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ASSTRACT

Nondeatructiva teohnlquen for characterizing irradiated LUR fuel
assemblies are disouaaed. This includes dateztlon ayatema that maaaure
the axial ●ctivity profile, neutron yield ar,d game yield. A multi-
elment prOTile mniLor has been developad that offern a aignlfioant
improvement in speed ●nd complexity over exiuting ❑echanical scanning
ayetm. New prtable deteotora mnd ●lootrom.ioa, ●pplicable to eafe-
guard inapeotion, arm prmented and reeulta of gmme-rey and neutron
maaauramants at oomarcial reactor facilities are given.

KEYWORDS: Nondestructive aaaay, ion chamber, flsaion ohambe:, axial
profiles, irradiated (aoent) fual, inatrumantation

INTRO~JCTION

Nondestructive aaaey (NDA) methods for the detomlnatlon of the fiaaile content of
irradiated nuclear fuels ●a needad to deteot diversions of fisaile materiala to weapons
uae. At the praaent time an applicable nondeatruotive tezhnlcye does not exist for
directly measuring the fianilo content of irradiated fuel arwmbliea. Instead, the
fiaaile content is rnmally infarred frm tidireot meaaurementa of the burnup by using
germs-ray or neutron ●ignaturaa.

Oama-ray a~ctrometry ha been investigated aa a maaaurement technique for determining
the burnup of irradiated fusla.l-u This method raquirea ● high-r.?aolution germanium de-
tector, ● multichannel anmlyzar eyetam and a maohanioal aoanning 8 stem and oollimater
●aaambly. ThrouglI theee Inveatigationa the f’iaaion produota, l$7Ca, 144Ce-Pr, md
l%@h and fimaion produot ratios 134Ca/~37Cs md lden-i~4~u/137ca have ben

tilled aa possible burnup monitors. One limitation of !Aia t,Nmique la that the intenai-
tiea of game raya from the interior of tha aea~bliea are auoatantielly attenuated by the
relatively dense fuel rode.

Groaa-~ maasurmmbnte arc m ●ltwnative to P mpeotrometry. Although the maaa-
u-ent la net ●ble to differentiate the preaenoe of apeoific f’iasion produota, it does
sense the high radiation flold that must be pfiaant in ● spent fuel ●aaambly. The maaaure-
ment ia alao ralativaly inmenaitive to the Intarlor rode beoauae of attenuation.



Passive neutron assay hes been identified as a potentially useful $nspection assay
method of spent fuel in a recent PeView2*3 and in the IAEA Advisory Group Fleeting.Q
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 game raya. Monte Carlo calculations have shown the interior
rods of PWHassemblies contribute nearly the same amount to the total neutron emission
rate w the exterior rods.s Therefore the neutron measurement is more sensitive to all
the .iterior pins In the fuel asaembly than is the gamma-ray spectrometry measurement.
Serw;ly, the passive neutron measurement requires very simple electronics and a neutron
detecsor an6 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 tee%
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-fZOlng investigations into NDA techniques, the Los Alsmos Scientific
Laboratory International Safeguards Group has been actively investigating NDAmethods for
the characterization cf spent fuel. We have performed investigations into high-resolution
Famma-ra, jpectrom”fry, passive neutron assay, and gross-gamma measurements. These inves-
tigations include. burnup correlations, new detector developments, and electronic
develop~. t.5-9

This paper will addres= some of the more re~ent developments in this program. We will
discuss v? ious methods f.r the measurement of activity profiles, new detection systems,
and port: !:. electronics for safeguards inspections and in-plant assay. Results of experi-
ments at b,(R an~ PWRfar’lities will be given.

AXIALACTIVITYPROFILE

Since the axi burnup of LWRfuel assemblies depends on many factors such as axial
power levels, burna~le poison rods, control rods, and core locations, the axial burnur
will not necessarily be the same from one fuel assembly to another. Jt is therefore
necessary to determine the axial burnup profile of each fuel assembly if an accurate mess-
ure of the integral burnup is desired. 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 perfo:~et 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 BWRand PWFifuel assemblies with a
high-resolution garmna-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 gansna-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 operator-declared burnup values.

The Be(y,n) detector (Fig. 2) ia sensitive to pmma rays with energies greater than
the 1660 !.<eVthreshold for photoneutron production ir, beryllium. Neutrons produced in the
Be are thermalized by the polyethylene and are counted in the fission chamber. T}!s par-
ticular detector is relatively insensitive to high gamma-ray fluxes. In a fissio,. product
spectra, the principal gamua ray with an energy above the 1660 keV threshold is the 2186
keV gezmra ray of Iwlpr.The 144Pr isotope has a very short half-life (ta = 17.3
rein) and is in secular equilibrium with ita parent 144Ce (t = 28U.5 day). Th;ro?ore,
the measured Be(y,n) profile ia essentially the profile of the i44~e ax~a, d~str~~~~~on

rhe 137CS 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
137Ca burnup correlation is shown in Fig, 3 where the 955 confidence bounds ate included,
The average PerCent difference from the regression line is 5.1$. Similar results were
obtained for the BWRfuel assemblies.
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TYP1OM1FUR end BlfR mximl ●otivity prdllee era sham in Figs 4-7. The Peek values in
Figs. 4-7 wem normalized to untty and minoe the detectors were not all at the same axial
position, the profil~ hMVO-n ehifted so that the peak positions coincide. The egree-
ment of the ehepea of the iom -bar rrofilea with both tho 137CS xnd the SO(Y,n) pro-
files are within ?IVS statietitml uncerteintiaa of the memurementa. Typioal ❑easurement
times for each point IIMS approximately 5 ❑in for the Be( y,n) and gemanium detector end
appmx-tely 10 a for the iar oMmber. The npeeti Or mwieu-ent Or the ion chamber and
the ●pparently mod agrwment with the 137CS profile (find therefore burnup) convinced us
that a cyst- oould be designed Met would ●llmhete the need for MOChSniOal acnnning yet
maintain measurement times Or ●pproximately 10 a.

MlLTIEL2MERTD~TOR

A prototype multielaant deteotor hms been desi~ed for measuring the profile or ruel
elements f- ● Materials Test Raacter (HTR) end is 8hown in Fig. 8. This detector
contains fifteen identically oonetruciad ion ohember ●lements equally spaced along its
length (90 cm). The dose from fiaaiofi produot ~ rays it! nensed es n curr.snt in ●ach
ion chamber Ol*nt and multiplexed by portable inatr~ntation. The offset current of
each el~ent has been maamuretl to be 5 x 10-12 amps.

A block dieg~ of the mioroprocemsor-based portable ●l{ ztronics fm the multielement
detector b BhownIII Fig. 9. The current from eeoh of the ion chamber elements is ampli-
fied by the current-to-voltage amplifier with es tranefer gain of 10-B A/k’. These
nignelo ●n? multiplexed to mn inetr=entetim amplifier whose gain is controlled by the
❑lcroproceasor end digit ized by the 256 channel AID converter. The microprocessor performs
numemua functions all Initiated via the keyboard. It oan oollect and c1nar data, average
data, provide ai@ala for the display of the profile, ~allbrate the system, output data to
a serial output, integrate the data between two ouraor settings, monitor and chenge the
high VOltage, ohange the amplifler ~ic, end perfom a progremable net of key funotions.
A photograph of the prototype eleotronice IS ahwn in Fig. 10. The total volume of the
electronics la approximate”.y .027 ms. It is possible by a ohmnge in software to rede-
fine the funotiona of the keypad and, in addition, to pemlt the electronics to be operated
under remote omputer oontrol.

The application of the mdtlel~ent deteotor to BUR end PHR epent fuel is etraight-
~orward. Such a ay8tem 18 in the design phase for an A.FRepent fuel etorage facility, and
will incorporate remote oomputar oontrol features, neutron detuctor, and Be(y, n) detectors.

APPLICATIONOF GROSSGM ANDNKITRONDETECTORSTO INSPECTION

Generally, large oomplioated systems such M high resolution _ spectrometry (HGRS)
and ❑ultielament pro~ile maltora am not easily ●pplied to routine safeguards inspection.
HRGS nomal:,y requires that the repent fuel aaeembly to be examined be isolated from adJa-
cent fuel hesemblies. Suoh isolation is not only time coneuming, but not always accept-
able to the f’coil!.ty ~rato-a. In addition, tha collimator esaembly, scanning eystem
(either ❑~ohenioal or Multiel-snt), ●nd locating eyntem are ●:eensive, oumbereome and not
easily and quiokly easembled ●t eeoh naotor site. To circumvent Lbeee drawbacks, a detec-
tor ayatIIM that mquiree minimtm fuel ❑otirn mnd no collimation has been developed. lie
have oonstruoted an annular (ring) detector that Incorporates both e gross gems measure-
ment ●nfi ● neUtrM MeA8UrSment. This deteotor 18 ehoun in Fig, 11, It 18 divided into
quadrants ulth Q neutron deteotor am mn im ohember in each quadrant. This detector is
designed eo that the fuel ●ssembly la positioned inside the annulus. The annular design
18 intended to minimize varimtime in signal response due to change in the fuel aesembly
to det.eotor aeparetim.

lie have teeted the ring deteotor on 36 spent fuel aa,sembliea at a oomercial PUR reac-
tor storage fatiility. In thin teat, two different types cf neutron detectors were exsm-
ined, a B-10 lined end ● flsairn ohamber. Each type MSS plaoed in opposite quadrants.
Both detaotore were 2.54 m diameter a 12.5 a lag. ihming the exmminstlone the B-10
lined neutron deteotora bat Sensitivity, presumably beoauae of the high-radiation f!. elds
present (103-105 R/h). Tharafo&, the mutron results ere limited to the data from
fission ohambera. The results f’or this tact am nhown in Pig. 1? for the neutron ❑easure-
menta end Fig. 13 for the waa-gems rnasurements. We have plotted tr,m sum of the 2 neu-
trm detactore iri Fig. 12 end the a= of the 4 Iar ohambers in Fig. 13.



The neutron date fall Intc MIoally mix mouPtv acoording to coding times ranging from
4 momtha to 40 Wmtha. The burnuP valuas within aaoh @OUP W’S SIBUU Vith the ml-

for tho diffmrent groups -ging from lBOOO-3BOO0PIWWMTW.The -~oertainties in the meas-
ummenta (15-20#) were g-tar than the statistical Uncertainty and is probably due to the
difficulty in ●oouretoly ~itiahg tbe dataotor Uitt. respect b the fuel eeaembly. In a
water media a l-cm poaitioming ●rror can tranalate into en error of 10S in the relative
neutron mmting r8te. The errors wuld be reduced by hevin~ a neutron deteotor in each
quadrant.

It la interesting to note that tha date PIOtted in Fig. 13 appear (with the exception
of the 4 ●onth 0C91ing time date) to follow the following empirical relationship:

count rate ■ a ● (hmmup)e .

The date have not Linen mm ●cted for cooling time. The f&Ct that the ahOPt oooling time
data do not follai this relationship can te explained by noting that the 2U2Cm isotope
hem a short half-lifa (163 daya) add la an important neutron ●mitter for nhort cooling but
decreaaes in lmportanoes ?or cooling tima >1 year. A functional relationship similar to
the above has been obeerved several times before .5s10

The grome-~ itm chamber reaulb also f’all into 6 groups. We h e plotted the
average for maoh WOUP with tha ●rror bare Irrdioating the standard deviatl for that group
avarage. The results exhibit a emooth functional relationship similar t. that found for

tha decay power of irradiated fuel after discharge.ll

The date f- the ring detector was recorded ualng a Mioroproceasor-based data acquisi-
tion eyatem. It oontained 4 independent im ohember channels end U independent neutron
detector channels. In addition to taking the individual data, it averaged the data aver
several runs end recorded the results ●long with the time and date on an output terminal.

In geneml, tlm portability of the eleotronica la a desirable feetum? or aafeguardm in-
spection equipment. Therefore, a -11 (29 x 13 x 33 mm) battery-operated electronics
package that men be ueed with ● oeutron otnmber ●nd an itm ohamber uaa developed. The
package la shown in Fig. 14 end a bloolf diagram la ahoun in Fig. 15. While this package
has been ueed for single detector meeeurnmenta of nautron end game rields, it can also be
used with the ring detector when all four neutron channels and four I.C. oh.mnela are
added. The irm ohamber aecticm omverts the low level ourrent signal to a voltage level
which is amplified, digitized urd displayed on the Lo dlaplay mbove the gain witch seen
in Fig. 14. The neutrcm signal raquirae a preamplifier wh!ch can be powered from the box.
The preemplified signal la amplified by a ehaping amplifier in the electronics package.
Those neutrcm pulaea greater than ● preaat level are counted ●nd displayed. The count
time la selected (O-9999 a) Ming thumbuheel awltcthes cm the front panel and the count
time rewining is &hOti by the display ●bove the thubwheel muitches. This paokage weighg
approximately 5 kg and o~rates for approximately 24 h with a eat Or 8 alksline o-cell
batterias.

SLIWIRY

Nondeatruotive aaeay teohniquaa are Indispensable in the measurement of apent fuel
both for mefeguarde verifioetlon end in-plant =nt~l. The characteriatica or irradiated
fuel that oan be neeaured nondestructively am, among others:

1) the ~- ●ctivity from tha fiaalon produota,
2) the neutrar ●otivity fra the tranauranioa, and
3) the burnup profila or activity profile.

Any safeguards verifimetiar By8tam for apent fuel aeeemblies should include. both gemme-
ray and neutron Deaaure=nta. HGRS and neutrcn meesurementa coupled with axial scanning,
either ❑echanioelly or thm.rgh the multielemmrrt profile ❑onitor, would give the most
detailed infometion regarding tha ohmraoteriatloa of epent fuel. For a ain!pler end ranter
aafeguarda ayatem, a davioe similar to the ring oounter might be able to provide sufficient
detail to catiafy larer leval Iwrifioatiorr requiramenta.

The &pplioetiOn of norrdaatruotlve techniques for the veririoation of accountancy by
national and international eafeguerde organl~at!.ona in or primary importance, but it ie



●

alao of i=portanoe W tk owmtm of thommomainu fmcilityto ensurettw●fficient
and WOil~C OPWatirn of th9 !%Oility. In Olroumetanoea in which mternhip of the ~ia-
aile materiml la * be tranAfarred f= tln reaotor operato~ to the reprocessing f’acilit y,
shipper-reoeiver difforencea muld b8 re801vod upon woeipt of the material inetead of
uaiting until ma.lyaie of tfw dieeolver solutim. This would also permit the facility
operator the oPtion of mixlns fuels from different utilities to obtain specific plutcnium
●nd uranitm ieotepio Oaposltima in tim produot raterials.

In fomaticm supplied by momeetructive maaumaents can mlso be used to augment in-
plant inatrwentati a for criticality control. The Mproceasing facility operator Would
benefit frm the nondaetruotiw aeaaY of fuel eaaembliesaa theyare reoeivedin the
storagearea,M wall AA ● repid verifioaticm of the aaaemblies prior to the tranafer to
the mechanical shearing oell.
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Figure Captions

Figure1
Schematicof experimentalapparatusused to examinethe LUR fuelassemblies.

Figure2
Be(y,n) deteotor for measuring the high-energy@1660 keV) gama activity
profile.

Figure3
Correlation of the ❑easured 137CS activities with

Figure4
Typical BUR irradiated fuel assembly profile.
coolingtime is 17 ❑onths.

Figure 5
Typical BWR irradiated fuel assembly profile.
cool.ng time is 10 months.

Figure 6
Typical PWR irradiated fuel assembly profile.
cmling time is 15 months.

Figure7
Typicai PUil irradiatedfuel assembly profile.
coolingtime i3 9 ❑onths.

the declared burnup values.

Burnup is 4356 MWD/t and

Burnup is 18804 MWD/t and

Burnup is 17776 MWD/t and

Burnup is 31851 MWD/t and

Figure 8
Photographof a multielemention chamberfor obtainingthe axial gross-gamma
profiles of irradiat~ MTR fuelelements.



Figure9
Blook diagramof the microprocessor-basedportableelectronicsfor the multi-
elementprofilemonitor.

Figure 10
Photograph of the multielementprofile❑onitor electronics.

Figure 11
The ‘ring? detector. The aotive elements are shown outsideof the waterproof
enclosure.

Figure 12
Plot of neutron count rate vs declared burn~p.

Figure13
Plot of gauma response/burnup vs cooling time.

Figure 14
Photograph of battery-powered neutron and gamma-ray electronics.

Figure 15
Functional schematic of the battery-pobered electronics.
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