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rhe dmclared empoaure. Tha count rate ,:an he

correlated with the pluconlurn content, If so de

sirad.

Tha qarrma-ray data aro proportional ro cur

rents in cha ionization ch&mbars. A corrmlltion

hac boon dovelopad betwao~ tha currents dlvidrd

by eapoauro and coollnq Limo, This corrnlatlon

IS u~oful after coma shnrt. lived Isotopes have

d-cayod to inmlqnificanc-j this decay takes SOIJ

oral moncha to ● year. The primary contrlburor%

to th+ gamma-ray siqnal aft.or che first. YRAI ale

rho cesium isotopoa. With a ,vorif ad enpusllre

from rho neutron data. the cool lrrq r.lmm can he

vorifiad with the q.srmma ray correlation.

This overview of rho da!a analysls WI:l 11-

anlarqad upon In suba*quenL ●mct.ions 1)f tll,%

paper .

II. ~EK CRAKAIXKBISTICS WITS A SINGLE AS.5KMSI.Y

A. Procialom gad !fmproduclbllity

ThO ●rar.iat ical praciniorra (If nmlatr<,n ,In,l

,Jnnunn ray data aft-r ,,n,,~c rimes ,JC !!? no = ,lla

es,,milant (I J\)l I and are rr,>r impolrAt,t ]fimlt

Ir)q fa(.r,)[i in applying tha folk.

rha *m<.*llant rmp[,!(!ttl.il]l I Ity I)f rllk ,1 ,11.$

t)nf baron r!*monmtlarmd in threa wny~: I u,? ,,

.In,, o,, dm,,l forkm nnd ,Ine14 wI II) tlla *am* ,Iqlmm

I~ii~I (Tihfinf p); 45 ,~rlm fol k wlfh I w,) itI#lPIIPt),l

● ,lt tvfm o)( ummr~ (Tl]rmm Mllo Inl AII!); i BII* r,l!k

.%,14! rlrla \lme[ (Ivml -)1<11 I nll!l I,lrlq I IIIIP -.,, .!,,..

(,lh, ,,, h”imz allc! (;. E, )4(111 id IIllmr,ll 1’ 1111”)

n. Int.rlrrmic floneltlvll~

rhm int. lnsl(. imIINIIIVIIY IBf ,? ff.k ,I*IIS

1,,, is ,Imfl,lmu! .tn Ill. ,s-11,, I,r tl\m Iu.tnl , III\l

11.tlll~9 Ill ,, ma,lmlir m,n=rll ,.\, ,,* !,! ,, 11 .1,! I ,,!., :

lI<I,141m III I l)- Ilt,ml,mt If 1111)* I’lln ,, ,,, ?,9 ,1,,,,1!;

l,, [nmna,,[m Il)lm *mll*l!l,:lly C!!ler!ly 1,.,, (,,,1

y-! .71 I* R!l, 511 tn. ,,!lly Illrallln .11 (s,1! ,’11 I,, t,l,

%1, .4RII*I! iult y ,1111-s 1,(, m ,. ImIllll I,,II,L



hteascrements have been made on PWRJ and

,wtR8-3 fre~h.fu~l a~~embl~e~ ~n which ~ 252Cf

source Lnsida a fuel pkn could be moved through-

out An ascembly. These two sets of indapendant

mmasuremencn both found that thw fracclOnal

chanqo in count rate is nnarly proportional to

cho fractional chanqo in cho number of pins.

Gamma rayn from various pins have boron

studied with calculacionsl” auJ maasuromarsts.E-9

Thm sovmrm atconuation by the pins limits tho

fork’s rocponso to gamma rays ~riqinaclnq from

only ths fow rows of plnc naar?ct tha armc of

t.ho fork.

The-o differonc neutron and qarrsna-ray sen-

Sitlvltiaa arm an advantaqa for mafoquards b@-

cauaa ● dlvar~ion will not simply roduco tho

neutron and qarma-ray data by tho sam. prnpor-

ciona. ma pattern of tho plot ramovod becomes

anothar factor a divortor mumc conmidor in ad -

dition to cho ❑umber of plus.

111. -X APPLICATI~ TO A CU.L.WHI(M M

MS-LILE

ma neutron data CO1 lacccd from aam9m-

bliasl-5 aq rem with calculational studiosll

that suqqc~t this relation bmrwmmn empomurm IT

and (ad]usced) nmut.ron count ratm n:

(1)

Tho amount of $catLmr about this curv- IS

,JrmOtiy rmducnd by ad]uscrnants mado tr t.ho

moauured naut.ron ,.ount rat-s to obtain n, Tbo

fractlonm of Phc neutron count rat.aa CJU* t.o

‘44f:m from asnomblios with difformnt initial ● n

rtrhm*ntn and cool inq tlmen ran b. ralcularad.

After thoam adj,lntmmnta. t_he r anqo (J f darn

poinr~ is about 10s f]n either •id~ of Eq. (i).

y,E : aTb, 12)

The scatter about Eq. (2) LS generally

smal 1 (5-10S) after a year’s coolinq. ?urinq

rhe first year there are short-lived i,.otopes

that introduce additional scacter for which C,O

correction han bean daveloped.

A. Crdiblo Dlwralon Teclusiquo

l%. dlvarsiona considered ha,e involve re-

movinq wholo pin@.16 If dummy replacement pi.~s

are inaortmd. they do not cnntain neutron oi

qansma-rhy amittinq materials.

,slnq dummy pins ccntalninq Itotapss nuch

as coslwn, curitu~, or californlum la certainly d

possibility, but this usm qroatly complicates

tho dlvortor ’s actions.

A potont)al divartor who wants to qhin a

slgnificanc quantity (8 kq of plutonium) muse

chOO~@ batwool) ramovinq (1) a l~lqt number of

pins from ● Cow aasotnbliao or (Ii) a small nW-

bar of plna from many amsombllmm. Amonq rho

ract.ors affm.:tlnq !hi. d.c,.ion i, ,h. 40,ir”

ro minimizm th~ probabll icy of balnq dotrctmd.

17atocr.lon probabiltt.les cno b~ estkma.sd, .+s

rollclwr. .

[t la aauurnod t.hac for n qivon ●aposure

rho (adluat*d! neu, ron data polntm from mtiny

different asaembl, form ● normal distribu

tlon. Th* prnbfb!illy that a divdralon from a

fiinqla amiombly WLI1 ba dotmccad dopandm 011 !hm

position of Rho date point beform the dlvw,.alo~,

tho S!S- of !ho div+raior., and t.ha width (,f !h@

normnl dictr ihut Icn, The prollabilltl@a of tlm

toctinq diffmronr-ils@ dlvarmlon~ arm <]lven III

Tabla 1. for u (rolr.t.ivo uncertainty in rba II*U

t ron cnunt rate n) lrom 4% to lN.

rhm rtlva[tilr)tl C,,\, ! it),l 111 !.,)1,,,”,, I , ,

J1l/,1 . (Au/r.)(40,r\)4.
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DETECTION PROBABILITIES OF VARIOUS SIZZ DIVERSIONS

pD(N) . probability of Detection a[ter mcarnurinq N of the assemblies

used to qain che slqnificant quantity.

S0 = Significant Quantlcy of Plutonium (.9 kq).
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An/s M

1 16

20
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28

2 16

20

24
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4 16
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24
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5 16
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24

20
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An/n
~

4
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21
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41
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20
16
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lZ

14

11

9

H

10
8
7
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8

I

6

5
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0,14

0.14

0.14
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2.1

2,1
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16
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50

50

50
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!94

84

na

84
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PD( all)
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5

4

4

J

17

11

2a

24

91

85

79
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100
100
100

100

1(20

PD(all/5)
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1

1

1

1

Q

7

I

5

40

29

29

29

75

75

50

50

97

84

84

04

,!otort.od hy the fork, as li]nq an tll* manqure

menr plan lnclucle~ at lmaat one ,]f the ,ln.mm

hliet.



21/errlnq 50~ from .> few assembles has a

hlqh probablllcy rJf detecclon by che fork (Table

1, ill/3 z 7). Eqlen If only four assemblies are

needed to qaln a slqnific.anc quanclty (with

4a/u = 28s), fork measurements an thase four as-

semblies have a 98.4X chanco of finding an ouc-

lior. A maasurtsmocc on only on. Of thosa assom-

bllas ham a 99.9S chanca of qoneratiaq an out-

lier.

l%. alternative is option (ii), which rm-

ducma che risk OC dacection by the fork but in-

creasea the etfmctlveness of other safequarda

technique. Consider the smallar diversion

with An/a = 2. Aftar the divcrtar removem 10%

of the pins In 16 a~sernt,lies, tharo may bt only

a 2.1> chance that data from toy ono of the aa-

sernblies will produco a data pnint outside the

40 limits. Hnwever. if all 16 ats.mbllos are

maasurm<, Lhe chanco of one or rr+oro of thorn

ravoallnq a divmrsion im ht. If only four of

thase assamhlies are Included in a meaauremmnt

pian, the probability of at leant on. of them

rewoallnq tho diversion is about 7%,

Alt)!ouqh option (ii) offmrs tho divert-r

morm ralimf Crom the Cork detector than does op.

tion (1), it incrmamem che diverrer ’s lev~l of

effort and e.lhances “.hm effactivenean of othor

rnafaq.~arri- technique in force,

c, Falnoly bclared lfsygmug

A diverter may actampt to iucroam= tho

amount removed from a:- assembly by declarlnq a
fals. ●Ip3mur9, Fiqura l(a) shows a data point

T hat ),8s bmcome an outller after a dlvorsion

(po~nt “’h”). It ,ould bo brouqhc back kithin

thm 4r lir,litu by reducinq tha dcciarod empo~urs

(Inadit?q to point “c”).

How*vec , rha divarsion may or may not at.

f-et. the q,ummo ray valliw y (dopondlnq on tha 10

,.ar Lf]nu of the r~movod pinn and which oldas Of

the anmnml~ly arm placort in t.ho fork), Wl?erslam

t ha slnaller <\ar’lnred ●Ipomul’a It uamd In the

y,~ lArl<l; it 11 n dnuntinq lamk to find n pat

te[n thnt Will pr,>d,~ce a Y?L ratla nad,l~ .qu”l

tc, the $vnl,ie ha fo:m th~ dlvarml on. ?’urfhelm<],v

lhn ,llvntr*r ,.armor ptedict how en nnncmhly !d,ll

he l(i*n!e,l wl?hin n Cork, -O :hm l,a!,-,” ,Im~,!.

t ,) )Invtl 00” Il>rat il)nhi Sy-rsn.?riy.

t(, l ,9 I’WR t*~mmllly ,,(III :4 I,,,,- “.,7,).,,,. ,)f

;’1 I:w,!. ![1, ,,,, ‘!(l\ IIr III* ll:ll\ ,n!lltf t)n t •m<~vvcl

tl!l! I I,* ,,m,, t ,,),1 ,f, !,, ,l [,1!* ,, ),11.1 ,1* 111,3,19 plllt, m 1

Inn l~y let! ll!lllol ! 11P In! I., ,*!I -. ,, m!,,” t,, .,!,,,,, !

)/ ;W,! Il. I’llm ;,91\hn <If 1 P. ,1) I t k. i)t,In.t*wIl

I}y 11s! wll*tllmt 1, 11811 1111{ 1,, t“,s, e ,,, #,#!l,, a, ;,,,

,,, ,. \l*, .!mllm,l,fq (,,, Ill- \ll!!*, l, !,r ,), ,, Imm,,val

[t,J. 1[1))]. Ir !11” 11/01!”, 3$II!lD1l, $W lm,!,,,mn

i

// /

Fiq. l(a). An attampt can t,L made to difiquise

a divarsion by chanqlnq the declurmd expO-

sura. If an assembly would ~1.-r1eraca the data

point “a’” (on tha 40 outlier ~ it in this il.

Iuatratlon) with neutron ratm II for tha cor-

rectly declared tmpocuro E, rho I ,moval of some

of its pint miqht produca thm data point “b.”

By reducinq tho daclarod .Epohure to L’, point

“’b” could ~hlft to “L” within tha 4U limiim.

Succaam in porforminq thim operation depmnds on

knowinq Rho Cork’s neutron count rate befole end

attar r he divu[m ion, calculat.lnq n plausib:e

fairna empoaure, and avoiding datact ion throuqh

the qanuna lay d~ta [as nhown ~n ~iq. l(b)],

l). Falmely Daclaresl Coollnq Tlrn
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COOLINO TIM-

rlq. lb). Tho valua of y may or may not de-

creaam after tha divars ion, dapandinq on the

qeomatr ical pactarn of tha pins removed and the

orientation of thm assambly wlr.hin uho fork.

Shown here is r.hm cage where y ~hanqes lmaa

than l/c, so the true data pcin: “m” sllifts up.

tiards to “b,”’ (it is also possible f.r y/E t.o

decreJme ) [f the new y’/E( fall% ou,.s i3e

thw 40 limits. dececc+on will b- pos~lble.

part of anothnr corO loadlnq, and tha coolinq

r ime ,> f another ansembly must bw short.wnmd to

malntakn tha C,lrrmc.t. nLunbOr of amigmblias ill ali

core It)ndinqs. The dlvartar munt ralciry [IF.*

rmcordm Cbr about twice as #nany ai~emblios .+I

the numhar from whlr;h pinm worn ramovori.

w 71/F
a
=

:

M
w

j ,2,,

0 7,’/1

7,’/ e

L

\\

,

\ \
\iv!m

, 1
. *,. ● ,

riq. 2. An attempt could be made to disquise a

diversion by CalmiCyinq coolklq tima. T-he ef

feet on tha qarmna-ray data point is illusr[mt?d

hQrO. Tha Lruo data pclnt at coolinq tlma T~

in point “a”: It is shown un the uppmr 40 Iimlr..

but it could ba lowar. Tha dlver%io.1 [educes

Y1 co Y1’ 50 that point “c” would be fo!lnd hy

tha fork d9t9Ct.Lr. To brinq the data polnr

within th.o 4U limlcr, t.ha roolinq t.i.me is i!)

,-rea~.d by d~ r.o T~’ and w’inc “e” wili be

found with Lhc Cork. Tho d~vwrt.or ’s ,:hoi(.n of

AT is qraacly resr.rlctodl rhm cool i,ig !imes

must be c,lrlmiat*l,t wit,h known core !lnlc)n{!llln~

clntefi. so dT will umualiy hav~ to be ab,)u! 1

y~ar .

Although f dono with tho skill lmpll~~l III

t h- flqura, the rllvnrslon weuid bo di~qulfr,l

for thm lnmp*cLiO,l .it rl, n Iat.*r inspml. t ~(>rl

(much am at T:) (an find that poirll ‘-” IIA<

drift-d to pclnt “f.’” fhi(.h 1- l)ut~i,lm tt,n ,1,7

limlt.m. u’bile point “a” wuuld t![ICr 1[) ‘t]” ,!!]<1
.,

(. ?0 ‘“o.” fnli~wlnq ,,lrvarr p[opolt It)ll.+1 l,,

Eli. (2), tho curvo ,.r]nnmct IIIIJ “n” AIIII ‘“f” c!II*,;

!1(, follow Eq. (i) be,.aune I)IR IIIIIIILa II ,),)1

In*j t im*a nla unrs,l,



A knowledqea.bie per. entlal diverter should

feel chat larqe diversions (20\ or more of each

a.ssemhly’ involved) ard likely co be detected by

the fork, whareaa the nurnbar ausembl ien needed

for small diversions (less than 20S of each a6-

sambly) is inhibiclng. By removinq only a small

fraction (5-10S) from aach of many acaombliea,

detection by the fork can ba made unlikely. Th@

small d~versians require the diverter to handle

many moru assarnblies in che view of other safe-

guards equipment (for ezample. optical surveil-

lance. lAsers, seals, ❑ight-vision devices, per.

iscopes) Avoidinq detection by che fork en-

t,ances the probability of detaction by other

means.

ThO intercorsnectioha among the oporacor’s

declarad valuom and the fork’s data are com-

plex, and not all aspects of Chem can ba pre-

dicted or controliod by the pocontlal diverter.

Atcomptinq to disquiss divorslons with falRelY

declared eup06ures or cool inq times has many

pitfalls for t.ho divertdr.
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