [HA-81, JA-81], the United States [DI-81,BR-81], the United Kingdom
[BL-81], the Federal Republic of Germany [EB-81], and Sweden [MA-81] were
descrivLed at the First European Conference on Cineradiography. Fission-
explosive *esting has been time-imaged by pinhole detectors, although little
information is published.

The use of cineradiography in physical measurements of motion, flow, spark
discharges in liquids, and laser-produced plasmas has been reported. Other
major uses of cineradiographic techniques are found in biophysics and
medicine. Feal-time fluoroscopy and radiography have been practiced for some
time [ME-80, ZI-8C, SC-80, KR-80], and a three-dimensional time-resolved
whole-body scanner is operating at Mayo Clinic [HAR-81, RI-80] in the United
States. Image-formation improvements associated with diagnostic radiology
include beam filtration [SI-80], computerization [SK-80], and automation [LA-
80]. Many developments in computerized axial tomography that have resulted
from medical research are applicable to time-resolved radiography [HAR-81].

13



Most nuclear applications involve studies of fission and fusion reactor
fuel. Some of the experimental work is done out-of-pile while other work is
much more closely associated with the radiation source. Fission-fuel
development takes place in many industrialized countries, and substantial
facilities have been dedicated to either neutron [H0-81] or x-ray [SP-82, WI-
81] cineradiography of fuel elements in out-of-pile testing.

Fusion micro-explosion and plasma diagnostics have been carried out [LA-
81, CH-81, RU-81] by related diagnostic techniques.

The mobility of the test object and its prototypic test environment are
major factors in utilization of facilities that specialize or have unique
capabilities in conventional radiography. Although in-pile nuclear-reactor
testing generally cannot be conducted in these facilities, other
cineradiographic techniques can be carried out taking advantage of high-
energy beams of neutrons or photons and of multi-dimensional detectors.
Examples of such special facilities are PHERMEX [CI-81], Saturne, CERN [SA-
81], IPNS [STR-81], and a new high-explosive x-ray flash-radiography facility
at Livermore. The Argonne IPNS can also provide time- and energy-resolved
radiographs, similar to techniques demonstrated at the NBS Linac [SC-8!1.

In-pile testing of fission fuel, primarily for the nuclear-reactor safety
program, is the application that th‘s review concentrates upon. Hodoscopes
(multichannel imaging systems), pinhole cameras, coded apertures, and in-test
or in-core detectors have been used or developed as fuel-motion diagnostic

devices.

The demands upon in-pile diagnostics instrumentation are more severe than
applications in out-of-pile reactor experiments, which, lacking competing
background, can make use of pulsed or continuous x-ray sources of sufficient
penetration. Relatively straightforward detection and image-recording
systems may be used out-of-pile.

In fact, it is the nature of the background and test surroundings that
distinguishes fuel-motion diagnostics from other forms of cineradiography.
These conditions have particularly governed the choica of penetrating
raziation to be detected.

14




II.

The fast-neutron hodoscope (DEV-
66] is in essence a multichannel
system of collimation, detection,
and recording of fission neutrons
emitted from nuclear-reactor fuel
within the field of view. Back-
ground is a combination of out-
scattering from the test container
of neutrons originating within the
fuel and by in-scattering from the
test container of neutrors from the
reactor core. Advantage is taken of
the fact that fast neutrons usually
lose energy when scattered away from
direct trajectories. The collimator
slots confine accepted radiation t
a very small acceptance angle (10~
sr). Neutrons that have lost
significant energy are not counted;
as a result, the signal-to-
background ratio for hodoscope
detectors is typically in the range
of 0.5 to 4 (Fig. III-1).

The first cperational hoZuscope
in 1965 had a 334-channel collimator
capacity, but was instrumented with
only 50 detectors and used an analog
photographic data-recording system.
Its field of view was 0.06 x 0.5 m.
Qualitative fuel-motion data and
quantitative time and spatial
identification were achieved.
Operation was sufficiently
successful to point the way to
improvements and to authorize full
instrumentation. In 1969 the analog
data-recording system was replaced
with a digital photographic system
[DEV-75a] that had wide-band
capacity, resulting in useful
quantitative fuel-mass results.

HODOSCOPE DIAGNOSTIC INSTRUMENTATION
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Fig. III-1, Hodoscope scan of a
single fuel pin while TREAT is held
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Since 1969, the TREAT hodoscope has been operated in over 120 major tests.
In 1975 a 360-channel collimator was built to view a larger field that would
match experiments with longer, more prototypical fuel pins. In 1976 a state-
of-the-art magnetic-disk system [DEV-76a] was installed as the primary data-
recording medium, with both magnetic tape and the older digital photographic
systems operating in a redundant recording mode.

Dedicated interactive computing facilities for data analysis and display
have been in use since about 1970. Additional developments have included a
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semi-automatic horizontal scanning capability, which permits the accumulation
of time-integrated fast-neutron radiographic images of moderate resolution.
Most recently, remcte-controlled vertical and horizontal scanning have been
implemented, along with a tandem arrangement of twz rasi-neutron detectors.

The CABRI hodoscope [BL-76a, BL-76b, HE-82], though developed along the
same principles as the TREAT hodoscope, has several significantly different
features. It achieves more precise static location of fuel! by careful
design, machining, and detector selection. Published results have shcun it
has reached design goais for high accuracy in measurement of axial fuel
motion and exceeded goals for radial motion.

A. Description of apparatus

1. TREAT hodoscope (Fig. III-2)

The present TREAT hodoscope collimator subsystem [FI-82b] basically
consists of a stack of tapered steel plates with 360 milled angled slots.
The steel plates (Fig. III-2) are encased in concrete for shielding. A pivot
system allows lateral translation of the collimator. Neutrons that originate
in line of sight of a collimator slot are able to pass freely through the
collimator; neutrons that intersect the steel have less than 1% chance of
reaching detectors at the emerging face of the collimator.

Figure III-3 is a photograph of the collimator/detector system at the TREAT
reactor. Electro-mechanical systems exist for horizontal pivoting of the
collimator to perform the scanning operation mentioned previously and for
positioning a neutron source in front of each detector for checkout and
calibration purposes. A lead (Pb) filter is used to reduce the effect of
gamma rays. The fast-neutron detectors used in the hodoscope are relatively
insensitive to gamma fluxes. Figure III-4 traces collimator ray lines from
the object plane to the detector image plane.

~

A rectangular area 1.2 m high and 6.7 cm wide at the center of the reactor
is viewed directly by the 360-channel colilimator, which is located about 3 m
from the fuel being tested. The collimator-slot transfer function overlaps
with adjacent horizontal channels but not with vertical channels.

Two types of fast-neutron detectors are attached in tandem at the end of
each slot. These detectors are relatively efficient for fission neutrons,
while being highly insensitive to gamma rays. The detectors also have g wide
dynamic range, having low noise level and capability to achieve over 10° c/s.
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Fig. 11I-2. Schematic diagram of 1.2 m hodoscope system at TREAT. Two fast-
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of each Hornyak-button detector.

One of the neutron detectors (Fig. III-5a) is a proton-recoil scintillator
known as a Hornyak button [H0-52, EV-79b, FI-82a]. Scintillation flashes in
the Hornyak buttons are amplified in photomultiplier tubes and conveyed to an
electronic circuit board, one for each collimator channel. After pulse
shaping and amplification, a standard pulse is issued from a discriminator.

The other type of neutron detector (Fig. III-5b) is a methane gas-filled
proportional counter [FI-80] adapted from a design proven for the CABRI
hodoscope [BL-76al. This array of high-pressure (5 atm) detectors has
undergone extensive steady-state and transient proof tests. Compared to the
Hornyak-button scintillators, the gas proportional counters are more linear
at high power, have higher efficiency, are more stable, and are 1less
susceptible to noise -- at an acceptable tradeoff in signal/background ratio.

A sodium-iodide detector (2.54 cm length x 1.87 cm dia.) to be used for
detection of steel movement is also mcunted in tandem behind the neutron
detectors. Fig. III-2 illustrates the schematic relationship of these

detectors.
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Electronic scalers assigned to each channel collect counts for the
duration of each counting interval until the data is transferred to a
dedicated high-speed magnetic disk for permanent recording (Fig. III-6a and
b). The scalers are immediately reset and the count begins again
automatically. This data-recording system can make 8000 recordings of the
contents of 360 twelve-bit scalers at intervals as short as 0.1 ms. A
typical recording cycle is 2 ms for all detectors. A second data-recordinq
system of similar design but different components has recently been installed
for greater capacity and added redundancy.

Control computers and on-line test points are used in conjunction with the
recording system. In view of the large amount of data generated, various
data transfer and processing systems are invoked. Analysis of the data
requires data processing, image reconstruction, and some interpretation.

Normalization must take place for instantaneous power level and for
nonuniform efficiency of detectors. Corrections are applied for instrumental
effects, such as deadtime and nonlinear response. Background is subtracted,
based on calibration experiments and curve fitting. Compensation for
inherent effects such as self-shielding and axial neutron-flux gradient must
be undertaken in order to quantify the fuel-mass displacement results [RH-79,

DEV-SZ&].
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hodoscope data-acquisition system, with data stored on CDC and AMCOMP head-
per-track disks and backed up on magnetic tapes.
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2. CABRI hodoscope

The hodoscope collimator at CABRI (Fig. III-7; is made of iron plates, 300
cm in length, in 3 columns, each with 51 rows of detectors. Slot dimensions
are 1 cm x 2 cm at the collimator outlet and 0.75 cm x 1.5 cm at the

entrance.

REACTOR CORE

PROTON RECOIL CONCRETE SHIELDING

COUNTER
BTp FISSION N
CHAMBER COLLIMATOR - LOOP
N,
, | AN
= SLOT { ::]
WATER POOL \\

TEST PIN

CABRI

Fig. III-7. Top view of hodoscope at CABRI/Cadarache. There are 51 rows of
detectors in each of the three columns, and two types of detectors are shown
in tandem behind each of the 153 collimator slots. The test pin is
surrounded by its own containment vessel. As shown, the slot is clear of

fuel straight through the core.

Two types of neutron detectors are mounted in tandem: fission counters and
proton-recoil gas proportional counters. Each fission coanter g;ray consists
of 100 plates normal to the beam, each plate with 1 mg/cm® of 2 Np, having a
fission neutron efficiency of 6 x 10°"; pulse-pair resolution is 75 ns. The
proton-recoil counterzis 20 ¢m in length, 2.54 cm dia., with efficiency
adjustable between610' to 107; pulse-pair resolution is 250 ps. Count-rate
Timits are 7 x 10° c/s for each fission counter and 3 x 10° c/s for each

proportional counter.

Signal processing and recording is separated by optically isolated gates.
320 12-bit scalers record detector data, which is buffered into a 1l4-track
analog magnetic tape system by pulse-code modulation techniques. All
discriminator levels can be set remotely by a minicomputer via digital-to-

analog converters.
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Signal/background ratio for a single pin is about 0.4 to 0.5, lower than
in TREAT because of differences in detector thresholds.

B. Hodoscope capabilities

Demonstrated key capabilities of the TREAT [DEV-82a] and CABRI [B0-79]
hodoscopes are summarized in Table III-1.

TABLE III-1

Demonstrated Hodoscope Capabilities

Maximum viewing height 1.2 m 1.0 m
Maximum viewing width 7 cm 3 cm
Collimator slots 360 151
Interchannel horizontal spacing 7 mm 10 mm
Interchannel vertical spacing 34 mm 20 mm
Detectable horizontal motion 0.2 mm (minimum) 0.2mm
Detectable vertical motion 6 mm 2 mm
1-pin mass-displacement resolution 0.05 g/channel (minimum) 0.05 g/
7-pin mass-displacement resolution 0.35 g/channel (minimum) channel
Data-collection intervals 0.1 ms (minimum) 1 ms
2 ms (typical)

Data-interval capacity Disk 8000 intervals (maximum)b

Tape 3600 s 9600 s
Minimum reactor oower 10 kW 0.2 kW
Maximum reactor power 20,000 MW 10,000 Mw
Dynamic-power range 10,000 100,000
Power-coupling range 1-6 J/g-MW 6 J/g-MW

Notes

a. For 1,2 m collimator; a smaller 0.5 m collimator is less frequently used.
b. A recently added system has 30,000-interval capacity (at 1 ms minimum).

The results of Table III-1 are generally best values which cannot
necessarily be simultaneously achieved. For example, space and time
resolution are inversely related to each other because of statistical

limitations.

At a coupling factor of 1 W/g-MW of TREAT power, the hodoscope signal/
background ratio would be about 0.5; a loss of 1 g out of 4 g of original
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fuel would be detectable at 0.05 J/g, and a loss of 0.4 g out of 4 g would
require about 7 J/g.

Spatial resolution for most practical modes of fuel motion in TREAT is far
better than the interchannel spacing, which is 34 mm vertically and 7 mm
horizontally. In practice, vertical resolution of fuel expansion of about 6
mm is routinely achieved. Fuel motion within annular fuel having a central
hole diameter 0.8 mm has frequently been detected and reported (see Fig. 18

of [DEV-82a]).

Additional information on material motion has been sought from
experiments. Fuel, structural material, and coolant are the primary
constituents of a typical test assembly. The fuel is usually enriched
uranium or plutonium, the structure is made of steel, and the coolant is
liquid sodium. Gamma-ray detectors have been added in tandem at the TREAT
hodoscope and operated to detect 6 to 10 MeV capture gamma rays emitted from
the components of steel [DEV-76c, FI-76, FI-77]. These gamma rays are thus
indicative of the position of the steel during a test. Were it not for the
large amount of uninvolved steel of the test container, the 0.4 mm steel
cladding of the fuel might be detectable. According to results achieved so
far, detection of steel movement takes place when enough is accumulated to
cause a flow blockage.

The boiling of sodium during safety experiments causes reactivity effects
that justify direct spatially resolved measurement. This is a difficult task
that has been the subject of investigation, with very limited success [DEV-

76d].

C. Typical results

1, Data correction

Data is corrected [DEV-75a, DEV-76a, DEV-82a] for deadtime, efficiency,
and nonlinearity. Reactor-power amplitude is cancelled out by normalization
through detector arrays. Axial flux gradients are accommodated. The initial
porticn of a transient, where a known quantity of fuel is present, is used
for calibration of the fuel motion.

2. Data representation

The experimental data is routinely reconstructed into various image
reconstructions of the original events. Because applications of hodoscope
data require precise knowledge of the fuel mass involved in each displacement
episode, much of the ensuing processing and analysis is devoted to
quantification of the data [DEV-82a]. Consequently, the results which are
presented below are selected to show a sample of the techniques of
illustration and quantification. Such results are usually embodied in a
series of internal reports that describe all aspects of the data treatment;
eventually articles that contain a summary of data accumulated and analyzed

are published by the experimenter [SI-81].
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Any detector in the hodoscope array responds to changes in fission
density, which is directly related to fuel density and power level. Figure
III-8 contains graphs of the power-normalized count rates of several
detectors plotted as a function of time into the transient. Changes that
take place when statistical significance becomes adequate (after steady-state
power plateau in this case) are indicated by changes in the normalized count
ratio. Several methods of power normalization are available, including the
use of detectors focused on parts of the array that are unlikely to see fuel

motion.

The data from all detectors may be displayed in ways that give access to
an integrated view of the course of fuel motion. Fiqure III-9 contains
intensity-modulated renditions (hodographs), in which grey-level density
equates directly to higher fuel mass. The fuel pin is seen to undergo two-
dimensional snaking that corresponds to a helical spiral in three dimensions.
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Fig. III-8. Countrate as a function Fig. III-9. Intensity-modulated
of time. A decrease in countrate in  hodographs. During the course of
Row 7 indicating a substantial the R3 transient, power was added

slumping of fuel from above While the single fuel pin was
coincides with loop instrumentation  deprived of sodium coolant. As a

data indicating an abrupt increase result, the fuel pin underwent
in clad melting. Then at atout 27  helical bending (by 24.725 s) and

s into experiment L4 a vigorous 10ss of cladding restraint (by

eructation dispersed that fuel up 27.332 s). At the end of the
and out of the channel view. transient (28.489 s), the fuel
pellets were braced by the primary

container {(not shown).
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For quantitative use, a symbolic
presentation form has been
developed. Figure III-10 contains
four samples from an extensive
sequence of symbolic hodographs that
illustrate the conversion to fuel
mass estimates.

In reactor-safety studies, the
axial component of fuel motion is
frequently the property of main
interest. In that case, the results
of a symbolic hodograph may be
summed across rows to produce a set

of row-average column results, as
shown in Fig. III-11. The axial
fuel motion trend for that

experiment can be clearly seen in a
quantitative manner. In these plots
only changes from the reference fuel
condition have been plotted, so that
grey areas represent no change, dark
areas are net gains, and light areas
are losses of fuel.

A way of presenting the large
amount of data in a manner that can
be compared to nuclear-reactor
accident analysis codes is given in
Fig. III-12. In this multiparameter
example, the axial fuel profile is
plotted along a time axis. The data
may also be represented by a single
parameter, reactivity-worth changes
as a function of time, converted to
expected behaviour of 1larger
subassemblies in a power reactor
(Fig. III-13).

Finally, movies can be made to
convey the dynamic aspects of the
experimental results. We have done
this in a number of cases, and Figs.
II1-9 and III-14 show some of the
sequences involved.
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Fig. III-10. Symbolic hodograph.
The dark symbols indicate scaled
gains and the light symbols losses
in transient at 15.543 s compared to
original fuel distribution. Fuel
has moved axially and radially away
from the original rectangle.
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Fig. IIl-11. Axial component of fuel motion. Symbolic hodograph series
depicting changes in net axial fuel disposition for a single-pin transient
(PINEX-3). Because clad failure took place at 12.55 s, the axial
displacements primarily reprasent motion in the coolant channel external to
the pin. By 11.95 s about 2 g of fuel appears to have been redistributed
within the upper half of the fuel pin annulus. By 12.22 s, enough fuel
accumulated in a region extending from 10 to 43 cm above the centerline to
correspond to a possible internal blockage. By 12.52 s a strong inference
could be drawn that clad failure had occurred about 6-8 cm above the
midplane. From 12.52 to 12.76 s, other fuel relocated from below to above
the midplane. At 12.82 s a net downward motion of fuel began; this could
have been fuel movement outside the breach, down along the coolant channel.
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Fig. Il1I-12. Multiparameter plot of
hodoscope data from TREAT transient
L8. The abscissa is graduated into
hodoscope rows, which run along the
vertical axis of the three-pin fuel
bundle. The amplitude of each
profile is quantized in g/row. The
combined axial profile of the fuel
bundle early in the transient at
14.12 s, which is prior to
significant fuel motion, is shown at
the top. The time-wise progression
shows upward and downward relocation
of fuel, eventually resulting in
substantial voiding near the
original midplane and the formation
of two upper blockages. Post-test
examination has confirmed the final

disposition.
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Fig. III-13. Worth-curve comparison.
Hodoscope experimental data
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some of the advanced features
introduced in LEVITATE. The results
iqdigate that fuel movement tends to
diminish the reactivity and
therefore to induce a safe shutdown
of the reactor.
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A wide range of fuel motion phenomena have been observed by the TREAT
hodoscope, including pin bending, axial and radial expansion, prefailure
motion (within cladding), internal fuel motion (within annular fuel), fuel
breach into coolant channels, sweepout by coolant, eructation, slumping,
blockages, breach of flow tube, and compaction.

Recent results [HE-82] for the CABRI hodoscope indicate the detailed
radial and axial evolution of single-pin distortion and destruction.
Experiment A4, which used a 8-mm zirconium vessel to provide a larger signal
than the previous 4-mm steel container, resulted in rapid (10 m/s) expulsion
of fuel over a 15-cm height. Fuel eventually collected at a lower spacer
structure. In BI1l, bending by about 2 mm was followed by expulsion of fuel
into the coolant channel; an unusual effect observed was the growth of an
interpellet gap. This was the first experiment in which the hodoscope was
lined up with the center of the pin split evenly between two channels,
thereby leaving one channel as a more independent background channel.
Experiment Al2 led to central voiding of fuel and the detection of delayed
neutrons from fission products collected at liquid sodium interfaces. These
data have played an important role in analysis and application of the CABRI
in-pile program [ME-82].
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Fig. I111-14, Artist's reconstruction of PINEX-2 fuel movement. The cladding
did not fail during this experiment, and the axial fuel motion observed was
confined to the central 0.8 mm cavity within the fuel pellets. Fuel in the
amounts estimated was ejected into the reflector zone, and post-test
examination was in good agreement with the final configuration at 13.50 s.
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IV. ALTERNATIVE DIAGNOSTIC DEVICES

Starting in 1974, evaluations of methods of fuel-motion diagnostics based
on newer technology were made. Two U.S. laboratories undertook investigation
and development of several alternatives, and a multinational project chose to
build a hodoscope at Cadarache, France.

There were three overriding objectives for these re-evaluations. First,
the fast-reactor safety program was moving towards additional safety
facilities that would require fuel-motion diagnostic systems; second, much
larger fuel bundles were scheduled to be tested; and third, it was desired to
reduce some of the shortcomings of the existing TREAT hodoscope, particularly
in terms of spatial resolution.

Three types of ex-core high-resolution diagnostic systems alternative to
the hodoscope have reached an advanced degree of experimental scoping: flash
x-ray, pinhole, and coded-aperture. The flash x-ray technique depends upon
detection of changes in transmission of accelerator-produced bremsstrahlung
through density variations in the test fuel. The others require that the
test fuel emit detectable (gamma or neutron) radiation as a result of
fission. In-core detectors, which depend upon preferential localized
detection of fuel fission radiation, were also considered for coarse-
resolution applications.

A. Flash radiography

Two variations of the flash x-ray
system have been proposed. Both
depend on passing a beam of high
energy x-rays (up to 20 MeV) through
the test section; they require,
accordingly, a full-slot through the
test-reactor core.

The most straightforward scheme
(Fig. Iv-1) [ST-76a, ST-76b, CH-76,
ST-76, HA-76, P0-76] entails the
projection of a beam of bremsstrah-
lung produced from electron Fig. IV-1. Flash X-ray fuel-motion
interactions with a heavy-metal diagnostic method. High-energy x-
target. The PHERMEX facility [DI- rays are attenuated in their passage
81] at Los Alamos has been used for through the test vehicle, and
development of this method, and changes in fuel density appear as
single-shot well-resolved images changes in transmitted beam.

have been produced for 217-pin fuel Because the accelerator beam is a
bundles in a thick steel container. point source, the detector vertical
To obtain the required resolution, dimension would have to be about 2.4
either a narrow-focused beam must m, unless the accelerator is moved
scan the large test bundle area, or further away from the reactor, which
a broad-area beam must be imaged by would reduce its transmission
a position-sensitive detection intensity.

system that would probably include a
collimator and detector bank.
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A second technique [KE-76a, KE-76b] encodes a broad-area accelerator
source before transmission through the test article. This should yield
superior modulation, a wider field of view, and overcome the source
broadening and poor resolution associated with narrow-beam sources. Either a
coded source or coded beam may be used.

Sandia [ST-79] has estimated that an accelerator necessary to meet current
TREAT diagnostic requirements would need to deliver 1 us, 5 A, 30 MeY pulses
continuously at the rate of 1000/s. No machine with all these capabilities
has been built, nor is any on the horizon likely to be reliable and
inexpensive enough to be acceptable for in-pile fuel-motion diagnostics use.

B. Coded aperture

A passive coded-aperture system

for emmitted gamma radiation [KE- e T TION
76c, KE-79, MC-76, ST-80] has been —_——
under development for over seven 1, \\.\‘
years at Sandia Laboratories. A IF—“‘AM.NG NN ORATED  ene
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or psuedohologram recorded at the
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distribution. Because the fuel
source is long and thin, a one-
dimensional linear aperture is used
to produce the effect of pinhole
imaging in the vertical direction.
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The detector plane, the coded
aperture, and the vertical pinslit
aperture are respectively 1.37 m,
0.78 m, and 0.92 m from the fuel
plane. In order to image a fission-
gamma-ray spectrum ranging up to 8

MeV, zone thicknesses are nearly 1.5
cm with widths of outside zones kept
below 0.5 mm. A gold-platinum alloy
is used for the zone plate, and
Kennertium for the vertical
aperture. Typical attenuation
coefficients are about 1.3 cm™ for
1-MeV gamma rays.

Fig. IV-2. Coded-aperture diagnostic
instrument system (CAIS) at the
Sandia ACRR. The entire apparatus
is enclosed in a diving bell that
can be inserted or withdrawn from
the water reflector region of the
reactor.



The electro-optical imaging system consists of a 0.76 mm thick calcium-
tungstate scintillator coupled through a rotating mirror to a high-gain image
intensifier. The image is photographed with a 16-mm pin-registered camera at
up to 1000 frames/s.

In order to maintain the largest possible viewing angle and to cope with
space limitations, the aperture and electro-optical system are contained in a
chamber that is lowered to the bottom of the reactor water tank. Massive
shielding and collimation to exclude extraneous background are critical to

performance.

C. Pinhole imaging

A pinhole system has been developed at Los Alamos National Laboratory for
application to TREAT [BE-76b, BE-79, LU-79]. The design was based on
national-security-classified results of successful pinhole application for
imaging nuclear-weapons explosions during underground testing. Since then,
extensive testing, which is summarized in Sect. V, has taken place under
appropriate reactor conditions.

As shown in schematically in Fig.

IV-3, the source is imaged by a

pinsl it. The tapered sl 'it, made of SOURCE IMAGING FRONT END
Kennertium, brass, and polyethylene, APERTURE

has an aperture tailored for the

experiment. The smallest pinhole .

had horizontal and / FLiom =2

vertical 7
diamensions of 0.4 and 3.0 mm, and /77, :

o\ ‘\\

7 / WRROR ..
it is 1l-m thick at its largest /™™ %/ \) d
dimension. With the source and //>t;7_?5>~?€ﬁk;-»——jj;'\ 1 .
detector each located about the same FUEL P 7 tt4mm ). 0em) X —
distance from the aperture (2.6 m), Secrion s casrE
the limiting geometrical resolution il Eﬁ"“"
is about double the pinhole nu
dimensions. In order to cover the TveoR
vertical field of view for typical

TREAT tests, four pinhole units were PINHOLE / TREAT

stacked, and each had independent

image-recording systems. Fig. IV-3. Schematic arrangement of

a pinhole-camera diagnostic imaging

The image-recording systems g . i.c tested at TREAT. The pinslit

consisted of a scintillator and a
high-speed intensification camera
system, coupled via a mirror. An
earlier system also intensified the
light beam and exposed a high-speed
framing camera. Video images from
the vidicon may be produced in 256-
line analog form every 8 or 16 ms.
The NE102 plastic scintillator has a
relatively high sensitivity to gamma
rays.

is mounted in the reactor biological
shield, making use of the slot
between the test section and the
aperture. Extensive shielding
surrounds the instrumentation box.
The film cassette has been used for
time-integrating images of
stationary fuel.
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The vidicon is the 1imiting instrument in dynamic response range. With a
SbyS3 target the linear range above dark current for a typical tube [NO-80]
is 3.3 and the usuable range is no more than a factor of 20 up to saturation.
An increase in power by a factor of 8 would yield a response 20% nonlinear
compared to a setting equal to the dark current, If signal strengths
somewhat below dark current can be accurately derived, the upper limit in
dynamic range for the pinhole system would be no more than about 100.

Data can be converted after an experiment to digital form so that digital
processing techniques could be applied for reconstruction. The 256 x 512
pixel arrays for each TV frame are binned into 0.6 mm by 6 mm pixel
resolution in terms of the source plane. Digital-data fitting procedures,
field-of-view efficiency corrections, power normalizatior, and background
subtraction can then be carried out.

Under optimal statistical conditions (sufficient time integration during
steady-state imaging), the pinhole can ach‘eve single-pin resolution
sufficient to distinguish the 1.5 mm central void with about 0.8 mm
resolution.

A coded array of pinhole detectors in a non-redundant zone configuration
[BE-76a, HAN-76a, HAN-76b, HAN-76¢c] was tested at TREAT too. The 20 pinholes
were distributed so that the vector distance between any two occurs only
once. Data was collected on an imaging system similar to that employed for
the single pinhole systems. Analog data can be reconstructed by coherent or
incoherent optical systems.

D. In-core detectors

Miniature detectors may be placed in-core for local coupling to neutron or
gamma radiaticn emanating from the fuel. In fact, they may be placed within
the test section. Sandia National Laboratory has developed fission couples
for such use [DU-76, ED-76, WR-76, WR-79] and Argonne National Laboratory
devised a string of partially directional fission counters that was §§§teg én
experiments at ETR [COX-76a, COX-76b]. In-core detector ratios of u/ 38y
have been measured in a 37-pin subassembly at PARKA [EV-79b].
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V. COMPARISON OF DIAGNOSTIC CAPABILITIES

In evaluating comparative performance, the following attributes are
objective indicators of fuel-motion diagnostic-system quality:
signal/background ratio, sensitivity and statistics, spatial resolution, time
resolution, mass resolution, and dynamic range. Statistical interdependence
of these attributes makes it necessary to standardize the basis for any

comparison,

The signal/background (S/B) ratio is important for development and
intercomparison of instrument systems. When instrument noise is relatively
large compared to signal strength, the signal/noise ratio is usually
measured. Because of the dominating effect of the radiation background
incident on the detector in a reactor environment, it 1is inadequate to
compare signal without taking into account both instrument noise and scene

background effects.

Detectien sensitivity (AS) depends upon signal/background ratio, signal
(fuel mass) change, power level, da:ta-collection interval, and method of
background normalization [DEV-82a]. A comparative estimate of sensitivity in
terms of signal strength (energy deposition in the fuel, J/g) can be derived
from evaluation of the threshold for detection of a known amount of fuel at a
common level of confidence, usually one standard deviation (*o).

Spatial resolution is largely determined by geometrical parameters of the
imaging system and limited in practice by noise and artifacts. In fuel-
motion diagnostics, it is not necessary for horizontal (Ax) and vertical (ay)
spatial resolution to be identical with each other (nor constant in the field
of view), as long as they are adequately characterized.

Because of its statistical dependence, time resolution (At) cannot be
expressed simply in terms of data-collection intervals. The limiting time-
resolving factor for a given experiment is often not the instrument
capability but the statistical quality of the data in terms of reactor power
level and specific fuel-motion events.

Inasmuch as reactivity effects are most closely associated with fuel
movement, quantitative mass resolution (Am) is perhaps the most significant
and telling parameter for fuel-motion diagnostics, given that a derived
resolution can be achieved over a wide enough range of conditions.

Dynamic range (P, /P 1n) is an important functionai parameter due to the
wide power range &P a Qransient reactor during an experiment and the
differing power shapes and amplitudes experienced in going from one

experiment to another.

Several subjective factors are also important, such as operability of the
system, recordability of data, susceptibility to artifacts, and
convertibility to useful processing format. These factors are treated at the

end of this Section.
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A. Theoretica: considerations

Mass resolution depends largely
upon power level and upon integra-
tion of data-collection time and
spatial domains. Mass and/or
spatial resolution can also depend
upon the geometrical form of the
fuel. For example, a segmented
system like the hodoscope can sense
very small deflections or transla-
tions of rigid fuel, but it has much
poorer resolution (equivalent to the
interchannel spacing) for entirely
incoherent mass changes. On the
other hand, for diagnostic systems
or data that have low signal/
background ratios, model-dependent
reconstruction algorithms are often
invoked, making practical resolution
limits dependent upon the geometric
assumptions.

A change in response due to
transverse movement of the fuel
center of mass can be estimated
within statistical limitations to
the extent that the response
function of any single detector or
pixel is known. This is illustrated
in Fig. V-1. The spatial resolution
of segmented (hodoscope) systems is
not necessarily limited by
interchannel spacing. Detection in
an adjacent channel provides the
elements of a time-dependent vector
which can localize the direction,
time, and coordinates of the center
of mass. Realizable resolution
limits, substantiated by consider-
able data, have been demonstrated in
practice to be far better than the
interchannel spacing for such highly
correlated fuel motion as radial
expansion.

Although Fig. V-1 applies direct-
ly to hodoscopes, it also corre-
sponds to position-sensitive imaging
systems if data over an equivalent
number of pixels is integrated, as
usually done to achieve adequate
statistical definition.
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Fig. V-1. Simplified model of
response functions. A 3-channel
model, based on a l-dimensional
uniform source, demonstrates how a
lateral translation of the source
uniquely affects the count rate of
all three channels. A confined
source with dimensions smaller than
the flat-response portion of the
idealized overlapping trapezoidal
transform function would be the only
case that would not propagate a
change in count rate. In the actual
2-dimensional situation, the
Tikelihood is small (a few percent)
of a small clump of fuel remaining
in undetected motion (orbitting)
within the vertical and horizontal
transforms.



In actual single-pin experiments, much of the fuel motion that takes place
is correlated between channels as a result of various physical constraints,
such as the initial rigidity of the fuel, the restraint of cladding, and the
axial channeling effect of a voided central annulus. Because of contiguity,
center-of-mass displacement may be accurately interpreted with little risk of
ambivalence from alternative explanations. In fact, the probability of fuel
motion remaining within single-pixel orbits, thereby being undetectable, can
be calculated from geometrical considerations. The probability of wmotion
that lacks center-of-mass displacement is only a few percent for the present
hodoscope design, and such movement without net reactivity effects is of no
real interest to the reactor-safety program.

High precision for these results from the hodoscope is due to several
factors. Foremost is the choice of a system design that, considering the
role of statistical and systematic effects, maintzins a relatively high
signal-to-background ratio. Another major contributing factor is that the
response of a single hodoscope channel is unique to all but a few possible
modes of fuel motion. Then, with overlapping resronse functions, advantage
may be taken of correlations between channels to further minimize ambiguity.
In practice, a multi-channel flat-response integral avoids the necessity for
deconvolution. These considerations can easily be verified experimentally by
taking advantage of an equivalence axiom: fuel movement across the detector
projection (pixel) is equivalent to scanning the pixel across stationary
fuel; it is relative motion that is detected by the hodoscope. As a result
the detailed resolution achieved in Fig. III-6 is indicative of the motion
resolution that can be achieved in a transient, all statistical and
systematic factors being the same.

Another favorable factor that may be used to improve sensitivity of
ciagnostic systems is the continuous and extensive monitoring of background
to acnieve high statistical precision and systematic accuracy. Fuel-motion
detection can take place at a threshold much lower than pin "visibility,"
which is a static condition.

1. Signal-response for fuel expansion and clad breach

Resolution Tlimitations apply to all diagnostic systems, because, in
practice, data must be integrated over object pixels in order to achieve
adequate statistical value over some or all of a transient. A single
hodoscope channel may be compared against a similar-sized pixel of other

imaging systems.

In order tou evaluate performance under standard condition, particular
scenarios mas be defined. Some that arise in practice are pin expansion,
internal fuel motion, and clad breach. These have 1in common certain
characteriziig geometrical constraints.

In Fig. V-1, note that at a single elevation, (radial) pin expansion would
create significant signal changes in both of the on-axis channels. This
response is distinguishable from other phenomena, such as pin expansion
versus clad breach, which differ in signature: pin radial expansion is
relatively uniform along an axial string of pixels, whereas breach is a
localized event that propagates radially and/or axially in time.
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Consider two alternative models for interpreting pin expansion. In one
model the inner (hollow) radius of the pin is held constant and the outer
radius expands; for the other model, ooth inner and outer radii expand,
kecping constant fuel density. For 70% pin expansion, the two models are
theoretically distinguishable on the basis of differences in the signal
reponse. The expanding inner radius results in 15% gains in off-axis rates
and 33% losses in on-axis rates; the fixed inner radius has 9% gains off-axis
and 20% loss on-axis. However, the second model with expansion to 8.94 mm is
not distinguishable from an expansion to ~7.4 mm with ~5.2 mm ID in the first

model.

Other cases may be found in which ambiguity in the result may be
postulated. Sometimes the ambiguity can be removed by calibration or better
characterization of the model. For example, in the case of pin-expansion
model ambiguity, post-test examination data could reveal whether the inner
diameter remained fixed or expanded. In any case, the practical feasibility
of distinguishing between models depends strongly on statistical criteria.

Three general characteristics of fuel-breach differ from the signal
response due to pin expansion: horizontal asymmetry (unidirectional
movement), off-channel signal amplitude (~17% in this example), and vertical
range of initial effect (localized to a single elevation). In practice,
cladding breach is also accompanied by two other features. First, there is
no comparable local loss because fuel is usually emerging from within a self-
shielded fuel pin. Second, and very important, is a disproportionate
enhancement of signal brightness to the many-fold increases in power coupling
for small amounts of fuel that have escaped into the coolant channel.

The absence of a signal loss in the middle channel during cladding breach
is consistent with experience that fuel which pours through the breach
usually emanates from internal melting distributed along the central axis of
the pin rather than uniqualy from the pellet at the breach. If the fuel
originated at the breached pellet, some losses in the middle column should
appear -- though masked by the self-shielding of incident neutrons.

Although the theoretical Tlimitations of these models appear to be
appreciated, the practical constraints have not been as well identified,
resulting in achievement falling short of prediction in situations where the
diagnostic instrument cannot fulfill the stochastic or systematic conditions.
In cases where the conditions have been met, nearly unambiguous sensitivity
to phenomena has been the rule rather than the exception.

2. Detection sensitivity and figure of merit

Beca.'se any particular experimental situation in fuel-motion diagnostics
entails sensitivity to changes from original fuel distributions, under widely
varying power ievels, statistical considerations require some particular
attention. The parametric dependence of detection sensitivity on signal/
background ratio, along with a figure of merit, has been derived [DEV-82a]
(see Fig. V-2). A simplified expression that normaiizes background based on
an early interval for estimating initial count rate (so) dependence on
initial signal/background (s,/b,} for a given fractional mass loss (&) is
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2.
Sot8°=1-8+b,/s .
The figure of merit obtained 1s

o= [(sg)p/(50);11/2

X [[1-6+(bo/so)l]/[1-6+(bo/so)z]]l/2.

F values are not especially
meaningful until they become as
large as three. Actual achievement
of the maximum capability in
precision &nd accuracy depends on
correct subtraction of background
and on wide dynamic range in count
rates. Hodoscopes have relatively
high signal/background compared to
other imaging systems. Whether
small or large fuel movement is
being observed, F can be equal for
both types of systems if imaging
systems have count rates about ten
times larger than hodoscopes. All
things being equal, a system with
high signal/background is preferable
from the viewpoint of avoiding
problems from artifacts in recording
and reconstruction.
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Fig. V-2, Signal/background

functional relationships. Relative
detection sensitivity s.t for a
given standard deviation o5, depends
on initial signal/background ratio
so/bys relative power level E,
relative number m of time intervals
t and channels k used for background
measurement, and fractional amount &
of displaced fuel. Only a few
counts are needed at high s /by to
detect a signifiant change in fuel
disposition at a 68% confidence

Tevel,

3. Image-restoration techniques

In order to improve visual perception of images, restoration techniques
are employed. These techniques are especially critical in systems of Tow
signal /background, such as coded-aperture and pinhole devices, where the
image would be otherwise swamped by background and noise. In general, such
techniques have not been applied to hodoscope data, but investigations [RH-
82a; RH-82b] have been carried out for the purpose of improving spatial
resolution when necessary.

Studies that have been made [RH-79, BAR-76] have largely been for internal
dacision making. Experimental data is available in the next part of this

Section.

B. Direct comparison with pinhole systems

Pinho'e-camera systems reached an advanced stage of development in
application at TREAT, resulting in six direct comparative tests with the
hodoscope -- PINEX-2, PINEX-3, CO1l, C02, CO3, and AX-l1. In single-pin test
PINEX-2 some quantitative data on fuel motion external to the pin was
observed by the pinhole, but it did not detect [BE-79] the internal fuel-pin
motion that was measured by the hodoscope [RH-80].
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1. Experimental data for PINEX-3

The most definitive experiment was performed with both the pinhole imaging
system and the hodoscope operating simultaneously was PINEX-3. The pinhole
system demonstrated significant progress [LU-80, LU-81] with increased
sensitivity at lower power levels. A data exchange &t a common date two
months after the experiment was arranged between the experimenter and the two
laboratories that operated the diagnostic systems.

Numerous detailed events, measured in terms of snecific time, location,
and mass were derived from hodoscope data, [MA-80] including information on
latera: fuel motion. The level of hodoscope sensitivity during peak power
was on the order of 0.2 g/channel for 12-ms integration.

Both diagnostic systems reported data regarding the time and location of
fuel breach. The time estimated for clad failure from thermohydraulic data
coincides reasonably well with the hodoscope-reported time for “"clad breach"
which is keyed to radial fuel movement, and to the pinhole datum on "clad
failure." There were discrepancies in identification of the elevation of the
breach and the Tlocation of subsequent fuel motion, discrepancies renaining
largely unresolved by results in the final pinhole report [LU-81].

The pinhole interpretation of cladding failure is based on pin-width
measurements determined by digital analysis from TV-line scans; they describe
the phenomenon as "pin expansion," whereas the hodoscope points more
specifically to localized failure. Influencing the pin-expansion
interpretation is the gamma-ray response of the pinhole scintillation
detector. Estimates of the pinhole gamma-ray fraction have varied from 50 to
75%. Consequently, the steel cladding which emits capture gamma rays can
have a disproportionaie effect, particularly at the edges of the test pin.
Swelling of the clad could account ior the appearance of fuel expansion.
While it may precede or coincide with clad breach, expansion is not the same
phenomenon, and it is the failure time and location that is of most interest.

Apparent elongation of the fuel pin wus a feature jointly reported for
each diagnostic device. The measured elongation slopes were similar, but a
1-s disparity was present in time of onset of 2longation.

The most significant feature noted unilaterally by the pinhole analysts
was axial fuel expulsion into the reflector -- beginning at 10.8 s, long
before fuel solidus was reached. Pinhole data interpreted immediately after
the experiment implied th:t a significant amount of fuel was ejected upward
prior to cladding failure; they "logged eight possible cases for fuel in the
reflector," one case representing an estimated 4 + 3 g ejected into the
reflector. This was subsequently revised downward to 1 + 0.5 g ejected fuel.

No such fuel ejection was noted in PINEX-3 data by other instruments; the
hodoscope did not see or report anything of that magnitude above its
sensitivity level of 0.2 g or less. Neither the x-ray or thermal-neutron
radiographs show significant fuel ejection. Only about 14 mg of fuel was
found above the insulator pellets in the post-test examination; no residual
evidence of upward motion followed by draining was found on the inside
surface of the reflector.
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Hodoscope data (Fig. III-11) after integration to 12.67 s, shows about 8 g
net fuel having moved upward -~ though not expelied through the reflector.
A1l mass estimates are uncorrected for self-shielding, which could increase
the estimated magnitude of fuel displacement by 90% or more. The pinhole
data give nonspecific "contrary" results.

In the conventional radiographs taken after the experiment, the annulus
was still found to be plugged about 15 cm below the top of the fuel (~28 cm
above centerline) [DEV-8lb]; the hodoscope data is consistent with a fuel
accumulation in this region at the end of the transient (last hodograph at
13.24 s in Fig. III-11).

In summary, the hodoscope report [MA-80] included details of internal fuel
motion (within the central 0.8 mm hole of the fuel pin), which was not
observed by the pinhole; both systems reported certain features in common,
including approximate agreement in time of cladding breach; and pinhole data
spuriously indicated axial fuel expulsion during an early part of the
transient.

2. System quality indicators

Signal/background ratio. From the available data [LU-82] the peak S/B
ratio for pinhole transient imaging of PINEX-3 was 0.2 + 0.1, an order of
magnitude smaller than the hodoscope. A value of 0.4 + 0.1 is achievea from
film integration [LUM-80] of pinhole data. In the definition used here, all
nonsignal sources (scattering and instrumental) as well as instrumental noise
are included in the background.

Sensitivity and statistics. For the hodoscope its minimum threshold for
"pin visibility" in PINEX-3 experiment was about 0.02 J/g (corresponding to
one pixel) [DEV-81b]. This measure of sensitivity is based on an observed
signal/background ratio of 1.9 and a signal countrate of 10 cps at 80 kW.

For the pinhole, an equivalent pin sensitivity threshold can be estimated
to be a 16-ms frame (or "field") of data recorded with a power level of about
300 MW -- or 5 J/g. A subjective determination of a lower bound for power
Tevel required for pin “visibility" would be 110 MW at 16 ms, or 1.8 J/g.
From the noise level in the 32-frame average, sensitivity would appear to be

about 6 J/g.

The preceding estimates are based on statistical considerations, and as
such are more objective than visual comparisons of pictures. Taking the
pinhole sensitivity at a lower bound of 2 J/g, the hodoscope can sense
equivalent fuel-motion at power levels a factor of 100 lower than the

pinhole.

Vertical and horizontal resclution. Along the fissile length of the pin,
pinhole horizontal resolution was 0.8 mm, and in the reflector/plenum region
above and below the fissile fuel it was 1.6 mm. The larger pinhole yields
higher count rates.
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The hodoscope was able to distinguish axial and radial fuel movements with
better apparent resolution than the pinhole. Vertical resolution for both
the pinhole and hodoscope appears to be about the same (about 6 mm) in the
central zone.

Although better pinhole aperture resolution could be designed into the
system, marginal performance makes impractical such tradeoffs. In fact,
improvements were made in pinhole sensitivity for the PINEX-3 test, partly by
sacrificing spatial resolution in order to have a larger radiation acceptance
aperture, and partly by use of sophisticated digitization and reconstruction
techniques [LU-79].

Time resolution. In the PINEX-3 experiment, time resolution requested
by the experimenter was 6 to 12 ms. The data-recording intervals for the
hodoscope were 2 ms, but some of the analysis was done with 6-ms
accumulations and the remainder was based on 12-ms averages. The pinhole-
imaging device recorded data in 16-ms intervals, and a number of such frames
were usually averaged to identify discrete events.

From the time period 12.55 to 12.95 s, with power level in the order of
100 MW, the pinhole data was averaged for about 0.5 s; hodographs averaged
over 30 ms during the same period contain minimal statistical fluctuations.
Other quantitative data reported by the pinhole is based on 80-ms intervals
between data points during the higher power phases of the experiment.
Although 16-ms pinhole resolution is given for several parameters as a
function of time, the data were integrated over a vertical dimension of 6 cm

[LuM-82].

Mass resolution. Hodoscope mass resolution initially reported for PINEX-
3 was at the level of 200 mg or better at the time resolutions given, which
corresponds to typical hodoscope experience with capsules of this type under
the given irradiation conditions. This result appears to be five or ten
times better than the pinhole, for which no explicit values are supplied by
the pinhole analysts. The hodoscope was able tc detect and graphically
portray the specific course of transient fuel events, giving differential
data on the masses of discrete segments of fuel, information that was largely
unreported for the pinhole. With additional time-averaging, an apparent
hodoscope threshold of about 50 mg was achieved in order to compare results
with a calculated pre-failure axial profile.

Pre-failure fuel motion through the central annulus is important in
understanding fuel ejection mechanisms and reactivity effects. If the 0.8 mm
central cavity of the PINEX-3 fuel pin were filled, it would hold in one
hodoscope channel height (3.4 cm) about 0.2 g of fuel, which is near the
sensitivity 1imit of the hodoscope in this type of experiment (0.1 to 0.2 g).
The actual signal from that fuel would be less than 0.2 g equivalent because
of flux shielding by the outer annulus. As a result, the ability to sense
pre-failure and post-failure internal fuel motion is an observable threshold
for an objective comparison of sensitivity.

Complete evolutions of axial fuel motion inside the pin for PINEX-2 [BE-
79] and PINEX-3 experiments have been reported by the hodoscope (e.g. Fig. V-
3), the results being consistent with post-test examinations. In neither
experiment has any internal fuel-motion data been reported for the pinhole
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apparatus. Fuel-motion results that have been reported for the pinhole
device have only been for integral data or motion outside the pin.

Integrated data underestimates the magnitude of fuel motion because
movement in opposite directions tends to cancel and unidirectional movement
can be diluted. Signals for fuel motion outside the pin are enhanced by the
iack of self-shielding along the fuel pin and a reduction in axial-filter
thickness in the upper reflector region. Consequently, differential data is

needed for these single-pin experiments.

Dynamic range. The dynamic range of the hodoscope is nominally a factor
of lb,ﬁﬁﬁ; that is, useful data can be (and is) obtained in a single

transient where the power ranges from 1 to 10,000 MW, The pinhole imaging
system is limited by its vidicon to a dynamic range of about 100 [NO-80]. At
the high end of the vidicon scale, signal intensity must not exceed the range
of saturation, or blooming. The narrow dynamic range affects not only the
data range for any transient, but it also necessitates a transient
calibration procedure for the pinhole recording system that must be
undertaken before each experiment. This calibration "tunes" it so as to
center response within its dynamic range, avoiding loss of data from over or
underexposure. No comparable calibration is required or conducted for the

hodoscope.

3. Performance factors

Other diagnostic performance factors, though more subjective, are relevant
in evaluation of system performance.

Discontinuities in data. A1l instrument systems have data impacted by
both stochastic and spurious events, and their accommodation is a measure of
inherent and applied system success. A careful inspection [DEV-81b] reveals
that pinhole system data is not immune from discontinuities and
nonuniformities that require compensation and unpredictable corrections.

Two types of visual discontinuities are present in the pinhole data. With
four pinholes needed to view the (1.12 m) vertical field, the images from
overlapping fields of the four pinholes must be joined at three junctions.
The flyback trace (diagonal black lines) of the vidicon adds an additional
discontinuity in one field. In addition, there are nonuniformities that,
without the aid of other information, cannot be identified as effects
indicative of real or phantom fuel motion.

The TREAT hodoscope also has discontinuities (interchannel gaps due to
collimator design), but these are uniformly distributed and commensurate.
The gaps are not inherent, representing a design compromise for the TREAT
system; the CABRI hodoscope was designed without discontinuities in response

function.

In hodoscopes with their large detector arrays, occasionally some
detectors will fail or behave irregularly during a transient. These defects
are usually smoothed over by auto- or cross-correlation.
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Nonlinearity. The Hornyak-button hodoscope detectors have been known to
exhibit a supralinecar response that was particularly noticeable at high TREAT
powers [DEV-82a]. Various measures have been taken to ameliorate this
condition, including the use of lead (Pb) filters. Software has been
developed to provide analytical corrections. A new detection system using
proportional counters is now installed at TREAT to operate in tandem with the
Hornyak buttons, and the proportional counters have not displayed supralinear
effects in tests [FI-80]. The design is based on proportional counters
developed for the CABRI hodoscope [BL-76].

A time-dependent axially asymmetric "flux anomaly" is proposed in the
final pinhole report to account for some effects in their data during the
interval between 12 and 13 s. The anomaly is evidently a manifestation of
nonlinear pinhole instrument behaviour [DEV-82e]. The phenomenon is not
observabie in any of the simultaneous hodoscope data. The maximum values
have two patterns distinctly coinciding with separate image-
converter/intensifiers; moreover, the effects appear to be concentrated in
the two of four converter cameras that see the highest flux.

Artifact susceptibility. Inasmuch as the PINEX-3 experiment was designed
to evaluate fuel ejection from internal fuel motion, good precision and
accuracy of fuel-expulsion data is a foremost requirement. The eight cases
in pinhole data that "may be attributed to ejected fuel" are more likely due
to pinhole imaging artifacts. No axial fuel ejection was observed by the
hodoscope; yet pinhole case 3, originally reported to be above 4 g, is an
order of magnitude greater than the hodoscope level of sensitivity for a null
event. Case 3 alone, aside from their seven other events, would represent a
significant amount of fuel that would have been discernible in the x-
radiographs and post-test examination, neither of which show any significant
fuel in the plenum or reflector. (0Of many transients examined, none have
resulted in ejection without residual evidence of ejecta). In addition,
pinhole data has not shown fuel Tlosses elsewhere in the original pin to
compensate for the ejected fuel.

Because the pinhole apparatus has a low signal-to-background ratio, it is
subject to misleading artifacts that might remain after background
subtraction and picture reconstruztion processes. The background is about
five times stronger than the pinhole signal at the center of the pin. Near
the top and bottom of the pin, the background is an even greater fraction of
the total response. Amplified statistical fluctuations [LU-80] and
background anomalies [N0-80] could account for phantom data. Also artifacts
are present in the reconstructions used for determining radial expansion.

Additional causes for artifacts are the vidicon flyback trace, the
gadolinium tags, and the requisite vertical blending of four overlapping
pinhole images, each with separate positional-intensity variation. Another
cause for artifacts or systematic discrepancies is nonlinear instrument
response. The hodoscope data is corrected to a large extent for its
supralinear Hornyak-button response on the basis of extensive experimental
data, and the tandem proportional counters respond linearly over a wide
range. Because of its lower signal/background ratio, the pinhole data is
five or ten times more sensitive than the hodoscope to anomalous background

effects.
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Operation and analysis difficulties. As a result of the PINEX-3 data
exchange, it 1is becoming evident that there are special difficulties in
collection and treatment of pinhole data. For example, considerable time
must be devoted to changes, preparations, and calibrations for experiments.
Such heavy dependence on staff-level calibration and preparation is not
conducive to routine diagnostic operation. In addition, from the qualitative
nature of much of the data presented, the processing and analysis of pinhole
data is not without significant effort and uncertainty.

Experiment conditions. The PINEX-series experiments were characterized
by three factors that tend to be particularly favorable to the pinhole

camera:

(1). A high calibration factor (~4 W/g-MW), 50 to 100% greater than many
TREAT experiments.

(2). A fuil slot through the core, compared to a half-slot under test
conditions that require maximum energy input to the test sample.

(3). Application of the hodoscope under spatial resolution requirements that
are at the limits of its installed design. The collimator used (1.2 m) is
primarily intended for integral experiments with large fuel motion; a smaller
collimator is available with better inherent resolution, but it could not be

used in these experiments.

Although the first two factors improve performance of both diagnostic
systems, the pinhole camera benefits the most from these favorable conditions
because it has a poorer signal/background ratio and lower sensitivity. These
favorable factors are not present in many experiments: multipin experiments
generally have reactor-coupling factors two or three times lower; some
experiments have nuclear-heated walls that greatly reduce the
signal/background ratio; and for some shots there is a greater need for the
energy deposition that would result from fuel that can be Toaded in half of

the slot.

Future refinement of data and analysis might improve results from both
diagnostic systems. On the basis of documented functional standards,
hodoscope sensitivity 1is usually sufficient as it stands; thus, hodoscope
data treatment does not now, in general, take advantage of many applicable
image-enhancement practices or pre-programmed correlation-analysis methods,
similar to those used for processing pinhole-system data.

4, Conclusions from hodoscope/pinhole comparisons

After seven years of development dedicated to reactor transient
applications (following many years of successful operation in weapons
testing), the pinhole imaging system had approached a plateau in capability.
It appears to have benefited from application of nearly all the detector
capabilities, video-cameras, and instrumentation that are presently feasible.
The extraction of improved results through computer processing is limited by
the quality of the input data. At least an order of magnitude pinhole
improvement is still needed in order to match hodoscope fuel-motion
performance. A significant pinhole limitation is associated with its
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statistically inadequate performance at low power levels and at low-power
stages of high-power transients.

PINEX-3 was the third comparative diagnostic experiment, but the first
performed under uniform reporting conditions. To the extent that identified
PINEX-3 events are contemporaneous and commensurable, the thermohydraulic and
posttest examination data confirm hodoscope fuel motion results; otherwise,
in places where confirmation does not exist or cannot occur, the hodoscope
data was not invalidated. On the other hand, several effects reported by the
pinhole are anomalous.

Details of pre-failure fuel pin motion were observed by the hodoscope, but
none were reported for the pinhole. The pre-failure fuel motion within the
0.8 mm internal annulus to the test pin was detected by the hodoscope with
mass resolution in the order of 0.05 g, and axial spatial definitions of 0.5
cm were resolved in 12 ms intervals with 0.2 g sensitivity.

The hodoscope has detected validated internal fuel motion beginning with
GE and HEDL experiments done ten years ago. In the 1971 HEDL experiment PNL
2-11, for example, the hodoscope data of the final stage of internal fuel
motion within a 50-mil cavity were confirmed by post-transient radiography
[DEV-76a]. In the 1970 GE experiment C4X, another example, preirradiated
voids of 4l1-mil ID underwent time-dependent internal changes resulting in
detected net mass transport through the central annulus [DEV-76a]. These
data were confirmed by their consistency with outcomes observable by ocher
means. For example, the discrete events eventually pass through phases, such
as clad breach, that are subject to confirmation by thermocouple
measurements, or the events terminate in & status that is subject to
radiographic or physical examination.

Invalid data, data of questionable interpretation, and data with large
uncertainties have been reported for the pinhole imaging system. Despite
improvements in data processing, spurious fuel ejection has been interpreted
from pinhole apparatus data, and pre-failure (internal) fuel motion has not
been detectable.

The differences in outcome are not hair-splitting details; they can
seriously affect the interpretation of expensive experiments. For example,
in the PINEX test series the objective was to evaluate the role of internal
fuel motion as an inherent reactivity-shutdown mechanism. The pinhole
apparatus detected no internal motion in PINEX-2, but the hodoscope found
extensive movement within the central annulus (Fig. III-14). Although the
experimenter [SM-82] has capitalized on hodoscope and post-test observations
that at least 10 g of fuel was ejected, hodoscope time-resolved data show
that very little of this ejection occurred during the crucial initial phases
of the transient. In PINEX-3, the pinhole originally implied even greater
ejection, but the hodoscope showed none, and only 14 mg was found in the
examination. The clogging of the internal channel, which prevented ejection,
made it necessary for the experimenter to take intv account the rate of TREAT
reactivity increment in order to fit the model extrapolations. A far too
optimistic projection of the initiating reactivity worth of the annular fuel
would be inferred from the PINEX experiments if the pinhole results or the
post-test examination were the only data available.
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C. Indirect comparison with a coded-aperture system

Neither the Fresnel-zone-plate nor uniformly-redundant-array coded
apertures have been tested at the same facility as a hodoscope. Therefore
only an indirect comparison can be made. Spatial resolution, data-collection
intervals, and dynamic range are essentially independent of facility, whereas
signal/background ratio, sensitivity, and mass resolution are facility-
dependent. Available estimates that are based on performance in ACRR are

included in Table V-1,

For e<periment and diagnostic reasons, fuel of high enrichment has been
used at ACRR, a large energy deposition has been achieved by use of a flux
trap, the impact of the capsule has been minimized, and the coded-aperture
instrument system (CAIS) has been placed as close as possible to the fuel.
The ACRR CAIS detectors have a relative solid angle of 12 compared to the
position of the TREAT hodoscope. If installed at TREAT, considerable
degradation in the coded-aperture system performance would be likely.

Proof tests of the Sandia system under combined transient conditions have
indicated a low signal-to-background ratio, which is inherent in the coded-
aperture imaging concept with a reactor environment and in the use of fission
gamma rays for imaging. Although the high imaging efficiency of the aperture
permits a strong signal at the detector, the systematics of gamma-ray
interactions results in a considerable background. Considerably improved
over the previous value of 0.05 with the Fresnel-zone plate, the observed S/B
is reported under transient conditions tc be 0.25 for the new coded aperture.
These would probably correspond to a S/B of 0.1 at TREAT.

Fuel energy deposition in a 4000 J/g 6-second transient in ACRR somewhat
similar to PINEX-3 was roughly 200 J/g during a 200 ms interval for which a
fuel-pin reconstruction was reported [ST-80]. The image as presented is
irregular and already near the limits of sensitivity. Allowing a factor of
ten to subjectively estimate sensitivity at a comparable level of pin
threshold as applied in PINEX-3, the threshold would then be 20 J/g in ACRR,
an order of magnitude less sensitive (at best) than the pinhole-imaging
system at TREAT. If one took into account relative solid angles, both
diagnostic systems operated at TREAT would be another order of magnitude more
sensitive than the coded aperture if they were situated at ACRR.

Adequate information on the dynamic range for the CAIS has not been
published and it is difficult to estimate. Because of similarities in
electro-optical conversion, the coded aperture should not have a wider
dynamic range than the pinhole.

Because of this commonality with the pinhole in dynamic instrumentation,
the coded aperture is evidently subject to difficulties arising from
artifacts, discontinuities, and non-linearity.

In order to achieve adequate signal intensity, coded-aperture resolution
has been sacrificed. Redesign of the system has resulted in a delay in
achieving fuel-motion data. Now under development is a new design [ST-82],
intended to reduce instrumental background though still without improving the
scene-related background. Considerable improvement in CAIS sensitivity has

recently been reported [KE-82].
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Coded-aperture systems, because of difficulty in obtaining imaging
detectors that adequately exclude gamma rays, inherently suffer by
signal/background ratios worse by at least a factor of two compared to fast-
neutron detection.

D. Flash radiography

Although exploratory results under stationary fuel conditions have been
impressive, transmission methods have certain inherent and technical problems
that would need to be resolved. Flash x-ray systems operating with a
repetition rate of at least 1000 pulses/s have not been demonstrated with the
beam current and reliability required for use in transient reactors. None of
the testing that has been carried out for flash-radiography has been
conducted in prototypic environmenis where the background radiation varied
with the reactor power. Moreover, reliable and interference-free operation
of the accelerator would be required in conjunction with the nonreproducible
reactor fuel tests. High-energy x-rays cannot be used to directly
distinguish between fuel and steel. Beam divergence adeguate to cover a
large vertical field of view (and aspect ratio) is a special problem for
transmission systems.

The requirement of a full slot through the core in transmission systems
tends to exact a high penalty in core reactivity -- hence test-fuel energy
deposition is reduced. For new reactors this may not be insurmountable, but
for retrofits to existing reactors, the reactivity and financial cost may be
too severe.

If the fuel being tested had a large enrichment gradient, or if there were
a very large number of pins in a subassembly, flash x-ray systems might in
principle be a better diagnostics tool than the hodoscope. Whether the
practical limitations could be overcome remains to be seen.

E. In-core detectors

None of the in-core/in-test detector techniques have proven successful for
a number of reasons. Detectors located in the test section will fail before
much of the significant fuel motion takes place; also they compete for
precious space and instrumentation leads with thermocouples which are useful
for many purposes, including indication of cladding failure. If the
detectors are located out of the test capsule, they are much less sensitive
to localized fuel motion and radiation effects. In either case, their
response is largely ambiguous because they cannot differentiate between
neutron flux changes that occur as a result of local fuel, sodium, or steel
changes. Normalization for power level is difficult because non-linearities
can be in the scale of signal changes [SA-82].
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F. Comparative performance

1. Specific diagnostic system quality indicators

Although the pinhole diagnostic system has been making noticeable
improvements, the direct PINEX-3 data exchange shows that its performance
still fails to match the capabilities cf the hodoscope in qualitative as well
as quantitative fuel-motion monitoring of transient data.

Unfavorable theoretical and developmental data indicate that the coded-
aperture system, after seven years of development, has not met initial
expectations.

For the AX-1 three-pin experiment, a non-redundant pinhole array [BE-76a]
failed to detect any of the fuel motion, while the hodoscope obtained
considerable detailed data. An asymmetric orientation of the fuel within the
test capsule placed the pinhole array at a disadvantage, but had the
diagnostics systems been interchanged in position, the hodoscope would still
have been able to achieve usable data.

The results of these comparisons are summarized in Table V-1. Because
comparative data is derived from highly favorable experiment conditions, it
is Tikely that the alternative imaging systems will not supply any useful
data under more demanding flux, slot, and test conditions.

TABLE V-1

Demonstrated Diagnostic System-quality Indications
for Transient Data

TREAT® TREAT® ACRR?
pinhole hodoscope coded aperture
Signal/background ratio 0.2 #0.1 1.9 0.1 0,25 0.1
Pin visibility threshold, J/g 2 0.02 IF

Spatial resolution { dynam1c)
vertical, mm
horizontal, mm
central pin zone, mm
reflector/plenum, mm
Data collection intervals, ms 1
Mass resolutign, g 3-4
Dynamic range 100 1

6
0.8
0.8

= O o)}

Notes

: from direct compar1son in PINEX-3 experiment

: from indirect comparison

for correlated fuel motion

not fully exercised in PINEX-3

1 ms possible but not practical because of statistical limitations
: estimated from 5 J/g demonstration

at 1 J/g threshold

Q ~-hdaao U’ﬂ)
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2. Analog data

Both coded-aperture and pinhole devices accumulate results in the form of
analog images stored cn framing-camera film and/or video-tape recorders. The
analog-to-digital conversion step runs the risk of losing significant
information or introducing artifacts. There is a comparable problem in
reconverting from digital to analog data; however, of greater value to the
customer are the quantitative results directly derived from the digital data.
The loss in visual appearance that could result from conversion of digital
data to analog images can be tolerated because analog reconstructions usually
serve no quantitative purpose -- they are qualitative illustrations for the
purpose of communicating impressions rather than numerical values.

One of the inherent prohlems with an analog data acquisition method is
that digital conversion of recorded analog data must take place to achieve
quantitative results. In principle, systems with limited dynamic range
cannot yield high-quality results in the analog-to-digital conversion.
Front-end digitization of data, which is carried out for the hodoscope, is
directly amenable to providing the quantitative information needed for
application in reactor safety analysis. In any case, state-of-the art analog
pictures can be derived from any diagnostic system, as depicted schematically
below:

AD conversion

analog data------=---cecmcemce—- >digital data
analog digital
processing processing

DA conversion
"pictures"{--cmemccccccccice e numerical results

"Pictures" constructed from analog data systems are usually quantitatively
inadequate and sometimes qualitatively misleading. Conversion into useful
quantitative data requires an unavoidable digitization step that introduces a
new source of error. Moreover, with poor signal-to-background ratio,
unprocessed pictures are not dependable indicators of fuel motion.

Confusion sometimes arises about the relative value of qualitative and
quantitative attributes of a diagnostic system. Presenting a visual
“picture" in pleasing form is useful for qualitative understanding of the
progression of events. These "pictures" communicate the overall fcatures of
an experiment, particularly to persons who are not directly involved in
quantitative analysis. Attributes that permit quantitative estimation of the
key observables are necessary to the experimenter or person inputting data
into a fuel motion modei. While both types of attributes are useful, the
stress has always been on quantitative data --with a secondary role for
subsequent pictorial reconstruction.

In the mid-1960's, developmental hodoscope data was taken in analog
fashion on film; starting in 1969 it was recorded by placing digital data on
film. Now hodoscope data is stored directly on digital magnetic media. The
process of digitizing analog data has been less effective than the process of
recording digital data. It is possible to derive, when warranted, visual
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reconstructions from digital data without meaningful 1loss of image
information quality. It 1is better to have high-contrast digital data for
generation of visual reconstructions than to start with low-contrast images
that need enhancement [TW-82]. With good-quality data, sensitive digital-
subtraction techniques [BR-82] are applicable.

3. On-line data observation

On-line data observation is generally impractical for most reactor-safety
experiments due to their brevity (0.1 s) or the rapidity (100 m/s) of a
single event during the experiment (1-10 s). Rapid-turnaround of data after
an experiment is useful -- provided it can be done unambiguously. Although
no particular diagnostic system would hold an inherent advantage over the
others in turnaround time, practical difficulties in data reconstruction

weigh heavily.

G. Optimication of performance

In terms of specific quality indicators, comparative performance at the
time of the PINEX-3 data exchange may be summarized as follows: hodoscope
signal-to-background and mass resolution appear to be an order of magnitude
better than the pinhole. Limiting mass resolution of the coded aperture at
ACRR might eventually approach that cf the hodoscope, but this has not been
demonstrated in practice. Hodoscop. time and spatial resolution are as good
or better than alternative imaging devices. In sensitivity and dynamic
range, the hodoscope has two orders of magnitude advantage. In addition,
hodoscope data appears easier to process, analyze, and utilize and is
evidently less subject to spurious effects.

The hodoscope tolerates very high count rates in each channel because it
has a segmented design. Each detector can be selected and operated so as to
maximize efficiency and minimize background. As a result of this
simultaneous optimization, the hodoscope has a very wide dynamic range.

The better resolving power of the hodoscope comes because it is tailorea
to background and test surroundings. Hodoscope resolution principles allow
surprisingly high fuel-motion resolution and rather simple development and
verification. Moreover, a one-channel static test is sufficient for

hodoscope proof-of-principle.

The segmented nature of the hodoscope not only allows a building-block
approach, but it is directly compatible with digital techniques of data
transmission, recording, and processing. Although this would not necessarily
be the foremost factor in instrumentation design, it has proven to be an
extremely efficient approach for the hodoscope, and its absence in other
diagnostic techniques can be a major limitation.

Another powerful feature of the segmented, multi-channel approach is the
wider range of options available in choice of detector and signal-processing
electronics and in the setting of operating parameters such as energy
thresholds. Alternative coded-aperture and pinhole systems that cannot be
segmented must be tested at full scale in order to properly evaluate all
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factors. Because development, design, and implementation of multi-channel
systems are straightforward, costs of installation, operation, and analysis
have proven to be lower than alternative approaches.

A1l of the non-hodoscope imaging systems depend on some type of electro-
optical detection system. These have serious limitations when applied under
conditions for which they were not designed. The number of pixels must be
sufficient to provide adequate resolution for small image areas of large
aspect ratio, the linearity of the device should be within a few percent (or
well characterized) for a dynamic range of 1,000 to 10,000, and the quantum
efficiency per pixel ought to be sufficient to avoid a statistical choke at
the beginning of the conversion.

A thorough understanding of background and systematic effects upon signal
is important in achieving quantitative data -- the major goal of the reactor-
safety experiments. These are difficult effects to evaluate, and more
attention is being turned to them. The magnitude of some corrections does
differ between transmissive and emissive systems, but none of the alternative
systems are immune from systematic or statistical factors [DEV-82a].

As larger volumes of data and more data dimensions are experienced, more
sophisticated data-reconstruction processes, including three-dimensional
tomography, are invoked. Inevitably judgment must play a role in treatment
of any set of data. But one diagnostic method can be more susceptible to
artifacts and judgment than another. Artifact susceptibility might be the
major limitation of analog systems, such as the pinhole and coded-aperture,
because of the large background fraction they must subtract.

No system is immune from technical corrections to the data. There are
inherent errors common to all diagnostic systems that use the same source.
For example, hodoscope, pinhole, and coded-aperture systems rely upon
emission of radiation from the fuel. Flash x-ray systems would not be
subject to the same inherent corrections because they are dependent primarily
on transmitted radiation; however, they are affected by other correction
factors and errors.
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VI. OTHER APPLICATIONS

Although only three nuclear reactors have in-pile cineradiographic
instrumentation, evaluations have been carried out for the purpose of
obtaining either high-resolution or coarse-resolution diagnostics in other
reactor facilities [DEV-82d]. Furthermore, the data collected from detectors
used in cineradiography provides not only time-resolved spatial
distributions, but it can be used in other ways important to the experiment

program.

A. Other reactors

The Engineering Test Reactor
(ETR) has been used as an irradia-
tion facility for loss-of-coolant
reactor-safety simulations with test
bundles containing up to 37 pins.
Although the experiments were ETR
eventually conducted without high-
resolution diagnostic devices, two
alternative designs of hodoscopes
were considered. Figure VI-1 shows
an isometric view and the layout
within the reactor vessel and
shield. With two hodoscope pama O O
collimators at right angles, three- SYSTEM
dimensional information would have
been provided. A design for a
coarse-resolution hodoscope, which
would yield only axial fuel-motion
data, was carried through conceptual
design stages. In the actual
sodium-loop experiments at ETR, in-
core fuel-motion detectors were
used, but without success.

INPILE
LoorP

A coarse-resolution hodoscupe was

also considered for a safety- COLLIMATOR
research modification of Experi-
mental Breeder Reactor (EBR-II),
especially since only minimal
changes to the pressure vessel were
allowed. As the layout in Fig. VI-2
indicates, a narrow slot through the
core would permit fast-neutron
detectors to be in a shielded
position &t the outer periphery of
the core. This compromise would
allow relatively coarse one-
dimensional axial resolution of fuel
novement in the central zone, within
+ne design constraints of the
~zzctnr modification.

Fig. VI-1. High-resolution hodoscope
proposed for ETR (isometric view).
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Concepts or designs have been carried out to various levels of detail for
other existing or planned reactors [DEV-82d].

B. Time-integrated radiography

Cineradiography is based on
radiographic exposures obtained or
projected at repstition rates
sufficient to avoid motion blur
[DEV-82b]. A single-exposure,
time-integrated radiograph is a
building block for cineradiography.
In the absence of moving objects,
time resolution can be traded in
favor of higher image quality due to
better data statistics and recording
media.

One technically feasible
possibility for application of
accelerators in the reactor-safety
program is in transmission
radiography of stationary objects,
such as full-subassembly test
sections in thick enclosures.
Accelerators, though, might not
compete well on the basis of cost
effectiveness with existing
reactors and other sources of
peretrating radiation [RH-82cl.

Another approach to time-
integrated radiography, one that
utilizes existing facilities, 1is
hodoscope in-situ fast-neutron
scanning (Fig. VI-3). In this
operating mode [DEV-76b, DEV-78,
DEV-82c, RH-77b] the hodoscope is
scanned :t->th horizontally and
vertically to increase its effective
spatial resolution for stationary
objects. The operation is carried
out at low steady-state reactor
power, and no fuel motion is likeiy
to occur. This scanning operation
takes advantage of the equivalence
of relative moction between the
collimator and the fuel object.
Thus the results may be inturpreted
directly to define fuel-motion
spatial resoiution, as well as
provide pre- and post-test
radiographic data.
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Fig. VI-2. Core layout for EBR-II
modified te accept a coarse-
resolution hodoscope. Only axial
fuel motion could be observed
through the slot which would be
terminated near the reactor vessel
wall by a partially collimated
single column of fission counters.
The detectors and slotted fuel
elements could all be loaded in the
core without reactor modifications.
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Fig. VI-3. Digital reconstruction of fast-neutron hodoscope scanning
radiograph.  Comparison of pretest (a) and posttest (b) fuel distribution,
indicating substantial relocation. The darkest areas correspond to higher
fuel concentrations. A 7-pin bundle was originally within the dark
rectangular zone of the pretest radiograph.
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Being sensitive to fission rate,
fast-neutron detecton offers a means
of differentiating between fissile

and fertile fuels and a means of ST T T
confirming pellet enrichment. In PNEX - 3
addition to fuel distribution, it is 500~ ALL OIMENSIONS mm .

possible to simultaneously sort out
steel relocation using the gamma-ray
hodoscope system, provided
sufficient steel displacement takes
place.

8

o
(=4
>

COUNT RATE, cps

200
The application of deconvolution
techniques to hodoscope scan data is 100
illustrated in Fig, VI-4. Here, for

the single pin PINEX-3 experiment, o L
the 0.8 mm central void 1is
identifiable after deconvolution. 00
These methods illustrate the 5 0 B 20 25 30 35 40 45 0 5
capability of correcting for SCAN POSITION INDEX
instrument characteristics to obtain
an improved transformation to the Fig. VI-4. Unconvol
original object configuration. deg%nvoluted scan-data cgJEZii;;g?
The background-reduced

Hodoscope detectors reqund_to hodoscopegscan of the ?nta22e§%:¥
fue] movement across .the viewing pin does not immediately suggest the
region of any detection channel. (.8 mm hole in the fuel pin, but the
Because of this, the hodoscope is  geconyoluted image that takes into
optimized for dynamic effects, in  account the collimator response
contrast to other imaging systems  fynction shows an appropriate dip at
which are optimized to record  tpe center P
static images. Hodoscope capability )
to resolve motion in increments that
are much smaller than the interde-
tector pixel separation has often
not been appreciated.

Because relative motion is the critical effect that induces signal
changes that are measured by the hodoscope, it does not matter whether the
fuel moves across the viewing pixel of a collimator channel or whether the
pixel is scanned past stationary fuel. With this equivalence, it is possible
under low-power steady-state reactor conditions to measure and verify the
theoretical capabilities of the hodoscope; it is not necessary to drive the
fuel to destruction for this purpose. With a fuel sample loaded in the test
region of the core and with the TREAT reactor brought up to 80 kW, a power
level not likely to induce damage to the fuel, the hodoscope collimator is
scanned across the object plane to produce a full profile of the source in
about a half hour. In addition to aiding diagnostic development, this
procedure has been routinely practiced for alignment of the collimator before
a transient and for test-fuel characterization after an experiment. The
result may be reconstructed into an image that corresponds to a fast-neutron
radiograph, as shown in Fig. VI-4, which compares the post-test distribution
of fissile material with the pretest intact distribution.
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Originally only horizontal hodoscope scanning was mechanically feasible.
In this mode, interchannel efficiencies could be calibrated using a fueled or
unfueled test vehicle. The axial flux gradient cancels out, so that a
reconstructed image would be free of the effect. Adding a vertical scanning
capability has provided a way of linking all detectors with each other,
enabling the determination of efficiencies that may be applied to transient
data as well as normalization of scan data. This capability has recently
been implemented [FI-82] but not fully exploited.

For experiments in which the location of initial fuel failure or other
information dealing with the axial location of fuel movement is important,
the vertical flux profile along the test vehicle is a measurement of
interest. This flux profile is a function of reactor induced effects,
including control-rod position, and therefore requires direct measurement
under correct conditions. Scanning operations may be carried out to extract
this data under fixed, steady-state conditions.

Before and after experiments, a corresponding radiographic operation has
been tested by the pinhole apparatus, in which a film plate is use as the
recording medium. No movement of the pinhole collimator is necessary during
exposure. The time-integrated exposures appear to have relatively high
contrast and good resolution.

The resulting images differ in the following ways: (1) The pinhole imaging
is sensitive to gamma rays from structural elements, as well as neutrons from
fuel; whereas the hodoscope detects primarily fast neutrons from fuel. (2)
The pinhole film data appears similar to other traditional radiographic
images, although limited in resolution by the characteristics of the imaging
device; the hodoscope data must undergo a process of image reconstruction.
(3) The hodoscope conducts its scanning operation by discrete digital
methods, which provide initial digital data that can be directly used for
quantitative purposes; the pinhole analog image. must be digitized
subsequently for quantitative results. (4) The pinhole radiograph appears to
have better resolution than the hodoscope reconstruction.

Spatial resolution of the resulting image is limited by the characteris-
tics of each system, except that pinhole's film data has better resolution
and contrast and is freer from artifacts than its transient data because of
two factors: (1) the superior recording qualities of film compared to the
high-intensification TV camera, and (2) the recording of delayed gamma rays
which are not available during brief transients. These two factors combined
probably improve the signal-to-background ratio of the pinhole film image by
a factor of at least two compared to its transient data.

C. Reactor-power monitoring

Although cineradiography appears to be confined to reconstruction of time-
resolved spatial images of an object or its density variations, the test
object may also be considered a means of transferring other information of
interest. In nuclear reactors, any object viewed at the center of the
reactor would have interactions with and reflect the incident neutron
intensity and spectrum. If the object is fissionable, incident thermal
neutrons are exchanged for fission neutrons and gamma rays. The measurement
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of these particular test-sample and reactor-flux properties is of growing
importance in reactor-safety experiments.

Of primary interest is the reactor flux present in the entire field of
view during an experiment. The magnitude of this flux can vary in time and
space. With an unfueied sample placed at the center of the core, direct-view
cineradiographic instrumentation can observe the neutron or gamma flux during
the course of a transient. The hodoscope, for example, normally observes the
fast-neutron flux above 0.5 MeV, which includes fast neutrons scattered from
the sample. If fuel is inserted at the central position, then the coupling
of reactor neutrons to the fuel is also observed. It is the capability for
direct monitoring of the pin power and of nearby core power in separate
detection channels that is important.

Control rods produce time-varying asymmetric flux patterns and core
temperature changes also induce important axial and radial flux shifts [DEV-
82c]. The fuel may undergo a different temperature history, and because of
its composition, its power coupling is likely to change during an experiment.
Because of spatial variations across the core, the reactor instrumentation
that is normally located in the reflector does not accurately detect the flux
distribution at the center of the core nor the power coupling of the fuel.
Consequently, only the direct-view imaging instrumentation can measure the
correct neutron properties of the test fuel.

In order to sort out variations in flux or power coupling from fuel
motion, analysis and calibrations must be pursued. Experiments conducted
with dummy capsules under prototypical operating conditions divulge the
underlying changes in source term. The hodoscope has detected axial flux
tilts reaching extreme values of 10% during a TREAT transient, which is
corroborated by integrating monitor wires. The wires have also substantiated
that the hodoscope tracks the flux accurately while the reactor
instrumentation must be corrected by as much as 30% in TREAT and 60% in
CABRI. Valid measurements of the the transient-correction and power-coupling
factors are important in planning and interpreting reactor-safety in-pile
experiments.

D. Ex-vessel monitoring

A possible use for hodoscope-type coliimated systems might be in ex-vessel
monitoring of core properties. Operating power or test reactors that cannot
accept in-core diagnostic systems, largely because of radiation damage, could
be equipped with collimated fast-neutron detectors embedded in the reactor
biological shield. Because such systems would have to detect uncollided
through the thick reactor vessel and at least partially through a large core,
resolution would be limited by an integral along the line of sight of each
channel. Nevertheless, the possibilities exist in a role not met by other
detectors for an indestructible monitor of subcritical power, core power, and
coarse fuel location monitoring -- preceding, during, and after a possible
core meltdown [DEV-82d].

Application of such a monitoring scheme was explored for TMI-2 in the

post-accident recovery phase in order to characterize the fuel reconfigura-
tion. Although some methods using in-core detector tubes are likely to have
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been more successful, ex-vessel collimated fast-neutron techniques, subject
to more extensive study, might have been able to provide useful core
condition data.
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VII. IMPROVEMENTS

Cineradiographic instrumentation applied to nuclear-reactor safety is
undergoing progressive improvement to meet challenging experimental
situations, much of it occasioned by tests being performed under more
prototypical conditions with larger fuel assemblies. Aside from such
improvements to the diagnostic hardware, much more substantial benefit can
usually be derived by reactor modifications that increase power coupling or

diminish background.

A. Two-dimensional diagnostics

In order to improve capability for two-dimensional monitoring of flux and
fuel distributions, some straightforward instrumentation improvements have
been defined. These are directea towards increased mass accuracy and coping
with larger test fuel assemblies.

SECONDARY VESSEL

1. Hodoscope improvements planned

In view of the satisfactory
performance of the TREAT hodoscope
proportional counters, the maximum
array of proportional counters is to
be implemented. This will permit
better statistical and systematic
evaluation of background surrounding
the fuel. Experience indicates that
about twice as many detector columns
should be devoted to unambiguous

HODOSCOPE ¢

PRIMARY VESSEL

™~ SODIUM

background vs. signal monitoring, in DOWNCOMER
order to minimize systematic and
statistical effects of background
subtraction.
36cm

Improvements that are projected STEEL RADIALLY

further in the future include
equipment and software for better
analysis, and detectors with Fig. VII-1. Cross-section of planned
improved efficiency and signal/ 37-pin subassembly for TREAT-
background ratio for use in upgrade. A radial thickness of over
scheduled tests where thicker test 5 c¢cm of sodium and steel surrounds
vessels surround the fuel sample the fuel pins.

[Ev-79a, EV-79b, FI-79].

f————20.3¢m

With the advent of an upgraded TREAT, certain additional diagnostic needs
have been recognized. One of these includes higher resolution in the central
detector zone in order to have better detection of axial expansion and
cladding breach. Another is a broader field of view in order to cover 37-pin
fuel bundles (Fig. VII-1) and to allow coverage of a larger range of axial
fuel expulsion. These conditions can be met on a cost-effective basis by
moving the collimator away from the TREAT reactor about 20 cm, adding three
or four additional columns of collimation and detectors, and remachining the
slots to cause uniform interchannel overlap.
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An upgrade of TREAT will also bring about tests in which fuel within a 37-
pin bundle will have varying enrichments. This will have a substantial
effect upon quantification of fuel movement. A study is underway to
evaluate the possible time-resgjgedzﬂftection of enrichment-gradient changes
as a result of changes in a U/é°?Pu fission ratio. Self-shielding and
self-absorption corrections will also become substantial, and efforts will be
necessary to accommodate these effects through iterative computational
corrections [AL-82]. The combined complexity of these effects is likely to
necessitate greater reliance on image-restoration techniques.

Greater emphasis will be placed on the use of the hodoscope as direct-view
instrumentation for various power-coupling-factor changes in TREAT. At CABRI
and TREAT, investigation of fission-product monitoring is underway through
neutron or gamma techniques.

There is a continual program of improvements for the sake of reliability.
In fact, a major portion of the apparent complexity and expense of the
hodoscope system is aimed at achieving dependable performance. A strong
degree of operational assurance is warranted because of the high cost and
Tong lead-times associated with destructive experiments. Consequently,
quality contrcl is routinely exercised in hodoscope procedures and hardware,
and considerable redundancy has been designed into the entire diagnostic
system. For example, the two fast-neutron detection systems, the
proportional-counters and the Hornyak-buttons, are completely isolated in
terms of power supplies, electronics, and recording apparatus.

2. Other diagnostic techniques

Coded aperture developers at Sandia are investigating a cross-slit pinhole
configuration and a uniformly redundant array in order to overcome instrument

background problems.

Position-sensitive detectors are the common aspect and weakest element of
the coded aperture and pinhole imaging systems. Higher efficiency and better
discrimination against neutron would help; so would a wider linear dynamic
range for the image transfer system, be it from vidicon to film or raster

scan.

Because fuel bundles are over ten times larger than their width, the
aspect ratio is awkward for the round or square image transfer systems, often
resulting in their vertical stacking. Also the image transfer unit is
critical to performance, allowing little latitude for redundancy. Major
improvements in all components will be needed in order to meet large bundle

test requirements.

For accelerator imaging to be acceptable, a demonstration under actual
reactor conditions would be necessary. Before such a trial, an accelerator
with adequate current, repetition, rate, energy reliability, and
compatibility would have to be built.
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B. Three-dimensional time-resolved
data

Three-dimensional time-resolved
data becomes more useful as fuel pin
bundles become larger. Ninety-
degree orientation of two hodoscopes
would suffice. While this is
functionally possible at TREAT,
core-loading considerations make it
difficult. A new safety test
facility (STF) had been studied in
which three hodoscopes were oriented
at 120°, providing adequate coverage
for three-dimensional reconstruction
(MI-77, PE-78] (Fig. VII-2).

3-VIEW
SLOT

)

2-VIEW
Although the alternative coded AND

imaging techniques are theoretically 3;&§W
capable of three-dimensional viewing
from a single angle, in practice
useful resolution in depth has been
unachievable. With larger bundles,
some coarse depth resolution may be
useful at a single angle. The safer
approach is to use several viewing
angles.

2-VIEW
SLOT

C. Three-dimensional static

tomography

Fig. VII-2. Three-dimensional
hodoscope cineradiograpy.

At Tlow-power reactor operation,
when no fuel motion is taking place,
the test bundle will be rotatable
within the upgraded TREAT reactor
core while the fuel is irradiated.
As a result, with its collimator

Conceptual plan of 2- or 3-view slot
arrangements for hodoscopes that
would provide time-resolved
tomographic data in a proposed fast-
reactor safety test facility (STF).
The number and width of the slots

stationary, collecting hodoscope
data at each angle of fuel-vessel
rotation, three-dimensional fast-
neutron static tomographic
radiography could be performed [DEV-
82f]. In-situ measurements of this
sort have the advantaye of extensive
characterization of the fissile
component of the experiment before
possible disturbance upon removal
and transfer can take place.

affects the capability of the
reactor to deliver a large and
uniform radiation burst to the test
fuel bundle.

A related development being planned is that of fuel-pin plenum
radiography. If fuel is ejected during a transient from the original fuel
zone, it will disperse into the upper and lower plena, which are outside the
1.2 m field of view of the hodoscope. The first logical opportunity for
post-transient radiography of the plena is while the test section is being
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withdrawn from the core of the TREAT reactor. Detectors can be positioned so
as to detect fission-product decay gamma rays emitted from the entire test
section after the experiment. Tomographic images can be obtained by detector
rotation. A hodoscope-type scanning system (Fig. VII-3) appears most
promising, although pinhole-type apertures are also candidates for this task.

The gamma scanning capability has been developed for TREAT upgrade in
which 37-pin bundles will be tested. After a transient experiment, as the
test vessel is slowly withdrawn from the reactor, gamma rays from fission-
product decay will be detected by an array that views each elevation at many
angles. The result will be three-dimensional gamma-ray tomography of tre
entire vessel, including plena zones outside the hodoscope central field of
view.,

Fig. VII-3. Tomographic gamma-ray
plenum scanning. Initial design of
rotation and translation apparatus
to permit tomographic gamma-ray
scanning of a long test vehicle as
it is slowly pulled out of the TREAT
reactor. The four collimator
assemblies, consisting of up to
eight collimated detectors, can be
moved so as to cover 180°, The test
fuel would be contained within the
center circle.
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VIII.  CONCLUSIONS

Cineradiography is advancing with contemporary technological development,
finding new applications in many fields. In oddition to military
applications, particularly ballistics and explosive development, there are
industrial and research uses for time-resolved radiography, especially in
medical diagnostics.

A long-standing and important cineradiographic application has been in
nuclear-reactor safety, where fuel-motion diagnostics has been applied to
resolve time, space, density, and material parameters during destructive
transient experiments. After seven years of intense parallel development,
evaluation now reveals the asymptotic levels of performance for several types
of diagnostic systems. In this regard, instrumentation goals have been met
or exceeded by hodoscope-type systems. Very few of the critical diagnostic
parameters have been matched by position-sensitive analog imaging systems,
which have yet to detect details of internal-prefailure or multiple-pin fuel

motion.

Because each detection channel can be optimized for selective response to
fast neutrons, which give the most definitive and penetrating radiation
signature of fuel, and because each channel can handle large count rates, the
segmented design of the multichannel hodoscope has a high performance
capability. This largely accounts for its good signal-to-background ratio
and wide dynamic range. Despite being surrounded by two or more centimeters
of steel, fuel mass resolution can be approximately 0.1 g. Spatial
resolution, dominated by design limitations and by statistics, is better than
1 mm for horizontal and 1 cm for vertical fuel displacement. Data-collection
intervals smaller than 1 ms may be used, although actual time resolution is
likely to be larger because of the reciprocal statistical relationship to
other resolution parameters. Adequate transient recording duration of
digital data has been accomplished by the use of specialized magnetic disk
and tape media. A high degree of redundancy has been built in to provide the
needed readiness and reliability that has been experienced in association
with expensive and nonreproducible fast-reactor-safety fuel-destruction

experiments.

Whereas none of the alternative diagnostic systems are theoretically
precluded from meeting the statistical conditions needed to differentiate
between modes of fuel movement, only the hodoscope has been able to
demonstrate in practice that such subtle phenomena as fuel breach and pin
expansion can be reliably distinguished. In retrospect, the limiting
performance factors for the hodoscope were established about a year after
initial concept, whereas the position-sensitive devices have still not
reached that level after more than six years of development.

Difficulties experienced in qualifying fuel-motion diagnostic systems
alternative to the hodoscope may be understood in terms of the particular
nature of the application. Imaging devices that are workable in other
situations will not necessarily be successful at a reactor, particularly
where the background becomes more significant than the instrument noise.
When compared to collimated motion-monitoring systems, position-sensitive
imaging systems appear to be fundamentally limited in transient reactor
experiments. Some limitations are inherent and some are practical. The
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signal/background ratio for fast-neutron detection is a factor of at least
two better than the gamma-ray detection to which the imaging systems are
largely confined. Furthermore, high sensitivity to artifacts is an inherent
feature of coded systems, particularly the Fresnel-zone plate [MC-82],
because of the low signal/background ratio and the superposition of images.
Artifacts that appear in image reconstruction can arise from nonlinearities
in either signal or background or by the presence or introduction of
systematic effects in the instrument. Relatively poor dynamic range 1is
associated with position-sensitive