
I
LMWt-73.226

t

c1

10s

xAEA@f”lx)f54

TITLE: m - OF ~ DATA IN TIsE!PRACTICALAPPLUATWINOF
l!ONDESTRUCTIVENUCMAR ASSAYBZTHODS

AUTHOR($):W w Thorpe

$UBMITTEDTo: Symposium on Applicationsof NUClaU Datain
ScioncsmidTachnolo~ (-/$24-170/54),
Paxtsa Ftanoo, March 12-16, 1973.

PltBPRINTFROM

2

I

alamos

NOT ICC
TMt rqwrt w

r

7,

psrod M WI Meoult: of Wurk

T
noomd *YW niwd 8taMs CMwomnm:, NWier

; c Unltd 8:stw w W Unltsd W.* Atemh 8nswY
Commlulon, nor my 9f shah ompl~vwl W MY ~
thok? eentrm?rs, suboonwo8tomof OIOlf .WWSY*~
nutw w wwrww OJIWU w lm@.dl w MWma sw
I.@ IM4W < r.spn.lbltlty fw tho swruy, aom~
plotonw w uufWst6 of sny Infofnwtlon, warstw,
prodwt or wow dhclwd, of ropra.nts Ma Its w
$vwitd not Infdnsa WIVWIYownodrkhth

DyMsoptmooof thisutiab forPuMoation, tho publlgtwr
foongnha tha Qowwnnmt’t(Mom) rl#w In .nv~yfight

wtd tlw OoworfwfwntondM outltedmdroproantotluoghow
iinroatdotdtight totwpdwo h wholtor Inpan Wd ortlofo

Wtdortnyoo@y@*tuourodby thopubww?,
,t”

of W Unlvordty ●f Cdlfomlo
LOS NAM08, MW MtUICO 07844

lb

w

About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov



Tiilt BOLE OF NUCLEARDATA I?#THEPRAOTICALAPPLICATION
OF NONDEWF$UCTIVENUCLEARASSAY METHODS*

M. M, Thorpa

Uniwrotty of Wlifornis
LosAlamosSchntific Labor-tory

Los Ahmoo, Mawhim 87544
Unitd Stat.. of Amcica

INTRODUCTION

Work porformd under tha ●usphoo of tha ?)SAtomh Mmr$y Comioabw



-2-

&hus~mch for new methods and signaturw.

PUBLPZNAEMAY

A numbs of fuel pin aasay ayatams etther
●arve ●s an illuat-ation of coma of this uses
tema m. fos th~ maasuxement of:

1.

2,

3*

4.

5.

6.

Uranium-235 contmt of LWRfuel.

complete or undas
of nucleu data.

development
These sy8-

Uranhs-235 content of LWRfuel and the detection of out of
●pacification fuel pellet8.

Plutonium content and l.otopic compositionof fast breader
&eac!t@r (Pluo fual.

Plutonium racycla LWR fuel.

Visaile contmt of irradlatad fual.

Uranium-23Scontentof LWR
poison.

Threo pzopmties of th~ system
important!

fuel which ●lso contains burnabl~

for measuring LWRpins●re most

1. lii~h thro~hput rate to take care of ● modwn plant capactty of
●voral hundred pins per ●hlft.

2. $enaitivity to all of tho fiootie material within tho pine.

3. Reliability.

Thm throc critmia laad to thechotceof tharmal neutron interrogation;
tha thoml ~luac ●uppliad by ● modorated ‘*sCf oourco ●nd thedetection of
prompt fiasionxwtrono from the thomal fiuiott of a~% furniohiq the pri-

**’Uttha major con$titwnt of LWRmarya~tu~o and diffarmtiation from
fual●

Thamod@ratorfos th~neutron ●ourc~muat provida ●ufficiant thmml
flux t thofud ahatmalwhileprovtdi~maximumdimrimination b~twccn 8$%
and *?% ●s wall ● mtnimisl~ tho ●ourcc atrm@h ●nd biolo@csl shialdiq
raquigtd.ThQ8onfisurationof soureo,modmator utwhlo ●ad dotactoro
waa opth~md by *Qliq th ●yotm on the c~utar uaia$ only ●o~h aatual
oxpmimmtathn to ●saura confIdanca in tho compuh.: ealculat ~ono [1], TIw
mathod of optimts~~ ● d,sitn by computw aalculationo illustrate. oxm of tho
mom tmportant uma of nuel~ar dsta ● Snput to aomputar coda. which provida
tlm ealculat~onal toolnacessaryto daalgnpractical nondaatruetiv~ ●omy
hotrummtat *on.

Th ●o.ay of ● fuel pin raqu~rcc ● matham id mlibration funution
uhiah d~.aribm ●. ●auratdy ●s poooibh thorooponooforvarioua mmiah-
●mto and y~t i. aiapla ●noqh to pmm~t on-lha data raduat~on, Aaalyoi. [2]

M
imtoa that ths raopotw of a fwl rod havhs ●n ●ridimant lam than U
U ~. adaquat~ly domribad by ● funat~oa of th fom
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R la the measurad re.ponta, U 1s th~ 2’SU cmtant of the fuel rod, ●nd A
and B ●rc paramters daterminad from maaeurementa of etandard fuel pine.

In addition to the 2’SU contsnt, the respaso of ●n actual fuel pin
dcponds on ● number of factora: cladding thicknca~ and composition, fuel
toction langth, density, diamater, impurity ccntant, ate. It 10 important
to invostigata tho eenaitivity of tha ●oaay syatam to chcngoa in thaao vari-
ous paramotars. Hero *gain, the computer snd nuclear data sre uaad to ob-
tain the information. Thaoe calculations snti other conaid8rationn provida
th~~ basis for ● systematic error analyais [3]. Tha pr~cision of ● aingl,
fuel rod ●ssay is domjnatad by propagstud counting statistics amounting to
‘1.1 to 1.5% (lu) ov~r the maoa ranga of 30 to 120 g of 2’% pcr rod. Aftar
100 fuel rod ●aaaya, tha @statistical unfiortainty in tha total mssa dacroama
to 19aa thn 0.15%. At this point tho ●rror bacomo dominated by factors
other than counting statistics (a.g., tho ●rror in tha calibration tuna).

In-plant cxparianco has provnn tho practicality of mamuring th~ ●tiro
“sll throughput of s modarn plant. ThQ syatom can ba oparstad by plant par-
●onnol with littla technical trtining at ● r~ta of 400- to 600-rod ●osays
ptr ●ight-huur shift. This rata Includas tho tima takm for pin idmtifl-
cation, handling, ●nd tho usay of award standard rodk to provida a cali-
bration chack. A mora datailad d~scri~tion of t}? construction ●nd opsra-
tion of th~ units may ba obtain~d from ● paper by R. A. Forotsr, ●t ●l. [4].

A ●srias of Honto Carlo calculations ●nd maasuramenta [5] l,d to tha
following wdificationa of the thcmal neutron “2Cf fual rod sy.ta to in-
cludo mcaourammta of pellet-te pall~t variar-lona~ 1) lmgthming tha mod-
●rater ●asambly in tha dir~ction of fud ro~ traval, which rcaultn in ●

longer rqion of high thmmal flux; 2) pooi~loni~ th~ fual rod chann~l
2’*Cf aourca to taka ●dvantaga of the hlghcr intanoity fluxcloaar to tha

mar tho aourco whilo still prt.orving ● hish fiosilo/fcrtila fission ratio
(*lOh) to ●nsurc ●ccuratt m~our~~nt of fis.ila contsnt in tho pr~smcc of
much largar amountc of fmtilc matarial; 3) r@placing tho D!O in tha modar-
ator ●osambly with dmxmat~d water-oxtmdad-polycator main ●nd carbon to
dccraaa~ coot whilo simplifying tht fabrication ●nd sh:.pping; 4) changing
~ho fual ckuicl pooition roquiroa that tho % d,tcctors bc ohertamd and
dlsplaccd to ona ●d of tha carbon modwator to sive ● ●ufficiontly Iarga
●i8nal/’’sC~ background ratio in tha ‘H, dotcctoro~ ●d 5) tha ●ddition of
● mall (2 by 2 by 3/4 in.) lW dotcctm naar tho ●xit port of ●ach fud-:od
chmnal to giv~ pallet-to-pollat fimih contmt by aounti~ fission-induu~d
~a ray.. ~igur~ 1 IS ● achmatia disarm of tho Pin md Pcllat Assay
Systm (PAPAS). ~~um 2 Illuotratao tho ●yet- capability for tha d~taa-
tion of off-spaaifiaation pallatt.

A aomplota ~saay ●nd mmlity acmtrol station for ?BR fwl rods has bcm
dallvarod to Wa.ting?ou.@-Banford En$inaari

Y
Dawl punt Mboratory (H~Lj.

Ihooa ~ aontajn mixed oxide fuel with ●
t‘ ‘Pu/’t U ratio of ‘1/4, and ●

total R? Pu Mot of “30co TlwInotrmmtation ha. bean ealibratod snd i~
nw in routina oparationc Ih9 otation aonal.ta of tw unit.. Ono unit [6]
aontain.● ‘“Cf (619~) 60urao tailorad to provid~ faot neutron irradiation
of th~ pin.. TkMdolaytd 8- raya from fiooion (

A
Q,1,2 MN) *ffQ#~!::d

●. ● mamma of tho total fiooilo aontmt. ma g raya from
•r~ aount~d ●nd u. d to provido p~llat-to-p~llat infomationt

t
I’h otaond

unit moaouroc tho ‘% aontmt
?1

aoiiiaidmac oountL~ tho noutrono nittd
fr~. the apontamow fimion of OPu [7].
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Bwmme of the h~gh fiasile loading of FBR fuel pZma, thermal neutron
$rradiatim would have yieldad an unacceptably nonlineax response curve.
Cdculggioaa lad to the choica of the cylidlrical modwatug aaaembly shown
in Fig. 3. The asaembly has a core of tu~atea (2.5 cm radius) surrounded
by a 7,5-cm-thick ●hell of beryllium followed by 5 cm of lead and nickel.
The nickel refktor incrcaaed the fiaoion rate -70% over the lead re-
flector ●lone. This modetator dssign resulted in a 2a*Pu/2g’U fi88ion ratio
o~ “400/1 for irradiation neuttons above the cadmium cut-off energy (“0,4
eV),

l’i~ura 4 i. ● schematic diagram of the unit showing the NaI datectors
each havhg ● different degree of collimation, moderators and sh~gld asoem-
bly. Amex*cluE-241 doped, Nal seeds embedded in aach cry!~tal provide a
●ourca of mnatatat amplitude pulees (roughly equivalent to s 3 BIWgame ray)
which are wed in conjunction with an electronic ●tabllizin~ unit to reduca
tha ●ffects of l~=torm photomultiplier and ●lectronlc drZfto. Figuw 5 ie
s photo~raph of the ●tira unit showing the moderator-sh~ald ●mmbly, the
pin Wndli- ●quipmant$ th~ p~ogramable calculator ●nd ●ssociated ●lectron-
tm. The ●utomated translator picks up the rod to ba aosayed and mover it
thro~h the l!a~ crystals and the 252Cf asmmbly ●t ● rats of 2.5 in./aec in
ordar ta tako a bm~round count of the unirradlated rod. Tho direction of
travel i. then ravorsad ●nd the rod is withdsxwn ●t 0.36 in./sec durins
wh~ch time the delsysd fitoion ~ama-ray dsta ●ra ●cquired ●nd tho peZlet-
to-pollat ●cane ●re made. Tho rod is than unloaded in the txay diractly
below the loadin~ magasino ●nd the cycle is repmted fot the mxt vod. The
transl~tor ●peeda m. ●et to give ● S-ah cycle pes rod,

Error ●nalyoio ●nd meaouremento indicates that th~ standard deviattom
of tho maaourod fiaoilc vontent of ● rod i. -0.2 g- Figura 6 illustrates
the sensitivity to poll,t-:o-pellet chan$ea ●s obaervad with ● taat pin con-
taini~ vartoua pellet ~nd enrichment combinattoma. It can be oeon that
mall chaaa$as in enrichment (1.7% to 3.1% relattve) can ba dotectod. Tha

k kubeo (1 tn. dtam by“*Pu aozay system, ohown in Fis. 7, contains 32’
20 in. loq, 4 ●tm gas praoure)o T&l~dmt.ctor ●fficioncy ia -36% ●d the
nautron lifethe w~o meaourad to be 28 IWOC. &say precision is ● little
sroat~g than 1% (lu) for a counting time of 100 ●ec.
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LWRfuel containing racyclod plutonium will bacom important in tha
near futur90 Tha ●pacial •~~~y problama ●aaociatad with this type of fuel
sro being otudied,

NEUTRONMETHODSAPPLIi?D TO SCRAPANDSMUL SAl@LEASSAY

On@of the most significant problam ●ooctatgd with tho assay of scrap
●fid waato la the l~ck of control over tha ●xtranaout matmial that might b.
presant within tha ●ampla, Amay by mosna of tact neutron irradiation ●nd
datection of dalayed or prompt fiosion nautrons hsa baon found to b. rala-
tivoly inomaitiva to ●ll matrix matariala ●xcopt hydrogtfi snd othar low Z
olemento which srg good figutron modaratora. Fimian chambara (or othar d@-
toctors ●cnaitiv~ to low cnorgy nautrons) cioaaly couplad to tha ●awplc pro-
vide ● moana of dotactinu or correcting for tha ●ffocta of neutxm modara-
ti~8 ● (hmna-ray ●may mathods ●ro moot ●uitablo for light, hydroganouo
matrix mattrials. Togsthar, tha two tochniquca, g~-r~y ●nd neutron ●tisay
m~thoda, provida broad capability for many of tho ●asay problam ●mociatod
with ●crap snd wsata.

Tha dtvolupmant of tha tachniqua of neutron Intmrogation with dalayod
neutron dgtaction 1. ●n ●xampl~ of tha key rol~ that nuclaar data can play.
Whanthio mathod wati first baing conoid~rd it waa nocaomry to undartako ●n
axparimntal program to m~aoura the dalayad nautron yield from fioolon u ●

function of incidant nautron ●argy. Initial wphasi~ waa placad on maaouro-
m9nts at 14 MaV [10] .inc 14 MaVn~utron g9nQr*tor0 sr9 ● rolativaly inax-

panaiv,, copiouo #ourc@ of ncutrona. This progrm wam followad by ●noth.r
sat of moaaurcmants using ● Van do Grwff ●. ● variabl~ mmrgy nautron
SOU’:CQ[11]0

Thcm ●xporimant. wora daaignad to confirm ●nd axtond the ●vailablo do-
layod nautron yidd data. TIM rasults show that tho dalsyad nsutron yiald ,
is uot ●ignificantly dopandont on tha ●nmgy of nautrona cauain~ fitiaion for
●orgim bokw 5 MoV~ Ab’~a 5 MQVthara iu ● drop in yiald cotroopondhg to
the ormt of second chanca fi..ion. Tho data obtainad so far ●r. in Canmal
d’f~ciant to ●atiafy most imodiata practical mad.. Noncthelo.o th~ra is
lntorost in tho dalayd nmtron yield in tha ●ar$y rqim 6 to 14 MaVand in
data for tha higher plutonium iaotopcs. Thoso baoic dats ●ra uood for cm-
puter calculations to ●plm, ●nd dafino poaoiblc tochniqua rofinamants.

An axmpl~ ef tho ●pplication of aubthrcshold nautron intorrosatioa and
dalayod aoutrondct,ction is tho fiosil~ •~a~y Of small mmplw [12] takan
from variourn portlom of ● plant Lnv9ntory for procao. control or invmto~
vwificatio:~ # 8av@ral thousand such amp!%.- z~~ chcmica]ly ●nalyssd yearly.
To b~ Umwdly uoaful, ● mall sample ●o.ay tochniqu~ must bc able to fur-
ni~h faw p~xcont or last accuracy for ● wido vari8ty of chamical form and
cenuontratio~ of fi..ih matatial. Mtura 9 i. ● photograph of ● mall
mmplc ●ooay ●ppmatuo whiah utilizco ● Van da Qraaff •eM~tctor ●o ● pulsed
.ourooof fw hundrad kilovolt nmtrono, ‘h dolayod neutron. ●. d~toetsd
bgtwam ●ccalorator pulse. by ● lar~o, flat,officionuy dttector. CloOQly
couplod fhtion chambar. moni or th fiooion rat~ in th, •ampl~a,

i
A back-

*’ U haa boon ●hiavad~Cround gqulvahnt o. 15M
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mat$riala in the vicinity of the mmpla dog~ades the incident neutron eneqy
●nd CWWM undeairabla sample self-absorption and matrix eff~ctag An accept-
●ble compromise, found @xperimantally, is to USQ iron reflectors adjacent to
tha targat ●nd ●mpl. in conjunction with a V4-ino-thick boron carbide
●leeva surrounding the sample to eliminate the majo~ity of neutrons below
100 eV. Fsvorsble experience gsined to data from several hundred asaaye haa
provid~d th@ incentive to undertako the followl~ majo~ improvements in the
system: automatic sample handling, automatad data ptoceJaains, and & moze
●fficient dgteetor-refhctor geouwtry. ongoimu rea~srch effort involves
fimdiq methods of increaai~ prwtaion, reduclns tha mmbor of Xtandatds
rcquireds and dofint~ ●nd eliminating sources of bias~

(MMMAMET%ODS

GamaIw-Yayspcctrescopy$ psrttcularly with Iithi- drifted gmsanium
(GoLi) datsctots$ is ●gengmlpurpe.o m.thod with awide r~ngeofsppliea-
tiolu ● In this inatanca9 nuchar data is nut so important in the design of
the tirdwaxo~but is ●aoential for ~ta supplication. Ihually only a few l~neo
from tha complex dmay spectra of the nuclides ~f imtazeat ●re uoad f~r ●aoay.
B?omethelsos ●ctamive knowledg~ ef gammaapactra it roqui?ad to provide the
●aauranc~ that th- Iimot u-ad sra spa~ific ●nd that tho pr~s~nco of unusual
or unauopectad ●ctivity will not yteld ●m ●rronoou. ●may. Attenuation cor-
reatiow for thewattixmaterials *nvolvad are tho major aourcoa of uncoz-
tainty in th~ smay. Attenuation correction. ●re usually obtain~d through:
prapaxationof ●tandazda which ●re zaprcoontativa of the matmial being
mea.urad; maasureumt of th~ tranamiaoion of a sourc~[13];comparison of
tho relativeintwaoit~~aof two or mom charactari.tic gaama ray. [14].

In addition to quamti~aMve aooay g--my detection hat bean ●pplied
to the maammammt of ●nrichmmt * conemtrat tonB ●nd imtopic composit ton.
Relatively simple instrumentation, particularly when umd by knowladggabls
pwaonnol, can b. quit~●f feet W. ?tuuro 10 ohows one of tha dovico. which ‘
waa used to .Wsate th, holdup in e shutdown diffusion plant c~ocade. The
Iwtrumomta war. ●lso usad *n tho opwatiii$ ca.cadc to monitor UFO sctantion
In Ha? traps, m-mm enrtchmt ●nd to detect plating or holdup h tha main
gao pilpoa [1s] 0,

Cotac~domco dataetion of th many neutron. and $anma rays from ftmion
providm ● coavaniant rnathod for mparattng the occurrence of fiaoionftom
th~ ●oww producitq tho f i.aioa or f rm eactramoua, radist ion which mL@it be
proamit b.$., neutron. from (a On) r9action.]. Ihtron coimcidonc~ countin~
of a’ ‘Pu .pontameous fiooion provides a cimplo method of piutonium amay whm
tho Motopia aompoaition ia known. The opontancouc f ia.~on rate of *8% can
●loobo umd for ●oaay purpoom Both ratoa ero low ●nd h-t$h ●fficiency 4W
ncut~on count●a ●xe ?equired for rapid quant Mat WC ●o.ay *
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The detect~d fission rate then is a measure of the fissionable content.
Neutron source energies ean be changed to increase sensitivity, and to pro-
vide both fi~aile and gegtile assay, Figure 11 is a photograph of a 8ystem
called the “Random ))riv@ which uses an Am-Ltneutron source to cause fis-
sion in the @ample* ~is syatem proved an effec~ive instrument for the .
aasay of uranium [16,17].

BASIC SIGNATURES
a

Although natural ?sdioactivity and fisaton have furnished the basis
signatures which have proven to be the most utilitarian, there are other
characterietlcs which can bs used to identify particular elements or iso-
topse. A few examples are: neutron capture same rays; delayed-neutron
and game-ray ●pectra$ gamma-ray and x-ray fluoreaeence; aelectiva neutzon
●nd gamma-ray ●bsotption~ The gathering of infonrtation, particularly basic
data, pertaining te any phy~ical phenomenon which might be applicable to
materi~lo analysie should be encouraged~ This reservoir of basic informa-
tion can them be used as a baaia ta continually review the techniques for
possible application to the changing an( fliffering ne~ds for quantitative
a6say. These needs ruuge from the detection of trace quantities in efflu-
ents to detailed ●nalysts of spent reactor coma. New facilities and @-
prowments in detector characteriatica, for example, may render completely
practical ● techn$que pr~iouely thou~ht not worthy of further d~velopment.

h example of the information gatheri~~g proceao is ● pro~ram that~s
designad to investigate the ●pplication of v-eem capture x-rays to ●lemen-
tal and isotopic ●na:ysfs. The ohjectiv~ of thio p~o~ram is to obtain hi@
quality ●pectra for ●ach fimoionable isotope and to obtain information on
how the chemical form of the material might ●ffect poostkle asoayapplica-
tiono. Using the facilities ●t the Sp*ce Radiation Effects Laboratory
data havo bem taken on metal targets of 208pb, 2$2~, aa~~, 298U, ●nd ~~~;

Soma data w.m aloo obtained for depleted uranium compounds, mahly oxidos.
Tho ●xperiments ●re expactad to continue ●arly next year Whenmore intense
beams ‘JQcomo●vailable at the Los Alamos Meson Physics ?acility.

“ CONCLUSIONS

The numbotof system for ●s.ay that ●xiot, complatewith operations
manual, ●rror ●nalyfiis, md operqtiomal history of relkbtlity ●nd effectivo-
neoog is teotimony to the Urowins matwfty af nondestructive ●oaay. A more
difficult phase i. ba$innins wh~ch emphsoixes ●ccuracy wtthout unduo in-
cres.e in coat and complax*ty, the development of Mndard procedurw ●nd
~he ●stabliohmant of nondo.truct~v, ●.~ay methods ●o tadepcndsnt alternattvcs
to traditional chemical analysis. 9

Calortm@try is ●n ●xample of ● technique for which refined nuclear data
WOUILhave a dir~ct ●ffect on meeting the challongee Meted ●bova. The radio-
●ctive decay data ●nd method. of determining i.otopic compocltion ●re not ●f-
fictantly ●ccurate to mtablish the relationship of heat output ●nd quantity
of material to ●n ●ccuracy comparable to tha pr~cioion ●vailsble [18].

The value of readily wailabl~ data which form tho bacio fo~ deaiun
calculation. ●nd tho foundation. from whhh to oxplora now concoptc can
hsrdly bo ovmmphastsod. Routino calibration of oquipmnt i. ●ccomplished
byawmo of otmdatdo. Improvewnt. of the data and aalmalationd techniqusc
will permit mora prdo~ waluation of syotan porfomaneo which will roduw
th numbmof thm costly otmdardo roquir~d.
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1. Thermal neutron ‘S2Cf fuel-rod assay system with modifications for
pellet-to-pelle~ scan. The ‘He neutron detectors irI the carbon core
ccmnt the prompt fission neutrons for total fisaile determination, and
the NaI detectors near the fuel-rod exit channel count the delayed gamma
rays for pellet-to-pellet determination.

2. A typical delayed gamma-ray scan of a 66-irt.oslong 3.3% RJR fuel rod with
pellets of lowet enrichments interspemed as shown above. The lower
curve is a smoothed version of the raw data in the upper curve (the
e~ror bats represent 2U uncertaintlea). Each point represents the total
counts accumulated in 0~4 see for a rod feed gate of 8 ft/min~

3. Photo~raph of moderator and shield assembly for a fast neutron 2S2Cf
aeaay syatemc The 2s2Cf sourc~is positioned in the center of the
tungsten and the sample is placed in the nickel zeflector for the neutxon
irradiation.

4. Schematic diagram of the 2S2Cf fast-neutron ●ssay system for FBl&type
fuel rods. The delayed ~amma rays induced by the fwst-neutron irradia-
tion are subsequently counted with the two NaI detectors thct ●lso rea-
ssure the passive gamma rays to detemine pellet-to-pellet uniformity

5. Fast neutron 2s%f assay sysimo for FFTF fual rod.. System includaa
619 w 2s2Cf source ●nd shield, two 5 by 5-in. NaI detectars to count
the delayed gaannarays, automated fuel rod handling, and data reduction
system.

60 FFTF fuel pin with various combination. o.f plutofilum enrichment. for
pdlet-to-pell*t scanningt Top cum. corroaponds to 60 koV ener~y window,
and bottom curve corresponds to 100 to 500 keV window~

7. Passive neutron-coincidenc~ countar for measuring 2~oPu contont in FBR-
typ~ fuel pit~s. Tha eyatem includas “Ha thormsl-neutron do~ector, ●uto-
mattd fual pin loador ●id translators ●nd dectronics ●nd data control
rack.

8. Photoneutzon ●ssay cyatcm uoin~ ●ither l%b or ‘OY in the berrvllium
cora surrounded by nicktl ●nd titanium nmtron rafl~ctoro &nd mad gauM-
ray shioldin$.

9, Vhw of omall-oample ●a.ay station with B4C shield removed.

10. Cooled, portablo NaI uammaspactromet~r for moay of 2*8U insido ●

operati~ gas~oua-diffuuion plant.

11. The randomaourc~-interrogation system used to d~tennin~ thst ‘ng6Ucon-
tent in contalnora of up to 5=Bal capacity.
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Fiso 1, ThmMi nwtron * $sCf fual-rod ●soay .y.tom with modifications
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