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ABSTRACT

Nondestructive teohniques for characteriring irradiated LWR fuel
assemblies are discussed. This includes detextion systems that measure
the axial activity profile, neutron yield ard gamme yield. A multi-
elanent profile moniior has been developed that offers a significant
improvement in speed and complexity over existing mechanical scanning
systems. New portable detectors and electronios, appliocable to safe-
guard inspection, are presented and results of gamma-ray and neutron
measurements at commercial reactor faocilities are given.

KEYWORDS: Nondestructive assay, ion chamber, fission chamber, axial
profiles, irradiated (spent) fuel, instrumentation

INTRODUCTION

Nondestructive assay (NDA) methods for the determination of the fissile content of
irradiated nuclear fuela are needed to detect diversions of fissile materials to weapons
use. At the present time an applicable nondestruotive technirue does not exist for
directly measuring the (fisnile ocontent of irradiated fuel asuemblies. Instead, the
fissile content is normally inferred from indirect measurements of the burnup by using
gamma-ray or neutron signatures.

Gamna-ray spectrometry has been investigated as n measurement technique for determining
the burnup of irradiated fuela.l=4 This method requires a high-risolution germanium de-
tector, a sultiochannel analyzer syster and a mechanical scanning system and oollimator
assembly. Througl. these investigations the fission products, 137cs, 14ice-pr, and
106Ru-Rh and fission produoct ratios 139ce/V37Cs a:d °47u/'37Cs have been iden-
tified as possible burnup monitora. One limitation of L:is t' >hnique is that the intenai-
ties of gamma rays from the interior of the amsemblies are suostantially attenuated by the
relatively dense fuel rods.

Gross-gamma measuremcnts are an alternative to gamma speotrometry. Although the meas-
urement is nct able to differentiate the presence of specific fission products, it does
sense the high radiation field that must be present in a spent fuel assembly. The measure-
ment is also relativaly insensitive to the interior rode because of attenuation.



Passive neutron assay has been identified as a potentially useful inspection assay
method of spent fuel in a recent review?:3 and in the IAEA Advisory Group Meeting.!
Two aspects make the passive neutron measurement technique particularly attractive for the
measurement of spent fuel assemblies., First, neutrons are less subject to self-absorption
in the fuel assembly than are gamma rays. Monte Carlo calculations have shown the interior
rods of PWH assemblies contribute nearly the same amount to the total neutron emission
rate as the exterior rods.5 Therefore the neutron measurement is more sensitive to all
the .:terior pins in the fuel assembly than is the gamma-ray spectrometry measurement.
Ser.i:ly, the passive neutron measurement requires very simple electronics and a neutron
detector and this simplicity can be a distinct advantage in the hostile environment of a
spent fuel storage facility.

In mary instances when safeguards inspections are performed,the preferred NDA tech-
niques should be simple to use; portable, easily carried from site to site; and provide
rapid and reasonably accurate assays. In other cases, more detailed information is re-
quired. This can occur at away from reactor storage facilities (AFRs) and reprocessing
plants where NDA methods can be used for criticality control and shipper-receiver
verification. Such in-plant instrumentation must be unobtrusive and the measurements
rapid enough to not interfere with normal operating routine of the facility.

As part of its on-going investigations into NDA techniques, the Los Alamos Scientific
Laboratory International Safeguards Group has been actively investigating NDA methods for
the characterization ¢f spent fuel. We have performed investigations into high-resolution
gamma-ra; spectrom~try, passive neutron assay, and gross-gamma measurements. These inves-
tigations include. burnup correlations, new detector developments, and electronic
developm.,t.5'

This paper will addresc some of the more recent developments in this program. We will
discuss v- “ious methods f.r the measurement of activity profiles, new detection systems,
and portiti: electronics for safeguards inspections and in-plant assay. Results of experi-
ments at bwR ard PWR fac“lities will be given.

AXIAL ACTIVITY PROFILE

Since the axi burnup of LWR fuel assemblies depends on many factors such as axial
power levels, burna*le poison rods, control rods, and core locations, the axial burnup
will not necussarily be the same from one fuel assembly Lo another. It is therefore
necessary to determine the axial burnup profile of each fuel assembly if an accurate meas-
ure of the integral burnup is desirad. In addition, if a rapid technique for accurately
measuring the axial burnup profile of a fuel assembly can be developed, then a detailed
measurement can be performec at one position and related to the entire assembly by using
the profile as an integrating function.

We have measured the axial activity profile of both BWR and PWR fuel assemblies with a
high-resolution gamma-ray system, a Be(y,n) detector and an ion chamber. The tyrical
experimental configuration for a reactor spent fuel storage facility is shown in Fig. 1.
Complete gamma-ray spectra (500-2300 keV) were collected at specified axial positions on
the fuel assemblies and analyzed for comparison to the other profile monitor systems.
Also, the gamma-ray data was correlated with the operiator-declared burnup values.

The Be(y,n) detector (Fig. 2) is sensitive to gamma rays with energies greater than
the 1660 eV threshold for photoneutron production ir beryllium. Neutrons produced in the
Be are thermalized by the polyethylene and are counted in the fission chamber. Tris par-
ticular detector is relatively insensitive to high gamma-ray fluxes. 1In a fissiou product
spectra, the principal gamma ray with an energy above the 1660 keV threshold is the 2186
keV gamma ray of '4pr, The 144pr isotope has a very short half-life (t3 = 17.3
min) and is in secular equilibrium with its parent 1hlce (ti = 284.5 day). Thérnfore,
the measured Be(y,n) profile is essentially the profile of the bhce axial distribution.

fhe 137Ca activity from the germanium detector measurements correlated well with the
declared burnup values and was used as the burnup monitor for the burnup profile. The
7Cs burnup correlation is shown in Fig. 3 where the 95% confidence bounds are included.
The average percent difference from the regression line is 5.1%. Similar results were
obtained for the BWR fuel assemblies.



Typloal PWR and BWR axial sotivity profiles are showmn in Figs 4-7. The peak values in
Figs. 4-7 were normalized to unity and since the detectors wers not all at the same axigl
position, the profiles have been shifted so that the peak positions coincide. The agree-
ment of the shapes of the ion chamber profiles with both the 137Cs and the Be(y,n) pro-
files are within the statistioal uncertainties of the measurements. Typical measurement
times for each point was approximately 5 min for the Be(y,n) and germanium detector and
approximately 10 s for the ion chamber. The speed of m:asurement of the ion chamber and
the apparently good sgreement with the 137Cg profile (und therefore burnup) convinced us
that a system could be designed that would eliminate the need for mechaniocal scanning yet
maintain measurement times of amproximately 10 a.

MULTIELEMENT DETECTOR

A prototype multielement deteoctor has been designed for measuring the profile of fuel
elements from a Materiale Test Reactor (MTR) and is shown in Fig. 8. This detector
contains fifteen 1identically oonstructed ion ochamber elements equally spaced along its
length (90 cm). The dose from fissior product gamma rays is sensed as a currant in each
ion chamber element and multiplexed by portable instrumentation. The offset current of
each element has been measured to be & x 10-12 amps.

A block diagram of the microprocessor-based portable elc:ironies for the multielement
detector is shown in Fig. 9. The current from each of the ion chamber elements is ampli-
fied by the current-to-voltage amplifier with as transfer gain of 10~ A/V. These
aignals are nmultiplexed to an inatrumentation amplifier whose gain is controlled by the
microprocessor and digitized by the 256 channel A/D converter. The microproceasor performs
numerous functions all initiated via the keyboard. It can collect and clmar data, average
data, provide signals for the display of the profile, nalibrate the system, output data to
a serial output, integrate the data between two oursor ss=ttings, monitor and change the
high voltage, changs the amplifier gair, and perform a programmable set of key funotions.
A photograph of the prototype electronics is shown in Fig. 10. The total volume of the
electronics is approximate.y .027 m3. It is possible by a change in software to rede-
fine the funotions of the l.eypad and, in addition, to permit the elactronies to be operated
under remote computer eontrol.

The application of the multielement detector to BWR and PWR apent fuel is straight-
forward. Such a system is in the design phase for an AFR spent fuel storage facility, and
will incorporate remote oomputer control features, neutron detector, and Be(y,n) detectors.

APPLICATION OF GROSS GAMMA AND NEUTRON DETECTORS TO INSPECTION

Generally, large complicated systems such «8 high resolution gamma spectrometry (HGRS)
and multieleunent profile monitors are not easily applied to routine safeguards inspection.
HRGS normal.y requires that the spent fuel assembly to be examined be isclated from adja-
cent fuel fssemblies. Such isoletion is not only time consuming, but not always accept-
able to the facility operato~s. In addition, the ocollimator assembly, scanning syster
(either mechanical or multielemant), and locating system are eroensive, oumbersome and not
easily and quickly assembled at each reactor site. To circumvent iLhese drawbacks, a detec-
tor system that requires minimunm fuel motion and no oollimation has been developed. We
have oconstruoted an annular (ring) detector that incorporates both a gross gamma measure-
ment and a neutron measurement. This detector is shown in Fig. 1ll1. It is divided into
quadrants with a neutron detector anu an ion chamber in each quadrant. This detector is
designed so that the fuel assembly is positioned inside the annulus. The annular design
is intended to minimize variations in signal response dus %o change in the fuel assembly
to detector separation.

We have tested the ring detector on 36 spent fuel assemdlies at a commercial PWR reac-
tor storage faulility. 1In this test, two different types cf neutron detectors were exam-
ined, a B-10 lined and a fission chamber. Each type was placed in opposite quadrants.
Both detectora were 2.54 cm diameter x 12.5 em long. During the examinations the B-10
lined neutron deteotors lost sensitivity, presumably because of the high-radiation fields
present (103-105 R/n). Therefore, the neutron results are limited to the data from
fission chambers. The rasults for this tast are shown in Fig. 17 for the nevtron measure-
ments and Fig. 13 for the gross-gamma measurements. We have ploited ti.» sum of the 2 neu-
tron detectors in Fig. 12 and the sum of the 4 ion chambers in Fig. 13.



The neutron data fall int. basically aix groups according to cooling times ranging from
4 months to 40 months. The burnup values within sach group are similar with the values
for the different groups ranging from 18000-38000 MWL/MTU. The unocertainties in the meas-
urements (15-20%) were greater than the statistical uncertainty and is probably due to the
difficulty in soourately pnsitioning the detector witl. respsct to the fuel assesmbly. In a
water media a l-cs positioning error can translate into an error of 10%f in the relative
neutron oounting rate. The errors would be reduced by having a neutron deteotor in each
Quadrant.

It is interesting to note that the data plotted in Fig. 13 appear (with the exception
of the 4 month cooling time data) to follow the following empirical relationship:

Count rate = a @ (Bul'nup)e

The data have not been correscted for cooling time. The fact that the short cooling time
data do not follow this relationship can be explained by noting that the 242Cm isotope
has a short half-life (163 days) and is an important neutron emitter for short cooling but
decreasss in importances Tor cooling times # 1 year. A functional relationship similar to
the above has been observel several times bafore.5,10

The gross-gamma ion chamber results also fall into 6 groups, We h e plotted the
average for each group with the error bars indicating the standard deviati for that group
average, The results exhibit a smooth functional relationship similar t. that found for
the decay power of irradiated fuel after discharge.ll

The data from the ring detector was recorded using a microprocessor-based data acquisi-
tioa system., It contained 4 independent ion chamber channels and 4 independent neutron
detector channels. In addition to taking the individual data, it averaged the data over
several runs and recorded the results slong with the time and date on an output terminal.

In general, the portability of the eleotronics is a desirable feature of safeguards in-
spection equipment. Therefore, a small (29 x 13 x 33 om) battery-operated electronics
package that oan be used with a neutron chamber and an ion ohamber waa developed. The
package is shown in Fig. 14 and a block diagram is shown in Fig. 15. While this package
has been used for single detector measurements of neutron and gamma fields, it can also be
used with the ring detector when all four neutron channels and four I.C. oharnels are
added. The ion chamber section oonverts the low level ourrent signal to a voltage level
which is amplified, digitized and displayed on the LCD display above the gain switch seen
in Fig. 14. The neutron signal requires a preamplifier which can be powered from the box.
The preamplified aignal is amplified by a snaping amplifier in the electronics package.
Those neutron pulses greater than a preset level are counted and displayed. The count
time is selected (0-9999 s) using thumbwheel switches on the front panel and the count
time rem:ining is shown by the display sbove the thumbwheel switches. This package weighs
approximately 5 kg and operates for approximately 24 h with a set of B alkalipe D-cell
batteries.

SUMMARY

Nondestruotive assay teohniques are indismpensible in the measurement of spent fuel
both for safeguards verification and in-plant control. The characteristics of irradiated
fuel that can be measured nondestructively are, among others:

1) the gamma activity from the fiasion produots,

2) the neutron sotivity from the transursnios, and

3) the burnup profile or activity profile.

Any safeguards verifioation system for spent fuel assemblies should include both gamma-
ray and neutron measurepents. HGRS and neutrcn measurements coupled with axial scanning,
either mechanically or through the multielemsnnt profile monitor, would give the most
detailed information regarding the charaoteristioa of spent fuel. For a simpler and faster
safeguards system, a devioce similar to the ring counter might be able to provide sufficient
detail to eatisfy lower level verification requirements.

The application of nondestructive techniques for the verification of accountancy by
national and international safeguards organizations is of primary importance, but it 1s



also of importance to the operator of tho reproceasing facility to ensure the efficlent
and economic operation of the facility. 1In oircumstances in which ownership of the fis-
sile material is t~ be transferred from the reactor operator to the reprocessing facility,
shipper-receiver differences ocould be resolved upon receipt ol the material instead of
wvaiting until analysis of the dissolver aolution. This would also permit the facility
operator the option of mixing fuels from different utilities to obtain specific plutcnium
and uranium isotopic compositions in the product raterials.

Information supplied by noncestructive measurements can also be used to augment in-
plant instrumentation for critieality control. The reprocessing facility operator would
benefit from the nondestruotive asaay of fuel assemblies as they are received in the
storage area, as well as s rapid verification of the assemblies prior to the transfer to
the mechanical shearing cell.
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Figure Captions

Figure 1

Schematic of experimental apparatus used to examine the LWR fuel assemblies.

Figure 2

Be(y,n) detector for measuring the high-energy ¢ 1660 keV) gamma activity

profile.

Figure 3

Correlation of the measured 137Cs activities with the declared burnup values.
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Photograph of a2 multielement ion chamber for obtaining the axial gross-gamma
profiles of irradiated MIR fuel elements.



Figure 9
Block diagram of the microprocessor-based portable electronics for the multi-
element profile monitor.

Figure 10
Photograph of the multielement profile monitor electronics.

Figure 11
The 'ring' detector. The active elements are shown outside of the waterproof
enclosure.

Figure 12
Plot of neutron count rate vs declared burnup.

Figure 13
Plot of gamma response/burnup vs cooling time.

Figure 14
Photograph of battery-powered neutron and gamma-ray ele~tronics.

Figure 15
Functional schematic of the battery-powered electronics.
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