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Abstract

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

INTRODUCTION AMD CONCLUSIONS

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

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

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

instrumentation inserted unobtrusively within the test section, 

capability of viewing events from outside the experiment container, 

integrating reactor instrumentation, and 

posttest data from radiography and direct examination.

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

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

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

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

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

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

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

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

TEST-VEHICLE INSTRUMENTATION

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

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

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

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

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

EX-VEHICLE INSTRUMENTATION

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

For example, typical sensitivities are:

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

- MS SS SB** SP

Field of View

Height, cm 183 183 183 183

Width, cm 31 19 7 7

Depth, cm 31 19 7 7

Channel Intervals*

Height, cm 5 3.5 2.5 1

Width, cm 2 1.5 1 1

Depth, cm 2 1.5 1 1

Slow-transient Resolution

Mass, gm 80 25 4 0.2

Time, ms 

Fast-transient Resolution

1 1 1 1

Mass, gm 80 25 4 0,2

Time, ms

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

0.1 0.1 0.1 0.1

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

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

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

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

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

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

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

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

justifiable basis for scaling data from TREAT to STF.

MATERIAL DIAGNOSTICS SYSTEM FOR STF

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

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

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

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

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

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



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

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

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

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

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

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

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

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

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



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



TABLE 3. Material-motion Capabilities for STF

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

horizontal resolution of about 0.1 cm are considered possible for small 

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

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

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

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

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

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

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

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

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

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

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

be less than 100 gm.

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

level and certain assumptions regarding detector development.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

A. IN-CORE

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

B. IN-SHIELD

Front collimator 
Rear collimator 
Collimator shielding 
Tracks
Turntable and tilt mechanism

C. IN-BEAM

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

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

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

D. INSTRUMENT AREA

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

E. OUTSIDE OF CONTAINMENT

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



HODOSCOPE TIME RESOLUTION AS A FUNCTION OF REACTOR POWER

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

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

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

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

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

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

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

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

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

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

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

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

DEGRADING EFFECTS CAUSED BY INTERVENING MATERIALS

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

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

-26-



TABLE 5. Macroscopic T> tal Cross Sections 

(Approximating S/B Degradation of llodoseope Response)

x 10“21' 
atnc.i/cm^ 
NA/p

@ 1.5 MeV 
cm2/atom

°T

CALC 

cm 1 
» »

EXPTL* 

cm 1

• V

Steel 0.085 3.1 0.26 0.25

Lead 0.033 6.7 0.22 0.22

Zirconium 0.066 6 0. A0 0.35

Aluminum 0.060 3 0.18

Water 0.063 3 0.20 0.25

Inconel 0.091 3 0.27

Berylium 0.12 2 0.24

Sod ui;a 0.025 3.6 0.09

llery. Oxide 0.15 3 0.A5

Graphite 0.080 2.2 0.18

Titanium 0.057 3 0.17

Miob ium 0.055 5.5 0.30

Tungsten 0.063 7 0.44

Tantalum 0.055 7.5 0.41

Vanadium 0.070 3 0.21

Iron 0.085 2.5 0.21

uranium Oxide 0.022 7.1 0.25

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

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

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

ALTERNATIVE MATERIAL-MOTION-MONITOKING METHODS

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

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

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

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

INTEGRATING REACTOR INSTRUMENTATION

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

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

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

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

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

POSTTEST DATA

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

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

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

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

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

Measurement Precision Due to Counting Statistics

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

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

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

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

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

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

ADDENDUM 1

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

COMPARING THE HODOSCOPE UITH IN-CORE DETECTORS

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

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

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

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

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

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

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



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

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

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

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

1. "Fcst Reactor Safety Research Program— Quarterly Report October-December 
1S?5" SftHD-76-015? (fipril 19?S).


