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WOWDESTRWLYIVS DEITRMINATION O? WRNUP AWD ~LIWG TIMES OF IRRMIA- FDU M3=LIM

J. R. Philllps, S. T. !huo, R. Kaleda, D. H. Lee,
J. K. Iialbig, E. G. Hed Lna, C. R. Hatcher, and T. R. Beme~t

Loo Alamm Scientific L.ebcratory
Unlvarsity of Cdlifornla

Los Alaaon, Nev MQXICO 97545

Abet: act

No ~ppllcabtllty of :onde~tr,~ctive q-a-

:ay and ?mtron techniques for Me =haracteri -
zatlon of irradiated fuel sasembllea haa bean
investigated. Conoiatency of relative coolinq
times can ba verified using specific isotopic
ratioa. Tha axial activity profilen of aaaem-
bli~a have b~en meaaured using a variety of
detector9. Oeclared burnup valuea for .~. BWR,
and PWR assembllse !rav~ been correlated wtth
Ehe 134C9,)137C9 and ~54Eu/1~7Cs :Sotaplc ratioa.

. . Iat:oductlon

The safaquarda groups St the Las Alarms
Sclentlflc Mboratory (ML) have been actively
:avestlgatinq nondestructive tecbnlques for the
charscterizaclon ~f irradiated tuel as!aembl Aee.
At p-esent there ioes not qxist an applicable
nondestructive technique for directly measurinq
the Eia. aiLe content and iR particular, the ?lu-
?onium content in ~rradiatod fuel assembllea.
Thee. valuen can be inferred from the burnup
values which can be calculated indirectly from
maaaured qama-vay and neutron siqnaturea. We
have invest lqated the correlation of these in-

direct mQaaurement9 over apacific rsnqes of de-
nlared burnup values for Materials Teatinq !teac-
:or (HTR) , Bolilnq Matqr Reactor (BWR) , and
pre~surizgd #~,tgr Reactor 1~) fuel saaembl~es.
me :?lationshlpa +ave bOOn quantified by using

?~tablished staristlcal Mchniquea. This report
;,mnnar~zea some of the more i~rtant :eaults

and conclu910r. a of the spent CUQ1 ~xamlnation
prqram 3t LASL.

W9 have lflveatiqat?d the 3ppli:abl:lt’f Yf
:ondestructzvq Iamma-rsy and neutron methods far
?he ‘@riflcat:yn of declared trradlation +xpo-

,::r~ af f,uel aasembllea. The ‘)nrificatlon of
!:rwllated f,Jel acsombliea :an Involv- :-a ji3-

t:nc: :eve 197 qualitative ‘verificsticn and
qu3nt::3tl’:= .Mr!fication. l iualitat:ve
./nri.lcatlon ~nvolvea the Ljantlf:catlon of the

mater~al la lr:adiated f:aaile mater i~l, whik
che quantita-i”te verification raqulr~s the !neas-
ur?ment. of parameters whicn can be rela~ed !0
bu-nup #rid/or plutoni,~m content. The quallta-
:!O)? ,~~rlflcntion can b- Accomplished by ?stab-
ilsnlnq b.iat the fuel mat@rl!l canta ina ?he
app.~orlate mixtur~ ~f ?iaaiun product gamma
:~ys and has s rqaaonabie L9vel nf neutrrr

emi93ion. @i4ntltntiv~ .lqrit!catlon :s mr3r@
!lfftcult lr. that the :elstlonshlps b-?woen ?~n

amaaur?d garmatera and h.urnup must be ?srab-
::~hcd and quanti?i?d. In th13 Iavmstlqat:m
4 hav~ attempt9d 50 14entiSy :he meaaurmll?
narimqryrg that ~F.cw ?rl@ beat ,:orrelacl.>nsi ,dl:+

,iec:arwl ,:sld=a.

This ln~.’~stiqation i3 basically fivtdod
L:to thrqo wrct ions. The first Yect:m :.1
:cncorned ‘dith checking th~ ?el,itiv~ :ona i a-
tency cf the c!sclartd cmlinq Elms. Aa both

the gamona-ray and aeutron Slgnat,urqa Ir- Elme

dependent, zhe “~91uea must 30 corrected :o a
gpecifled tme before ctmparlsons can be per-
?ormad. ?he second gection involves the rapid
measurement of ~.he relative burnup profile of
the fuel aaaembly. This Profile 1s then uaad
aa an integrating function to determine the
total burnup of the asaembly. The third section
diacuaaes the correlations betwen both the
spectral unalysia and the neutrm results and
the ~eclared burnup values.

2. material and !4athr.d.

To investigate the applicability ~f non-
destructive ganma-rsy and neut:on techniques far
t!re characterization of Irradiated materiala, w
have examined three ?:@es of fuel aaacmblies:
.Materiala Testing Reactor (WI’R), Soillng water
Reactor (BWRJ , and Pressurized Watar Reactor
~PwR)o The specific ranges at operator-declared
burnup values and declared cool~aq times for the
aaambliea examined are listed in Table 1.
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Be(./, n) detector Cor faeasurinq the !iLqh-
energy (> 1660 keVl gaama activity profile.

Figure 1.
Schematic of Pxpf?rimental apparatua ,,~ed to

~xamine the 9NR fuel aaaembllaa.

spectra, the prlnc] pal qenma :ay with Sn ener~
abov~ 1510 1560 ?eV ?Fir?shold ts the 2186 4PV

gannna ray of 144Pr. ~E LJ4pr Lsotope hsa
a “!ery shor: half -Llfc ftL,,2 = 17.3 mln) and
i3 Ln secular squiiibrium ,~l~!l 1:9 parent
144Ce (2B4.j d). Therefore, tae Be(’{, n) ~rf3-
file is ~saentlal~y the profile of ?he ~+ Ce
.mraal rllstrlhutlnn.

The :elative neutron qmiaslon rar:ee of the

Irradiated .~naembliea were meaaured ,uainq 235U
Cisslan cha~ers with kadinqa rsngia.q from 35
~ co 1.5 g. The actuel ftsaion c!ramber used
depended ‘upon ?.he neut:on sour~e iatenait:l of
she fuel aasemblj’ 39 WPL1 36 the .iource-?o-
tet9ctor Iistancem

3. Gamma-Ray RgSuJt~

R? LatilJ. Efficiency Correc?ionq For tha BWR
and PWR aaaemblien the rel~tive ef:ieiency wan
calculated at each ●rtal poaltion to detarmlne
lf 1? differed significantly between individual
positlona on the aam~ aascmbly ~nd if it cllf-
Cerad alqnificantly between l~dividual :l~el
tsaerrblloa. The ralstive ●fficiencies were

;;;ei~~;;~ ~~~;;, t;;dr;ii;;”’;a;~ ~;~;tiea=f

lines. statistically the results indicated that
:Se :elativo ●fficiencies did not slqnlficantly
ehanqe within @ach @xorcioe. The variability
of th* egflclenciea 5et*en 3pacifiC mlal pOSl-

?ions did not vary by more than M- ‘uncertain t-~
he to eountinq statisttca from :!ie .neasur~d La-
:enaltiea. [f Lonqer counting tlm~a were ,us~d,
3 differ .?nce may !rave %en a~tected. Thersfore,
?!’re net qr~as Sor s11 :he f.~11-~nergy peaks ,~re
corrqcted for differgnceo ifl the :elat~v,, detec-
tion ●tt’ictencies lusinq the ‘34Ta :?su1?s ~nd

norrcalizinq ?a the 604.6 feV gama-ray ilne.

Consist.ncv Of Declared CCOLLnq Times. All
of tha meamrrable qanane-ray snd nelutron .~iqna-
turec of irradiated fuel aaaembll~o are func-

:iona af timedependent vsriables. Theraforn,
:he meaaur~d parsmetars ‘nuat !m correc?ed tor
:he cooling timer prior to flats tnterpretatlon.
We have aelectad Me date YC !lscharqe f:cm the
reactor aa :he date so which w have cor:ected
all of the gamma-ray re~ul:J. TO ?vl Luate the
consistency of declared cmllng times, the fsL -
Iowimq rronlinaar modol r?iatlnq measured activ-
1t’!:atioa :0 cooling time:~ waa used:

vhere ~1 is the decay constant, .\:, She

meaoured activtt:j at time Tc, !nd Aoi la ths

!, .)



statistical :echniques wero ~emd so quant:fy :hQ
ratlom chat mrrelated w:L with zhc d=lared

~;::2i?t:&,z:c;s:~:;; s;:;:;.:44pr’

lat. tha bbst. The avoraga percent differences
between tho declared cmlinq timw ml :ho :e-
gresaion equation were 2.7* and 5.3* rcspec-
:lvely. The value 3P Aq/bi 12 48WBad :0

oe a constant. ThLs ●pproxwticm appears :0
* mcepteble for the ease of MTA f!Jel Maem-
alies ●xxmined but may not 5e :eadily adaptable
to LWR C,JO1 aam~lles. Figure ~ shows the
mrrelation betwa ?h@ meanured :44pr,137ca

activity ratio ●nd the declared cmling times
fcr seven ~ fuel ●asmmblies with cooling times
OC 562 days to 1456 daym. ~is type os analyais
muld indicate the prenence of ● r~latlve mean-

urad value Lylaq outside of specified limits.

l’% :e.gression Line ac wll ~s tho 351 confi-
dence boundn are plotted In ?:g. 1 to Ladicate

the level of correlation. It shm:d % Pointed
cut t?ia: the actual cool Imq ?Imes haw not kr~n
cletermlned, but rather ?hat all the meamured

parsmat. rs are inter nalpf consistent.

tiial Actlvltv Profiles. If a :apld tech-
aique for accurately mmasurmg the axial wrnup
profile of a fuel asmembly can bo dev~lo~d,
then a detailed meaauremant can Be performed at
one l~ation and can be ?elated to the ●tire
amse-ly by ueinq the profilo 4s an lntaqratinq

function. w have invemtlqatad the app Llca-
sllity of various nondestrxtive :Qchniquen:

Lon chambers and CdTe 3etectors operated in the
current mode, and CdTe and qermanium detactars
s9 q:oss game counter~. Actlvxtiem memmured
by these tochnluuea wre compared with the rela-
~i.,q 137 Ce isotopic actlvit’ determirrti from
the qerrnanium system. The ~37Cs profile was

assumed ko be the hast predictor of the bur~up
profl-...

.

I. . . -.. —.-— .—..—

Figure 1.
CanUari30n of the ?eclared cooling :im~a af

.MTR fuel sss@mbLiee .lnd :hq calculated
regr-e.sion wquation.

.#I,,we%’?arlsons YE -he Ion chamer :eeults

Cs 3c?:,/lt:/ p:o:llos have Emm
prevLoualy re~r:e,j.] fie ~L\rrel~t~, be-
pwen :~e 1)7cs pr~fi:eg ~nd ~~e B@(.,,n) pr~

files ?or the WR aasembl~e.; wre vsry qood.

WI:9 over 919 of ?he varlaol:ity ~n the ‘37CS
prof~lem bminq ~xplamed W ?he 3e(Y, n) profile
‘Fig.41. A .~arison of tne groan q- oro-

files and the ‘3 2s profilee she-d that only
649 af the vmrlabillty in the 1]7Ca Profilee
can be explalrred by :he groes qemu profile.
For these BUR aasemblieo the maxima of che grone
gmama profilet appear to be shl~ted touarde :5e
lower ●nd of the fuel ~msemblles when caapared
to tho 137Ca and 144Pr profileo.

Am dlscuamad prevloualy, the B8(Y,nl detec-
tor is primarily responsive to the ’44%

which is Ln secuiar equilibrium withsctly~& parent l.’otopm (=lf~
She ● ● 2S4.5 ‘1).

fi.e Be(.~,n) profilq will be Influenc
13~,y:;12the :?cent flux profile, than the

::./ profile (tl,,2 ■ 30. 12 :Jr) , therefore, the
:DSULCS gh~ld h lncerpreted CautlOual./ whan
r!re lrradlatlon pOrlCd 1S LOnq rehtl Ve tO the
144C* ~alf-life.

Relstlve Burnuu .Haasurements. All the ?rom-

!m?rtla :ays of the Cisslon prtiuct spectra
wer - correlated directly with the declared
burnup values. In addlt!on, selactad Lsotopic
ratioa wre alao eveluatad am :0 their linear
correlation with tha declared burnup values.

The accuracy of the declared burnup val
estimated to be approximately 59. ~*Yf7cye

relative activitlas correlated with the declared
burnup valuee for the MTR, BWR, and PWR fuel
aasemblioa with the percent average differences
from thm regression quatlon of 2.59, 12.3*F
and 5.19c rem~tively.
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EactI of tna qaeana-ray “Jari&bl?s, glnqle
Peilka and rccioa, -c* corrqcted ,uslnq the
w~rator-decl~lr~d Cooltnq tlmea to thm JCtl’Ji -

t: a present, ,.IC the FI,WJ of ~~scharqn. The
13~c~ ~ct:vit..~ corra L#ted v~ry -11 with the

declared burnup vmlues SE La indicated in Fiq.
5 for t!m PWR aasemblinq. Similar ly, me linear

cor:elatlons c,E the ‘34 Ca/137h and 154 Eu/1J7Ca

(L]4Cg or 154ELI). A(l~7cn)g (2)

dnd the.?~t~oa ‘could bn Iirectly :nlat d 50
burnup. >’o’ One lsaurnpt:on r~qui:ed ?or

:haso mrtpartaon~ 19 ?hat :her ~ waa ac 3iqnif L-
c.qnt 5iffer@ncm :3 :h~ .1x111 mi3rsticm pcaper -
claa 3f :he~m !sotope9.

When the ratioe sre correct?d for :h19 aon-

linear relationship and correlated w1:!! th~
declared valuea, the averag@ dlffarencos do not

134ca . A(137C9]B

154Eu _ A(L37C~)B

.,.

—..

I-w I( III II(NI114 VL L:; 11’/

.-—
I

I

..,4

.. “

**
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Figure 5.
correlation of :ho meaoured lj7ca activl-

tlee with the iecLar9d burnup ,valume.

.r. Neutron Reault9
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9perator hclared Axial position
Aaeamb 11 ~--j~ ~ g

BWR-1 4356 0.1195 ~.012 0. 105~0.0i2

D54R-2 :3332 0.353:0.037 1.273fi.043

-3 15264 Y.586fl.072 4. 141@.077

BUR-4 17122 ].gnOq.075 5.017fi. oa5

9HR- 5 17814 4.215 ~.078 5.420 ~.088

Powar Relationship: COUnt Rate - 4(Burnup)2

BWR : ?hrmuqh 5

Declared
Hurnup

J NtlD/.$tTU)

7400

9760

3840

11450

PERCNT
FOR SPECIFIC

4.)2 4.a6

238g *la Pu——

1.01 0.40

0.50 0.36

10.49 0.4L

0.16 0.42

TABLE V

CONTRIBUTION Tt3 Z9TAL
IBoTCJPES AT A CWLING

2J92U

LO.’iG

5.84

5.33

3.80

5. Conclu9inns

A ‘lar:.etm{ .nc -rmdest:,lctlve :echnlque9 havq

been lnv-st:gated ‘o -val:lat~ :helr appli=abil-
,.:., :0 the cha:lcrqr:zatlon of irradldt9d <,JPL

3s9eti Lies Far :a5-quard9. P~9siv* Iamma-ray
.Ind Ieurron ?ecnnlques have h?en correlated
withoperi~or-declar?d burro Jp valacs to 15en-

tlf:-’ 55P :~ri~bl-s .dhlch 5*st ●stlmate these

valuefi. ?or fuel issembl lee hdvinq similar
irradiation histories, !he ‘37’~3 lC?l,J it,{,

the ~j4Ca/137Cs :atlo, md the L54Eu/l17Ca

rat~o cor:elate well with the fleclared kwrnup
value~. For PwR ~ssernblles the averaqe d~ffer -

errces ~etween the burnup vqluan mwided w the
fscllity oper3tor and the :alativ= hu:nuu ‘~al,ues
calculated L’:OM the regression equation :snged
from 5 :9 ?*.

VarioJs :echnlques wer~ IJSd ?O nea:]ur~ the

eslal burnup prGfiles I:C the 39sembl~~9. %.e.~e

:eeults were comparad to the Ixxal ‘]7CS ~cEtv-

ity profile, which ~am ssaumed t~ provid~ ?%
best sstlmata of chs burnup proi’l:e. T:,@ r?la -

ijye 3e( ,,n) profile m+nparmd Esvcrsbly with We
‘Cs profile, while the groes qarmna profils

compared less favorably. ne Bei, n) meEhcd

provi~es a :apifl technique for obtaining an in-
tagratinq function which can be JSC la conj’Jnc-

tion with the moro detailed ●nalyses to obf.aln
the average burnup of the ●ntire assembly.

g 3.-

0. L155. CJL3 2. LOd@.3L2

L.264~0.342 9.aoo~o.334

2.656 yl. IJ62 f3.3~6&3.93JJ

3.769$.073 L.317fl.043

4.3oJ3@.078 2.915~.054

4.17

WUL’RON RATE
Tin?! 3?2. ~’fEARS

2.30

242m 241h 242m
240Pu _ _ _ _~44Cm

37.20 L.jl 4.10 15.04 10.35

26.55 1.68 3.48 13.60 47.93

25. L1 L.57 3.d5 L5.51 47.66

22.66 L.a4 3.42 :5.60 51.33

The lnal’f91s ~f the neutron resu::s tndl-
cate that the relative count rat@9 may >e :e-
i ~t~d to the operator-declared buraup “~~i’~e~

for rs9tricted rmqes of kmraup. Neut:9n 3:’?-
racur~s sr? lmport3nc X3 that :hey :an 3e ~sed
:3 ,vertfy she axistence of !’!9eionabLe mater:al
whereas qamna-ray tachnlques :an ,only “Ierlf’f ?%
presence >C Eis.,elon prsduc:s.

Any 3afwquards .:erlfication syst?m for
irradiated Fuel saaerml:es ~houid include Seth
garmna-ray and neut,!on mea9uremenc t9chnJque9.
The conslstenc’f af opermtor-declared vQlueo of
i?:sdiation history of a set of Irradiated f,~e!

assetilien can 3s vertfied ‘uainq :bese aonde-
Str-JCttVetechniques.
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