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NONDESTRUCTIVE DETERMINATION OF 3URNUP AND COOLING TIMES OF IRRADIATED FUEL ASSEMBLIES

J. R. Phillips, S. T. Hsue, K. Kaieda, D. M. Lee,
J. K. Halbig, E. G. Medina, C. R. Hatcher, and T. R. Bement
Loms Alamos Scient1fic lLabcratory
University of California

Los Alamos,

Abstract

The ipplicability of rondestructive gamma-
ray and neutron technigques for *“he characteri-
zation of irradiated fuel assemblies has been
investigated. Consistency of relative cooling
times can be verified using specific isotopic
ratios. The axial activity profiles of assem-
blies have baen neasured using a variety of
detectors. Declared burnup values for MTR, BWR,
and PWR assemblias have been correlated with
the 13dcg 13725 ana 154Eu/137Ce ;3otopic ratios.

.. _lntroduction

The zafequards groups at the Los Alamos
Scientific Laboratory (LASL) have been actively
investigating nondestructive tec-niques for the
character.zation 2f irradiated tuel assemblies.
At D-esent there Jomg not axist an applicable
nondestructive technique for directly measuring
the fissile content and in particular, the 2lu~
=onium content (n irradiated fuel assemblies.
These valuea can be inferred from the burnup
values which can be calculated indirectly from
measured Jamma-ray and neutron signatures. We
have investigated the correlation of these in-
direct measuraments over spacific ranges of de-
=lared burnup values for Materials Testing Reac-
=or 'MTR), Boiiing Water Reactor (BWR), and
Pregsurized Weter Reactor (PWR) fuel issemblies.
The zalationships have been quantified by using
eqtabl.shed stariatical tachniques. This report
SUmMmari1zZes some of the more important results
and conclusiors »f the zpent fuel axamination
oragram at LASL.

We have 1nvegtigated -he applicability of
=ondestructiv® jamma-riy and neutron methods Ior
-he veri1ficatisn of declared irradiation expgo-
inre Af fual assamblies. The verification »f
irradiated rfue]l arsemblies —an involve =wo dia-
-~inct lavelsr jualitative verificaticon and
Juint:-acive varification.! Zualitative
veri.lca%i1mn involves the identif:i:cation of the
material as irradiated fiisile matarial, while
the ‘juantita*ive verification requirsea “he meas-
Jurement nf parameters whicn can be relared "o
bu-nup and/ar plutonium content., The Jualita-
tiva ueri1fication can ba accomplished by estab-
i{3ning ~hat the fuel materi1il contains he
anprooriate mixture of fiasion product jamma
-1ys and has 1 reaaonabie leval Nf aeutro-
amingion. Quantitative verification :3 morn"
HEficult 1n =hat the zeistionships batween -he
meagurad varameters and hurnup must be nyrab-
{i1hed and juantified. In rhi3 1avestijation
-~ h3ve atteamptad -o identify -he meaguraonle
narinersery that shcw “nw best <correlacisna wi=h
declared values.

This i1nvestiqation i3 bamically 2ivided
into three sectinns. The first sect:ian 4
sencerned with checking the Telative zonsia=
rancy <f the daclared cooling times. As bHoth
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the jJamma-ray and neutrzon signatures ire "ime
dependent, =he v2lues must de corrected o 2
specified “i1me before comparisons can bYe per-
formed. The 3econd 3ection involves the rapid
measurement of khe relative burnup profile of
the fuel assembly. This profile 18 then used
as an inteqgrating function to determine the
total burnup of the assembly. The third section
discusses the correlations between both the
spectral analysis and the neutrsn results and
the declared burnup values.

2. Material and Methcd.

TO i1nvestigate the applicability 2f non=-
dagtructive gamma-ray and neut:zon -echniques for
the charactrerization of 1rradiated materials, we
have examined three t/pes of Zuel assemblies:
Materials Testing Reactor (MTR), Boiling Water
Reactor (BWR), and Pressurized Water Reactor
(PWR). The apecific ranges of oparator-declared
burnup values and declared cooling times for the
assemblies examined are listed in Table T.

TABLE :

RPADIATED FURL ASIDLIZS DUNIAED

wrmy Zamkine 34 :
Jugnyp Pande z20ling SiFe JIVTTPLRL-TTHIVTY
W 27.4 - 118 ac.d 118 - 1498 days 93y 3357
IR 4196 -~ 8804 em/MTT 119 - 1449 fays i.3-4.50 %0
AM 54 - 1213 mo/wTD 40 - 328 faye 1.2-1.4y 3331
WA 400 - 11430 WND/MTY 327 - 530 days YT LE]
MR “400 - 12300 WD/NTU 337 = $30 zave 1.52% 2

The Jamma~ray -echniques -4anqe’ “.om -he
simplicie” of 10on chambers to :» 3. ‘.exity »f
high=regao . ytion Jamma-cay spectroscop’, while
the neutron technique was restricted to the use
nt 435y rig910n chambers. A tyoical experi-
mental configuration for a reactor ipent fuel
storage facility {3 shown in Fig. 1. Complete
Jamma-ray s3pectra were collacted at apecified
axial positions on the fuel asgemblies and
analyzed for comparison to *he other profile
moni*~r systems. Also, the gamma-ray data was
correlated with the operatcr-declarad burnup
valies and co0ling *imes to verify %he consis-
“oncy naetween tha declared values ind rne
measured parameters.

The X131 3rnss jamma activity prof:les
wern measured uaing 1o0n chambers, ~admium
tallurida, jermanium, aind 3a/v,n) detecsors.
The 3e( /,n) detector Tig. 2) 13 orly gengikive
C -jamma rays with with eneraisg Jreater than
e 1560 keV “hrashold for photoneusron pio-
duerion {n werylilum.2 Neutrons produced in
the 3e 1r? thermalized bv the polvethylene and
area nounted in the fisdion chamber This z=ar=-
“icular detector 1s relatively {n9ansitive to
Yigh gamma-ray fluxes. In a fiasion product
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Figure 1.
Schematic of experimental apparatus ised to
agxamine the SWR fuel agsemblies.

spectra, the orincipal jamma cay with an energy
above %he 1560 xeV rhreshold 13 the 2186 keV
gamma ray of 144pr. The U44pPr i30tope hza

a ery shor: half-life fty 2 = 17.3 min) and

13 1n secular 2quiiliorium w1*h 143 darent

l44ca (284.5 d). Therefore, tae Be(v,n) pro=
£ile i3 aasentialiy <he profile of the ¥3rce
axial dAistribution.

The celative neutron amission ra:eg of the
irradiated »ssemblies were measured using 235y
fizsiosn chambers with lcadings ranging from 15
™ to L.5 g. The actual fission chamber used
depernded apon the neut:on 3jource intensity of
the fuel assembly 13 well 15 the ;ource=to-
detactor 1istance.

3. _Gamma-Ray Rasults

Relative Efficiency Correctioni PFor the BWR
and PWR assemblies the relative efficiency was
¢alculated at mach axial pusition to determine
Lf 1t differed significantly betwean individual
positions on the 3ame assembly and (f it dif-
fered significantly between irdividual fuel
153emblind. The relative effic{ancien ware
dete{gined J31ng the ralative intansgities »f
the 194y, 106pp, 4nd l44p: gamma-ray
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Figure 2.
Be(+,n) detector for measuring the h1gh-
anergy (>1660 keV) gamma activity profile.

Lines. Sctatistically the results indicated that
the relativa efficiencies 4id not 3ignificantly
change within mach exercise. The variability

ot the efficiencies bYetween spacific axial 20s1-
“ions did not vary by more than "he uncertainty
due to ~ounting statistics from -Le measured 1n-
“ensities. If longer counting %imes were 'igsd,
3 4ifferance may have haen ~“atected. Therefore,
~he net armas for 3ll =he fill-energy neaks were
corracted for differances i1n the relative datec-
tion efficiencies using the 12473 rasulss and
norralizing %9 %he 604.6 eV jamma-ray :ine.

Consigten Declared Cco Times. All
of the measurabla gamma-ray ind neutron 3igna-
turas of irvadiated fuel asaembl:es are func-
tions of time dependent variables. Thersfore
the measured parametar3a must be <orrected for
-he cooling times prior to <ata interpretation.
We have jelected the date >f diacharje f::m the
reactor as “he date -0 which we have corracted
all of the gamma-ray reiulty., To avaluata =he
consistency of Aaclared cooling timesa, *he f5!-
lowing nonlinear model relating measured activ-
1t7 ratios -0 cooling -imea was used:

A, A
Tec = T f\ ln ,\—1 =2 3]
i i el

where \; is the decay constant, A, “he
measured activity at time Tc, and Ayy is ths



activity at Te=0 for the 1ch isctope. Various
statistical “echniques were used o Juanti:fy the
ratios that correlated well with =he declared
Fg?linq times. The 1sotopic ratios of i44pry
[37cg and 106Rn/i37¢4 appeared to -orre-

late tha best. The averagse percent differences
Setween the declared cooling times and -he re-
gression equation were 2.7% and 5.3V respec-
tively. The salue af Agj/Aoi !t assumed %o

oe a constant. This approximation appears -o

be icceptable for the =ase of MTR fuel assem-
Slies axamined but may not de readily adaptable
0 LWR fuel assemblies. Figure ) shows the
sorrelation betwean the measured -44pr,/l37cs
activity rati10 and the declared cooling times
for seven MTR fuel assemblies with cooling times
of 662 days to 1456 days. This type of analysis
Zould indicate the presence of a realative neas-
ured value lying outside of specified limits.
The regression line as well 13 ~he 258 confi=-
dence bounds are plotted :1a Pig. 1 0 1ndicate
the level »f correlation. It skould be poirted
out that the actual coolirng ~imes have not bHeen
determined, but rather “hat all the measured
DArameters are internally consistent.

Axial Activity Profiles. If a rapid tech-

nique for accurately measuring the axial curnup
profile of a fuel assembly can be devalopad,
then a detailed measurement can dbe performed at
one location and can be -elated %0 the antire
assembly by using the profile as an integrating
function. We have inveatiqgated the applica-
2ility of various nondestructive -echniques:
1on chambers and CdTa detectors operated .n the
current mode, and CdTe and jermanjium Jdetectors
19 92088 gJamma counters. Activitiss measured
by *hese tachnicques were compared with the rela-
tive Cs isotopic activity determined from
the jermanium system. The Ca profile was
assumed to be the hest predictor of “he burrup
profi.. .
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Figure 3.
Comparison of the Zaclared cooling “imms of
MTR fuel sasemblies ind “he calculated
regrassion equation.

The comparigons € =he 10n chamber results
with ~he +2/Cs acr:vity £rofiles have been
Previously repor:ed.3 The sorrelat- -ons be-
tween the !17Cs profiles and the Bef.,n) pro-
files for "he 3WR aasemblie; were vary jood,
with over 918 of *he variapility 1n the :37Cs
profiles being axplained v rhe 3e(Y,n) profile
‘Pig. 4). A ¢ arison of the Jross Jjamma Dro-
“tl1as and the :1/Cs profiles showed that only
64% of the variability 1n the 117¢s profiles
can bYe 2xplained by the Jross jamma profile.
For zhese BWR assemblies the maxima of the gross
gamaa profiles appear o be shifted towards :=he
lower end of *he fuel assemblies when compared
to the 137cs and 144pr profiles.

As discussed previocusly, the Be(Y,n) detec-
tor is primarily responsive to the l4dpy
:ct1Yi£y which i3 1n secuiar equilibrium with
the **“Ce parent 1s0tope (%),; ® 284.5 ).

The Be(v,n) profila will be 1nfluenc more by
*he recent flux profile, than the 13708 activ-
12y profile (%y,2 = 30.12 7r), therefore, :he
results should be i1nterpreted cautiously whan
the irradiation period is long relative %o the
l44ce nalt-life.

Relative Burnup Measurementa. All the drom-
ment jamma rays of the fission product 3pectra
wara correlated directly with the declared
burnup values. In addition, selacted L3otopic
ratios were also avaluated as to their linear
correlation with the declared kurnup values.

The accuracy of the declared burnup valrs; wasg
estimated to be approximately S8. The Cs
relative activities correlated with the declared
burnup valuea for the MTR, BWR, and PWR fuel
assamblies with the percent average differences
from the regression equation of 2.34%, 12.13%,

and 5.1%, respectively.
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Bach of the jamma-ray vartsbles, sinjle
peaks and reeios, wer=s correacted usinqg the
opnrator=-declared cooling times to the activi-
r:es present .t the time nf lischarqa. The

Cas activit: correleted vary wall with the
4eclared burnup values as 13 indicated 1n Fig.
S for the PWR assemblims. Similarly, =he linear
corzelations of the 34as/13723 and 154Eu/137Ca
rat108 are presanted 1n Figa. 6 and 7, respec-
tively. I~ sach of the Dlots the 754 onfidence
bounds ite pregented. Table IT lists -“he zom=
parison of the declared burnup values ind -he
calculated va.ues from the measured :ntensities
colleczed 1t 1 1pecifiad axial position. For
=he PWR Eum| sssemblies the ixial burnup »dro-
fileam were relatsvely uniform through -he :cen-
rral reqion of -he aagsemblies.

The relationghip bhatwmen the ;3j0topic
catiog, 1347413745 ynd 15980/13703, and kne
daclared surnup s1lueg 3hould not necassar:ly
be linear over “nii ranga Sf burnup values. In
jelected MTR, 3WR, ind PWR assemblieq, ~ne -ela=-
{3n8h1p3 9f “he shielded 130topes, 1423 and
. ‘Eu; with rastect to :=he Trg wcriviey
ware lnvestijated bv measuring “he relativ=
axial profiles. The following ralationship was
avaluated,

(cy or 154gy) = a(l37¢cy3 )

with particular {ntaeraest .pon *he values of B,
Results of “his ainalysi3 1re prewnnted tn Table
III. [% i3 avident that the values of B 18 1ig=
aificantly less =han 2.0 for “hese ranaas »f
burnup. If =he value of B wers /2.), %han the
ii&:tion hip be?unen hurnup ind 1sotopic rat:os
na 37ca 0y 39py/137cs, would Se linear

and the_c3tjos =ould ha firactly ralated %o
Surnup.3*97 One agaumption raquiced for

these ~omparisona 13 -hat ther: was ac lgnifi=-
cant fifference :n tha IX11l Mijrition proper-
cies 3f “hase !sotopes.

When the ratios are ~orrected for :his non=
linear relationship and correlated wi=h the
declared valuas, the average diffacences do not

TABLE III

POWER_PELATIONSHI? 7F
3425 aNp 154ey wrmE 2277

3-Values
pael Moy o isdey
MTR .31 £ 9.11 1279 0+ 2022
BWR 1.54 £ 0.21 1.53 & 2,22
PWR 1.53 = 0.22 .76 « .36

l34cg o p(137cq)B

154p, » A(137r~q4)8
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Fiqure 5. -
Correlation ~f =he measured 13723 activi-

%“iem with the Aeclarad hurnup values.

jignificantl; improve. However, ovar 3 wider
range of burnup 7alues thi13 nonlinsarity <oulr
have 1 aignificant affect upon =he corrslation
2f “he .rotopic ratios =0 =he durnup 7alues.

Zaclh issembly was srienred 1n “Re 3ame man-
ner, that 1s, all rhe assembl:e2s were 3scanned
an ~he 3arme 31de. T2 avaluate =he 2ffect of
tha zelection of 2 spacific 31de upon the
results, sevaral fue] assemblies wera measured
on all four sidesa. Por -oth -he 3WR and FWR
agsembl:es, the sariabtlity in the Calculated
burnup values at the four 3ides wae aporcxi-
mately the Jame as “he variapnility betwesn
1ssemblies. These :zesults should be considered
18 tentat./e becavde >f rnhe Imall number =€
fuel sssemblies oxamired.

4. Neutron Resul:is

Neutrons sroduced by "he sportanancus fi13-
3ionirg ot actinide slaments ind proaducad via

the (1.nA reactinon on -89 can Jrovide 1 si-
nature which can be uyamsd %0 chiractarize 17-3-

diated materiais. Caiculatienally, it has taeaen
shown that f“ar 3 PWR 1sgembly "ha {(aterior rods
2f 3n agsembly ~ontribute rearly “he aame imount
to the %“ora. 'mutron emiasion ~3%t? a] ke axte-
rier rods.d The aimplicity Hf the neucron

Gy
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Figure 5. -
serrelation of *he measurad -34cg/127 g
130tOpIC Tatlos with “he declored burnup v3iues,

neasurement technigue mnakes
agtraceive for “he meusurement
fuel assemblies.

Hoth BWR and PWR assemblies have been exam-
1ned o investigate :he correlat:on petween
dmclared burnup valuas and the relative nsutron
emission rates. 9nly the reaylts of -he exami-
nation of BWR assemblies are .ncluded Jecause
this set 1ncluded a range of burnup values (4356
o 17914 MWD/MTU) with idsntical cocoling times.
Table IV li3ts “he measurement rasults ohrained
far a 1er >f BWR 133emblies with a range »f
aurnup ~“alues from 4156 <9 17814 WWD/MTU. All
nf “hegse fuel 3ssembl.es had “he lame cnoling
%:meg; "hi1s eliminated =ha problem of making a
zo0ling =ime correction.

A power zerias relarionship would be awxpec-
'ad t0 explain the ralatinnship berwean neutrcn
csount raee and *he declared LSurnup Hecause Sf
vhe requized multiple neutron captures %0 pro=-
Ayce =he “ransuvranic 150tooes which have been
thown =< ha -he mator contributora +=o the
neysron amis3ion -ate. Howevar, Decause »f “he
same number of data points 1 aimpl:fied Dower
ralar:ionghip between the measurad :cunt rates
~yar ) !;ni%ad regnge 2f turnup val:esg was avalu-
1ted at four xial positinong. The valum of
1t the following relaticnship

sar=icularly
of 1rradiated

ZJount Rate = «(Burnup) )
wag calculated for aach axial nesi<ion .Table
7Y, with she average ralue of 4.2 ¥or 3WR-2
*hr'1 DWR=5. 'y axpanding “he range of burrnup
*hi3 agsumprion fail3 as 13 avidenced Ly 1
7ale 2f 2.3 when the low-burrup assamhly,
3WR-1. t9 included 1n the 1nalvsgis.

e naroclam of variapility due %o the 1elec-
%1:M ¥ mMeadurement dJrientation for neut:ion
Teasureaments was inveat{qgatsd for osoth -he 3WR
ind PWR assemblies bv measuri-q the neutcnn
ami13sion rates from “he four surfaces. For 2ne
3WR aaserbly the ~ount rate aried =v mora than
~ha counting statistics Jdarending ipon whict
31de wag examined., This idditional variabilisy
mav have been the result >f varving the 3aource-
to-derzctor distance <nrresponding o :l.0 cm.
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Pigqure 7.
correlation <f =ne measured 54Eu/i37cs
130toplc ratios with *he Aaclared burnup 7alues.

The relative neurron Slux decreased by a factor
~f %en
liam of the assembly was increased from 12 %o
22 =m.
“1ith calculated values. The variability
meagsured for four ?WR assemblies was approxi-
mately the jame 18 “he stat:istical uncertainuy.
To eliminate the possiblity of any dependence,
1ponh which gide 13 meagsured, the neutron neas-
urements can be obtained from all :i1des by
rotating the assembly or bv 131nqg an annular
datector wnich measures the neutron rate from 3
rrnss 3;action »f the assemblv. Additional
Lnvestigations must 9e ccmpieted to 1llow the
somplete {nteroretation of -“he neytran measure-
tent3 and Sow -hese measurements nhould be
correlated with burnup ind/or fiszsile Zontant
€ =he fuel agsembl:res.

T~ :nderstand “4i3 zelationshi) Setter, 2 .°

in water as the Zi1srance from the center-

These measured values <ompared very well

irradiated ~i1n “ram an axrer:imental AWF aasempl s

“aa -een Jdsgtructively analyzed ov mass iden-
“rometsv and alpha spectrometry o determine the
-alative concentrations af actinides as 1 “ince
t-on of aurnue. From -hese measurumen<i
relati' e contributions =0 the =otal neunron
ratem for spacific i3otopes yce liated n Tioie
7 for bSurnup values ranging from 7400 o 11430
MWD/MTY tor a cooling =ime of 1.3 7ears whizh
was the cooling time »f *he assemrbliag li13ted :n
Table IV. The measurement 2rrors have renrn
agtimated to be 0.5% for Pu, 1.2V for
i42¢n, and 63 for “¥9cm. A3 =<an =e 32an
from Table /, “he neutzons Jrijitate vrirTaviLy
from she <40py (%12 % 4370 years nd wddom
255’: = 9,11 year3) with =he fract:on
Wep n rng@A1ng 13 JULNUR ircraaszed.
=i1re ~f ?lacharqge :he Silem {3otnpe 9
s minant contributor =5 *he feu=-nn rate,
with 3 relatively short hal:—l;:q,!f; A=
tayg) -ha ;onger-livad 1sotooes, 230By and
Hrn, become the nredominant contridutors at
cooling “imms grearer -han “wo years. From
Tabla [7, 3 digher value Af . would be expacted
as =he 1varage bur=up 73lims incrsagsed becausma
of *he “igher averace masa val.e of the -rana-
Jranic lsutopes.
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TABLZ 1V

RELATIVE NEUTRON COUNT RATES AS A TNCTION OP AXIAL POSITION

Operator Declarec

Axial Position

Asgemb L Burgnup--MWD/MTU A a c ]
BWR=1 4356 0.09540.012 0.105+0.012 0.115+0.913 7.108+0.312
BWR=-2 13332 N.953+0.037 1.273+0.043 1.26440.9%42 1.300+0.234
BWR-) 15264 1.586+0.072 4.141+0.077 2.556+0.062 0.716+0,236€
BWR-~4 17122 1.910+0.075 5.017+0.085 3.769+0.072 1.317+40.043
3IWR-5 17814 4.215+0.078 5.420+0.0088 4.308+0.078 2.9154+0.054

Power Relationchip: Count. Rate = J(Burnup)g

BWR ¢ =hrough 5

4 4.22 4.36 1.17 2.30
TABLE V
PERCENT CONTRIBUTION TO TOTAL NEUTRON RATE
FOR SPECIFIC ISOTOPES AT A COOLING TIME JF 2.4 YEARS
Declared
Burnup
MWD/MTU) ZJBU ZJBPU 2]9:,u 240Pu lepu ZJLAn zqzcn ?44cﬂ
7400 1.01 0.40 10.26 17.20 1.57 4.10 15.04 30.35
9760 0.50 0.36 5.84 26.55 1.68 3.48 11,60 47.93
3840 .49 0.41 5.33 25.11 1.57 1.35 15.51 47.66
11450 0.16 0.42 31.80 22.66 1.84 3. 42 i5.60 51.83

3. Conclusinns

A rariety 2f ~ondestriuctive “echniques have
been 1nvest:igated *n ~valiate “heir applicabijil-
ivvy %o the characterization of irradiated Zuel
asgemblies far safequards. Pagsive 1amma-ray
and aeutznn “ecanijues have heen correlated
with operitor-rdeclared durmup valies ro 1den=-
Eif7 =he arilbles which tegr estimate these
values. TFor fuel 1ssemblies having 3similar
irradiation hiatories, “he 37C3 ncrivity,
the +34cs/137ca ratio, and the 134Bu/137Cs
ratio correlate well with the declared burnup
values. Por PWR 13semblies the average differ-~
gnces bYatween the hurnup 7alues drovided by %he
facllity operator and -he -elative hurnup 7alues
calculated from -he regression equation :anged
from 5 %o 3%,

Various “=chniques wero used =0 Meanure the
axijal burnup 2rofiles =f -he 13semblizs. These
results were compared to =he ixial s AC%17=-
ity orofile, which was assumed to5 orovide the
Yesk astimata of the burmup arotlie. The rela-
Eige Se(v,n) orofile compared favcrably wikh *he

‘Cs profile, while =he Jross jamma profile
compared less favorably. Tre Bei-,n) method
provides a rapid technique for obtaining an in-
tegrating function which can be uac’ (a coniunc-
tion with the more detailed analyses to obtain
the average burnup of the entire assembly.

The 2analysis »f the neutron regults indi=
cate =rhat =he relati’e count rates nay >e re-
lated = the overator-declared burnup aliues
for regtricted rangeg of burnup. Neatzon 3:7-
satures are 1mportant :n that “hey zan be used
=5 vari1fy “he axistence of fiasjionable mater:al
whereas jamma-ray "echnijues can 2nly vezily the
2resence >f fission Products.

Any 3afequards verification system for
irradiated fuel issembl:es 3hould incluce s0th
jamma-ray ind neut:on measuresment techniques.
The consistency of operator-declared values »f
1rradiation history of a set of irradiated fuel
agsemblies can be verified using “hese nonde-
gtructive techniques.
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