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Abstract

An experimental program to test the feasibility of making 
and unfolding in-core measurements of fuel motion has been 
initiated at Sandia. The experiment calls for instrumenting a 
37-pin fuel bundle and exposing it to neutron pulses in the 
Sandia Pulsed Reactor SPR-III. Fuel motion will be similated 
by mechanically adjusting the fuel pins to create voids within 
the center of the bundle. A preliminary design of the experiment 
has been completed and analyses have been conducted on the 
application of an(j 235jj fission couple detectors to the
experiment. Formulation of the unfolding problem has pointed 
out the necessity of carefully instrumenting the experiment to 
maximize the resolution of the mass measurement. Ultimately 
a measurement resolution of 100-200 g of fuel should be possible 
for this experiment. The experiment will provide a realistic 
test bed for obtaining practical experience in detector design 
and data reduction.
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Experimental verification of material motion models for 

core disruptive accidents will probably be required by the 

Nuclear Regulatory Commission for the licensing of LMFBR’s.

Of particular importance is the measurement of fuel motion since 

this governs the ultimate consequences of an accident. Diagnostic 

techniques which monitor fuel motion are needed for the facilities 

in which these fuel notion experiments will be performed. In 

response to this need, Sandia is performing experiments for the 

NRC which will determine the feasibility of using in-core 

detection systems to monitor fuel motion in large scale tests.

Initial studies presented at the first Fuel and Clad Motion 

Detection Conference, held in Albuquerque, New Mexico, 11-12 

November, 1975, showed that in-core neutron detectors might 

have adequate response to fuel motion if they arc sensitive to 

fast neutrons 1 MeV) and are placed near the position of 

fuel motion.^ Furthermore, these studies showed that in-core 

fuel motion detection (FP4D) systems were best suited for large- 

scale experiments. Because in-core FMD systems require no 

collimating slots and work well for large scale experiments, 

they are an excellent candidate detector system for SLSF, E3R-

II upgrade, and SAREF.

The success of in-core FMD systems rests on the availability 

of rugged in-core detectors and the ability to unfold the 

detector responses to determine fuel motion. Sandia's in-core 

FMD program addresses both of these topics. Miniature neutron 

detectors are being developed, and the feasibility of unfolding 

in-core measurements will be tested using data obtained from the 

detectors in reactor experiments.

I. Introduction



Presently, miniature fission couples appear to be the

best detector type for in-core application since they can

withstand high temperatures, high radiation l’ields, and can

be made energy sensitive by the choice of fissile isotope.

It is anticipated that these detectors will be placed inside

hollow wire wrap fuel rod spacers within the test assembly

itself. On the time scale of interest to fuel motion detection,

these detectors record fluence (nvt) changes and not flux

changes. For this reason and for correlation of large-scale

fuel motion, these detectors will be supplemented by detectors

placed just outside the test assembly, possibly directionally
il

dependent diamond or self powered detectors.

The problem of unfolding in-core detector measurements to

obtain the fuel configuration as a function of time has been
e;

addressed by Biggs and Renken. No fuel motion detection 

scheme proposed thus far measures the fuel distribution directly 

and thus the data unfolding step is common to all detection 

problems. The unfolding must be tailored to optimize the mass 

resolution for each scheme. For unfolding in-core detector 

measurements, Biggs and Renken have proposed the use of adjoint 

neutron transDort calculations to obtain importance functions for
£

use in the error-analysis option of the UNFOLD code. This 

technique allows the determination of the maximum possible 

spatial resolution using a given array of in-core detectors.

In solving for the mass distribution, the analysis may include 

any auxiliary information available such as conservation of mass, 

non-negativity of the neutron flux, and posttest data on the final 

distribution of the fuel. One may also constrain the fuel 

motion to a smooth pattern by use of the least squares analysis 

capability in the UNFOLD program.

Unfolding the in-core detector measurements to determine 

fuel motion will be tested using data obtained from mechanically- 

induced fuel motion in a fuel bundle placed inside the Sandia
7

Pulsed Reactor, SPR-III. In this experiment, 37 pins of
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UlOMo will be placed in the SPR-III experiment cavity ( s e e  Fig. 1). 

The fuel pins will be surrounded by polyethylene to increase the 

energy deposition within the test bundle, and the U enrichments 

in the rows of pins will be graded to provide a flat energy 

deposition profile across the fuel bundle. Each of the pins 

will be divided into two parts (see Fig. 2). The upper portion 

of the pins can be individually moved to create a void in the 

center of the test assembly. In this manner, a time-varying 

fuel geometry can be simulated. A series of pulses of the SPR-III 

reactor can be combined to create a specific sequence of fuel 

motion. It will then be the task of the unfolding codes to 

estimate the fuel motion based on the detector responses for 

comparison with the actual fuel motion.

This SPR-III FMD experiment is expected to be sufficiently 

prototypic of large-scale fuel motion experiments to serve as 

a realistic feasibility experiment. This experiment contains 

most of the problems associated with fuel motion detection and 

is prototypic in fuel pin diameter and pitch, mass of fuel 

moved, and neutron spectrum. Temperatures up to 700°C will 

be reached inside the test assembly.

II. Detector Response to Fuel Motion

To achieve a viable in-core FMD system, one must find a 

detector which is sufficiently sensitive to fuel notion to 

permit a reasonable measurement. Since earlier studies 

have shown that fast neutron detectors are more sensitive to 

fael motion than low energy neutron detectors, detectors with a 

fission cross section have been studied in detail for 

application to the SPR-III experiment. In addition, the neutron 

spectrum changes caused by fuel motion have been Investigated.

This latter investigation revealed some very interesting results 

and possibly identified better techniques to monitor fuel 

motion In some safety test facilities.
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FIGURE 1 : PLAN VIEW OF THE 37 PIN  FUEL MOTION DETECTION EXPERIMENT IN THE SPR I I I  REACTOR
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FIGURE 2 : CROSS SECTION VIEW OFTHE 37 PIN FUEL MOTION DETECTION EXPERIMENT IN SPR I I I
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Figure 3 shows the fuel motion response of a U detector 

in the SPR-III experiment. These results are based on one

dimensional transport calculations. The figure plots the
V

perturbed detector response divided by the unperturbed response as 

a function of mass removed from the test assembly. The different 

curves represent different radial locations of the detector.

It is seen that the most sensitive detector changes by 10$ 

when 20% of the fuel is removed. Similar calculations performed 

for the SAREF Class I reactor showed that an equivalent detector 

requires only a 3* fuel loss to change the detector output by 

10%.^ The difference in resolution between these two cases is 

deceptive and is caused partly by the size difference of the two test 

assemblies. One must keep in mind that 20% of the SPR-III test as-' 

sembly (4 kg) represents 0.8 kg and 3? of the SAREF test assembly 

(7^ kg) represents 2.2 kg.
P-Ptr

The response of 'J-U detectors to fuel motion in the SPR-

III experiment was also considered. Assuming that the detector

is a fission couple, the temperature rise at a function of fuel

removal is plotted in Fig. 4. These results are based on the one-
235

dimensional calculations. The U fission couple was assumed 

to be 25? enriched. For comparison the temperature rise of 

a U fission couple is also plotted along with a fictitious 

fission couple which has a constant neutron cross section of

0.01 c m ~ \  (This detector approximates the response of a proton 

recoil detector.) Clearly the l- detector is more sensitive 

to fuel motion than either the detector or the fiat detector.

Two-dimensional neutron transport calculations were used 

to determine the neutron spectral perturbations caused by 

moving fuel either away from or toward a central detector loca

tion. .Figure 5 shows this spectral change when k.2% of the fuel 

is moved from the center of the test assembly to the top.

The flux was obtained at the outside radius of the void and 

of the fuel plug (1.08-cm radius), respectively, and at axial 

locations half way between the top and bottom of the perturbed 

regions. Fuel removal causes the neutron flux in the resulting 

void above 17 keV to decrease and the neutron flux less than 17

- 7-
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FRACTION OF TEST CORE LOST (dm /m )

FIGURE 3 : RESPONSE OF FAST IN-CORE DETECTORS TO FUEL MOTION IN  

THE SPR I I I  EXPERIMENT BASED ON ONE-DIMENSIONAL 

CALCULATIONS
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keV to increase. The opposite effect results when fuel buildup

occurs, as shown by the response of the other detector. The

17-keV energy represents the lower threshold for the fission

neutron spectrum in the 16-group Hansen-Roach cross-section set.

Removing fuel from the vicinity of a detector removes the source

of fast neutrons and decreases the absorption of epithermal

neutrons. Calculations for the SAREP reactor revealed a similar

shift in the neutron spectrum.

For the SPR-III experiment, it is possible to make a

detector extremely sensitive to fuel motion by using this
2 'c:

spectral shift. This could be done by combining U and

fission couples. By differencing the output of these two

types of fission couples, such a detector can be made to give

a null output when fuel is in its initial geometry. Of course,
2 ^ 5

this requires a proper choice of the J U enrichment and the 

number of U microspheres. Figure  ̂ shows the response of 

this type detector (labeled U-235 & TJ— 238 Spectrum Sensitive 

Fission Couple) in the SPR-III experiment. This particular 

detector consists of one 25% enriched U microsphere and four
0 “5 A

U microsphere.

The spectrum sensitive fission couple is more sensitive to fuel
p OC

motion than either a U or U fission couple used separately, 

particularly at small values of Am/m. Furthermore,, the region 

of space over which the detector is sensitive appears to be 

smaller than that of a detector. This may ultimately improve

the accuracy of an unfolding analysis by improving the fuel motion 

spatial resolution capability. On the other hand, the spectrum 

sensitive detector will function only if a significant epither

mal neutron propulation exists in the test fuel. At present 

this appears to be the case in facilities with thermal driver 

cores such as TREAT, SLSF, or the ACPR-upgrade. A second dis

advantage is an apparent problem in unfolding such a detector

- 11 -



response to obtain the fuel distribution. This problem is 

discussed in detail in Section IV.

The fuel motion response of angular dependent detectors 

was also calculated. The detectors were located just outside 

the test assembly (2.2-cm radius) and were assumed to be 2ir 

directionally sensitive. The cross-sectional responses of 

fast, flat, and epithermal neutron detectors were assumed.

The results are shown in Fig. 6. Also, for comparison, the 

response of a collimated fast neutron detector was considered.

Even for the 2tt directionally sensitive detectors, it appears 

that some kind of energy sensitivity is necessary to achieve 

reasonable sensitivity to fuel motion. Note that the collimated 

fast neutron detector is only slightly more sensitive to fuel 

motion than the 2u fast neutron detector. These results are all 

based on one-dimensional calculations.

III. Detector Design and Fabrication

A variety of neutron detectors were identified during

the last fuel motion conference as potential detectors for in-
2 4

core fuel motion detection. * They included fission couples, 

fission chambers, diamond detectors, and ferroelectric detectors.

A review of these detectors showed that fission couples required 

the least amount of development and, in addition, have dem

onstrated their ability to incorporate neutron energy sensitivity, 

withstand high temperatures, survive high neutron fluxes and 

fluences, and be compensated for gamma rays. For this reason, 

fission couple detectors (FCD) were chosen for use in the 

SPR-III experiments.

Presently, two types of fabrication techniques for the FCD*s 

are being investigated. They are the conventional welding 

of thermocouple wires to microspheres of fissile material 

and thin film thermocouples heated either by chips of fissile 

material or a thick film ink doped with uranium oxide. The 

detectors selected must be easy to fabricate in large numbers

-12-
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FRACTION OF TEST CORE LOST (AM/M)

FIGURE 6 :  RESPONSE OF 2 tt AND COLLIMATED DETECTOR TO FUEL MOTION 

IN THE S PR-1 I I  EXPERIMENT BASED ON ONE-DIMENSIONAL 

CALCULATIONS



(30-100) and be sturdy enough to permit repeated handling.

The detector assembly and connecting leads must be small enough 

to fit inside a hollow wire wrap tube 0.035" I.D. In addition, 

the thermodynamic properties of the FCD response should be 

approximately proportional to the integral of the neutron flux 

for time intervals not less than ^ 1 msec.

An FCD fabricated by welding thermocouple wires to micro

spheres is shown in Fig. 7. The illustrated detector uses
p ^ r  p q Q

U and' U microspheres to achieve the spectral sensitivity 

described earlier. The tungsten spheres are used for gamma 

heating compensation. The thermocouple wires have a ^ mil 

diameter and the microspheres are approximately 8 mils in 

diameter. Each microsphere is coated with 10 microns of nickel 

to facilitate welding the thermocouple wires.

Figure 8 shows three conceptual methods of using thin
8

film thermocouple technology to make FCD's. The thin film 

thermocouple leads (constantan and chromel) are sputtered 

onto the substrate (probably SiC^) with an R.F. sputtering device. 

Past experience has shown that the thin film leads must be greater 

than the electron mean free path to guarantee bulk thermodynamic 

p r o p e r t i e s . ^ The FCD shown in Fig. 8A is made by bonding a 

chip of 0 10 w/o M o  to a thin gold contact which covers the 

thermocouple leads. The FCD in Fig. 8b is similar to A but the 

microsphere is bonded directly to the thermocouple leads.

In Figure 8C the FCD is made by screening a thick film ink, 

heavily doped with sub-micron sized IJOg particles, onto a 

thin film thermocouple junction.

The advantages of the thin film fabrication technique 

compared with the conventional technique is the greater ease 

of fabricating large numbers of detectors, the uniformity 

achievable, and the mechanical rigidity of the product. The 

main disadvantage is the uncertainty in the heat transfer char

acteristics of the detector. Two-dimensional, time-dependent 

heat transport calculations are being performed to resolve 

these uncertainties.

- 1 4 -
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IV. Unfolding Analysis 

Use of the adjoint neutron flux for unfolding in-core 

detector response to determine the fuel distribution was dis- 

cussed by Biggs and Renken. Their approach was directed 

toward large test assemblies in which the neutron source could 

be approximated by

S(r,E,t) = W(t) i|»(E) p(r,t) (1)

where W(t) is the time-dependent power level, ^(E) is the fission 

spectrum, and p(I*“,t) is the time-dependent fuel mass distribution.

The signal Gi from a given detector i may be written 

in terms of the forward flux <J> as

G1 (t) = /4>(r\E,ft,t) R^r^Ejft) dP (2)

where the integral dP is over the phase space variables r*,E, and 

ft. R^ is the response function of the detector and may depend 

on neutron direction and energy. R^ is assumed to be zero 

outside some localized region.

Analogously, the detector signal may be expressed in terms 

of the adjoint neutron flux ^#or the adjoint source S* : -*-0

Gi (t) = /*•(?,E,a,t) S(F,E,t); dP = /(j»(r,E,If,t) S*(r,E,?) dP (3)

where S(r*,E,t) is the forward source of fission neutrans in the 

system^.as-. defined in Eq. 1 and S* is the adjoint source R^ 

of Eq. 2.
»

Equation 3 may be expanded by breaking the volume integral 

into two components, the first being over the volume of the 

driver core (D.C.) and the second over the test assembly (T.A.)
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G1 Ct)

Note that the source term Is also broken into two components 

representing fissions in the driver core and the test assembly, 

respectively. Alternatively, the detector signal may be expressed 

as the sum of the volume integral over the test assembly (second 

term of Eq 4) and a surface integral over some piecewise smooth 

surface A which surrounds all points at which S„ . / 0 and
X • i & •

excludes all points at which Sp „ / 0 (see, e..K. , E q . 6 of

Ref. 10 or Eq. 9 of Ref. 11). Thus, including the final expression of

where, n* is the unit inner normal for the surface A.

In the surface integral of Eq. 5 the product of the fluxes 

<j> and <f>* weighted by ft • n represents the inward directed forward 

and adjoint neutron currents through the surface. If the boundary 

surface is placed just outside the test assembly, then to a good 

approximation the forward current through this surface is un

affected by fuel motion and can be considered to be constant. This 

greatly simplifies the data analysis since <}> need not be calculated 

for each configuration of the test fuel. The adjoint current 

represents the probability that a neutron entering the surface A

will be seen by detector i. <j>̂, however, is sensitive to fuel 

motion in the test assembly, making the surface integral in Eq. 5 

a function of the fuel geometry. Specifically, when the fuel is 

moved away from a given detector, the surface integral of Eq. 5 

increases for that detector.

In the second integral on the right-hand side of Eq. 5, 

the term ST A represents the fission neutron source within 

the test assembly. This quantity is a function of the test fuel 

geometry but for. small fuel motions the source strength of

Eq- 3,

G1 (t) = ftp Si dP = fA (j>1 <J> B«n dA dE d9, + f



* * —
each fuel pellet will be approximately constant. = <}>,-Cr,E,&)

1
represents the probability that a neutron born in the test

assembly at point r*, of energy E, and traveling in direction Q
t h

will be seen by the i detector. When fuel is moved away from 

a detector, in that fuel decreases and therefore to a first
*

approximation causes the integral / . S„ dP to
I. » A  • 1  J. • H  «

decrease.

As expressed in E q . 5 S then, the two terms which contribute 

to the detector signal change in opposite directions with fuel 

motion. Therefore, for a detector to be useful for measuring 

fuel motion, its energy sensitivity and location must be chosen 

so as to force one of the terms to be significantly larger than 

the other. The appropriate type of detector to choose depends 

to a large degree on the type of facility in which the fuel 

motion experiment is being performed. For large test assemblies 

with high power densities, the test assembly source is. always 

dominant, while in smaller test assemblies the contribution 

of the driver core neutrons will be significant.

In E q . 5, only the volume integral over the test assembly 

contains the source term, S„ . , which is proportional (via 

Eq. 1) to the fuel mass distribution. Since the UNFOLD code 

requires the integral equation being solved to contain an 

explicit expression for the desired quantity (in this case S^ A ) , 

a detector choice which makes the test assembly source term dominant 

is presently required. In-core 2^^U detectors satisfy this 

criterion. In the SPR-III experiment, the epithermal neutron 

detectors or spectrum sensitive detectors emphasize neutrons 

which are born in the driver core and get slowed down in the 

polyethylene more than those born in the test assembly. Unfolding 

the response of these detectors will be difficult unless the 

adjoint flux on the surface A can be expressed in terms of the 

fuel density in the driver core in a manner analogous to E q . 1. 

Clearly, the adjoint leakage into A is related to the test assembly

-19-



geometry through the adjoint transport equation. Therefore, it 

might be simply expressed in terms of the test assembly mass 

distribution with the help of perturbation theory. This possi

bility is presently being examined

V. Spatial and Mass Resolution
0  *3 ft

For a U detector it was shown in Section II that a 10? 

change in detector response corresponded to an 800-g mass reso

lution in the SPR-III reactor and a 2.2 kg mass resolution in 

SAREP. These results were based on one-dimensional transport 

calculations which have been found in studies performed thus 

far to underestimate the response of in-core detectors to fuel 

motion by something like a factor of 5. The use of multiple 

detector correlation can further improve the mass resolution 

achievable. The lower limit of mass resolution measureable by 

U detectors therefore appears to be on the order of 100-200 g 

for the SPR-III experiments and ^00-600 gm in SAREP.

The precision to which in-core neutron detectors can resolve 

fuel motion depends on complex interrelations among the flux 

changes, the detector neutron cross sections, the detector 

positions, and the number of detectors. An accurate calculation 

of the fuel motion resolution must combine these relationships 

with the unfolding code. That is, instead of determining that a 

given amount of fuel motion will produce a certain fluctuation in 

a detector signal, one must determine what possible fuel motion 

could produce a given change in the detector signal. Such a 

calculation is underway at present.

Ignoring for the moment the. problem of data unfolding 

discussed in Section IV, spectral sensitive detectors should 

have excellent threshold sensitivity to changes in fuel geometry.

To a first approximation the temperature rise in such a detector 

is proportional to the fractional mass of fuel removed. Conversely 

the mass removed from the vicinity of the detector is proportional 

to its temperature output,
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The uncertainty in the corresponding mass is therefore

,/Am\ -vp/dC , dT\ _ Am/dC , dT\
d f e n  “ Ci (“  + f - ) iiT'C-  T - ' •

If the calibration coefficient, C, can be determined with a 

± 10$ uncertainty and the FCD output can be measured to ± 1°( 

accuracy, then

Combining the results of Fig. 6 with this equation gives the 

following estimate of the fuel motion resolution for three 

cases of fuel removal:

Am/m T d (Am/m.)

3% 2,2°C 2%

10% •IQ^CI 2%

20% 24.8*C 3% .........

On the basis of these numbers it would appear that a single 

detector of this type located at the edge of a region from which 

fuel is being voided would have a lower limit of resolution of 

about H% of the SPR-III test fuel mass, or 160 g of fuel. Note, 

however, that this analysis presupposes a particular geometry 

for the fuel motion and therefore that these results do not 

apply to the general case of arbitrary fuel motion. An assess

ment of the spatial and mass- resolution achievable with unrestricted 

fuel motion requires consideration of the detailed unfolding 

analysis as discussed in Ref. 5.
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