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SPENT -FUEL VERIFICATION WITA THE LO6 ALAMOSE rORK DETECTOR

Phillip M, Rinard and Gerald E. Bosler
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Group N-1,
Los Alamos.
(50%)

ABETRACT

The Los Alamos fo.k detector tor the veri-
fication of spent-fuel aszemblies has generated
precise, reproducitle data. ‘The data analyses
have now evolved to the point of placing tight
restrictiona on a divertnr's actions.

I. THE TOPK DETECTOR

A. Purposes

The original purpose of the fork de ector
wAs to verify operator-declared exposure. and
cociing times of irradiated Jight water reactor
assemblies stored underwater. More recently the
interest has heen on uring the dJdetector to
locate assamblies rhat have underqone diver
sions. Mast of rhis pape. deals with the lat-
ter ccncetln.

8. Dwtertor Components

The detnctor hesd has a fork shape with two
tines, An agsemhiy is partially raised from its
atorace rack, and the for%® is placed around rhe
azzambly w,th Lhe tines next ro opposing aidea

of the agxsemhly. Neutrons and gamma 1ays emit
ted by the asmeambly ate measured wlith fliasion
chamhers and ionigAation chamberas within the
tines.

The fork head 18 .upported by o watsr ight
pipe attachad to the spent fue! pond’'s bradge
Al manipulated by an inspector, A slactionics
hox on the hridge power<e the detect jon hamber s
and  records the asignale. The  wuppoa? p.pe
houses the electianicas cablex,

. Data Analymia

For amampbhline with typ.cal exparmias, the
meanarad neulionygs e adum o poamara ly e apanta
neouy flaslonas an o urtam iaatapes, hasea neu
teont aie axed to cecify that an assenb'y 1a in

tart Al that ' he oant rate 1a conwnistent with

MS ES40
NM 87545
667-2447

the declared exposure. The c¢ount rate can bhe
correlated with the plutonium content, 1i1f so de-
sired.

The garma-ray data are proportional ro cur .

rents in the ionization chambers. A corraelation
has been developed betweeu the currents divided
by exposure and coollng time. This corrslation

is useful after some short-lived isotopes have
decayed to insignificance; this decay takes sev

eral months to a year. The primary coatributors
to the gamma-ray signal after the first year are
the ceaium isotopes. With a verif ed ewposure
from the neutron data, the cooling time can bhe
verified with the gqamma ray correlation.

This overview of rthe data analysis wiil he
enlarged upon in subsequent aections of this
paper.

[I. FORK CHARACTERISTICS WITH A SINGLE ASSPMBLY
A. Precision and Reproduclibility

The statistical precisions of neutron and
qamma tay data after count rimea of 10 60 s a8
esrcallant (1 2%)1-) and are not impottant lomut
ing factors in applying the fork,

The axcellent reproducibivaity of fork data
hAas heen demonatiated in three ways: two 1n
Anpendent forks and use1ts with the same asxsxnem
blies (Tihange):% "
ent getm of usears (Three Mile lllll.\nl),'| one ok

nne Lotk with two independ

Al one user  ovey shottand  lomg Yime  -pans
(Dbt igheim? and G.E, Morris Oparationa”).

A. lotrinslc Sensitivity

The int-insfc senmitivity of a fork Jetwe

tor ix dafined as the jatio of the (fuvactianagl
change  in a meanureament raLae tooAa [t
Change an the numher of pins, he  opportanaty
to maasure thin xengitivaty directly  has oo
ye! A isAn, 1o the anly information o ointe in

At aenmitivity comes from samalationa,



Measurements have been made on PWR’ and
WWERB-? fresn-fuel assemblies in which a 252C¢
source inside a fuel pin could be moved through-
out an assembly. These two sets of independent
measurements both found that the (fractional
change in count rate is nearly proportional to
the fractional change in the number of pins.

Gamma rays from various pins have been
studied with calculationsl® aul measuremants.®-9
The severe attenuation by the pins limits the
fork's response to gamma rays .cigimating from
only the few rows of pins nearest the arms cf
the fork.

These different neutron and gamma-ray sen-
sitivities are an advantage for safeqguards be-
cause a diversion will not eimply reduce the
neutron and qamma-ray data by the same propor-
tions. The pattern of the pius removed becomes
another factor a diverter must consider in ad-
dition to the number of pins.

III. FORK APPLICATIONS TO A COLLEBCTIOM OF
ASSEMBLIES

A. HNeutrom Data Analysis

The neutron datsa collected from assem-
bliesl-3 agree with calculational studiesl!!
that suggest this relation betrween exposure E
and (adjusted) neutron count rate n:

n-acebh | (1)

The amount of scatler about this curve is
Jreatly reducad by adjustments made tr the
measured neutron count crates to obtain n. The
fractions of 'he neutron count rates due to
44¢m from assemblies with different initial en.
richmants and cnoling times can be calculated.
After these adjustments, the range of dara
poinrty is about 20% on either side of Eq. (1).

The calculation of the 244Cm fraction has
only rtecently been dcvolopo:l“ and has heen ap
pliad to only a Cfew seta of data.!-5.12.11 1ng
positive effect on the Loviisad data for assem
blies with quite different iritial enrichments
is dramarlc, but the moce subtle smoothing of
the Tihanget: S dara is equally Impoctant,

[t is knownlZ. 1) hae improvemantns can be
made (n the -oden that calculate the 24%4em roac
tion, 0 it 14 antacipated that the scatter in
tha data will he fnither readucad In the near

fut i e, Heanm Boaler of los Alamoa han  adapted
the CINDERM cada 10 o personal o computeéer and al
ready has avercone some of the limitarionxy in

cally codew,
R, Gamma Ray Data Analysis
Anat hey rol.\l\nn!hlpl" bhased Hn power lawa

11 asad 1o cotielate 'he gamna tay y wi'h the
il time [

yvvE - aTb | i2)
The scatter about EQ. (2) 1s gqenerally
smell (5-10%) after a year's cooling. Juring

the first year there are short-lived i.otopes
that introduce additional scatter for which no
correction has been daveloped.

IV. DIVERSION STRATEGIRS

A. Credible Diversion Techmique

The diversions considered he.e involve re-
moving whole plmi.16 If dureny replacement pias
are inaerted. they do not contain neutron oc
gqamma-ray emitting materials.

8109 dummy pins ccntaloing jsotopes such
as ceslum, curiwa, or californlum is certainly a
posaibillry, but thle use greatly complicates
the diverter's actioas.

B. Correct Ezxposures and Coolinqg Times

A potentjal diverter who wants tn gain a
significant quantity (8 kq of plutonium) must
choose betveen removing (i) a lacrge number of
pins from a few assemdblies or (ii) a small num-
ber of pins from many Assemblies. Arong the
factors affec-ting this decision is rhe densire
to minimite the probability of being detected.
Detectinn probabilities can be estima.ed., as
followe.

[t 1a assumed that for A given eaxposgure
the (adjusted) nsutron data points f{rom meny
different assembl: form a normal diatribu
tion. The probem!iity that a divearsion from a
1ingle assembly will be detected depends on the
position ot rhe data point before the divecrsion,
the sizse of the divsraior., and thne width of the
normal distributicn. The probabilities of e
tecting differenc -sise diverslore are alven in
Table [. for 0 (reletive uncertainty in the neu
tron count rate n) from 4% to 7\,

The firgt column shows the si1sze uf th~ i
vearsion relative te lor ‘t is agala raken rhat
the mass diverted is preportiscnal tno the changm
in neutton rount ruate,

The second column glves Cour options of 4a;
they are shown as percentacss uf the average n
(At any exposure).,

The diversxion Cract ion in calumn \ tn
dn/n « (Bu/u)(da/n). 4.

e utumbae: af ansemblica that mit hn
fractionally diveartad helnr e A Nhgnafacante
quant bty of  plutoniam (B kg) will he abtaraed
thogavean an the fowmrth columa. TV o awine
hei s that typrleal PWR O amgembliag with  abhoa
10 GdWd D eapogire are haing condidered,



TABRLE I

DETECTION PROBABILITIES

PD(N) =

OF VARIQUS SIZZ DIVERSIONS

Probability of Detection after measuring N of the assemblies

used to gain the significant gquantity.
SQ s Significant Quantity of Plutonium (8 kg).

No.
Assemblies
40/n AW/n for 1 SQ PD(1) PD(all) PD(all/5)
On’/s (N) (N W y) (\) (N) (N)
1 16 4 11 0.14 S 1
20 S iR} 0.14 4 1
24 [} 27 0.14 4 1
28 7 2] J. 14 ) 1
2 16 ] 20 2.) 17 9
20 10 16 2.1 ]l 7
24 12 14 2.1 28 !
28 14 12 2.1 24 )
) 16 12 14 16 91 40
20 15 1l 16 as 29
24 18 9 16 79 29
28 21 ] 16 75 29
4 16 16 10 50 99.9 15
20 20 L] 50 99.6 15
24 24 7 50 99.2 50
28 28 6 50 98. 4 50
9 16 20 a a4 100 97
20 25 l a4 100 84
24 10 ) L] 100 a4
28 15 5 LE] 100 n4
’ 28 49 4 99.9 100 99,9
Tha last three colwnns labeled PDI(N) qive letected hy the fork, as long as the measure
probabilities of Jdeter’ion under three condl ment plan includes at least one of the askem
tions. PD(1l) is the probability that a dive: blies.
sion from a single assembly will lead to a
neutron data point below the lower 40 limir. A diverter would probably first connider
Aftar the diversions have been performed from making relatively large diversions from only
the necessary number of assamblles to 1each a faw amsemblies [option (i) in tha flist para
wignificant quantity, the probabillty rhat one quaph of this section]. This option minimizax
ot more of these asoemblies will produce a neu the diverter's effort, presents tha (ewest num
tion data point helow the lower 40 limlt i har of assemblies that could qgenerate outlie;s
PDCall). If only one flfth of the modified as by the fork Jdetector., and preasents fawer prob
xenhliay  are selected in A measurement plan, lemn with other safequards tachniques (for
the probabllity that one or more of these asseam anple, surveillAance cameias). Howeve;, sven
hliea will produce a neautron data point healow only about 208 of the pins (n an asvemhly were
the lower 40 Jamit oy I'Deallon), iamaved with An’a - ), the probability (hat
new dara point would show the diversion 1a Iny,
amall Mivertions (dnrog less than 1) taqilre fhia action must bhe 1epeated Tor erght a1 none
A CArge pumber of amsemhlies to get a4 o wiguifi Aasxemhl leg vo galn A stgnificant gquant vy,
vant quant ity, hat the averall datection proha I...\l,,ﬂﬂl\ry that one o1 mote of theaxe e qght
hality with the fork datection iv less than 1N, aamhlios will 1evenl the Alversion v ahout 15y
troanly two of these axsemblies ate inciuded
Large diversiona (dn v greater than %) ae the meaxuremen! plan., the probahilivy ha
vittually 1 gt actnally) guaranteed 1o hae a1 mote af them will (ndlvarte & rver a0
wta bl about Jun,



Diverring 90N from a few assemblies has a
high probability of detection by the forik (Table
I. dn/o = 7). Even if only four assamblies are
needed to gain a significant quantity (with
40/n = 28N), fork measurements un these (our as-
semblies have a J98.4% chance of finding an out-
lier. A measuremect on only one of these assem-
blies has a 99.9% chance of gensratiag am out-
lier.

The alternative is optiom (il), which re-
duces the risk of detection by the fork but in-
creases the etfectiveness of other safeqguards
techniques. Consider the smaller diversion
with An/0 a2 2. After the diverter removes 10\
of the pins in 16 aisemtlies, there may ba only
a 2.)% chance that data from &ny one of the as-
semblies will produce a data poimt outside the
40 limits. However. if all 16 assemblies are
measurec. tLhe chance of ope or more of them
revealing a diversion is J1s. If only four of
these assemblies are included inm a measurement
pian, the probability of at leant one of them
revealing the diversion is about 7N,

Alttiough option (ii) offers the diverter
more relief from the fork detector than does op-
tion (l). it increases the diverter's level of
effort and eahances “he effectiveness of othcr
safeguards techniques in force.

C._ Falnely Declared Exposure

A diverter may attempt to iuCreasa the
amount removed from a: assembly by declaring a
false exposure. Fiqure 1(a) shows a data point
that hLas become an outller after a diversion
(point “"b"). It rould be brought back within
the 4c limits by reducing the deciared exposure
(lmading to pouint "c™),

Howavacr, rthe diversion may acr may nat afl-
fect the qunmo ray value y (depending on the lo-
carions of the remaved pina and which sides of
the assembly are placed in the fork), whereas
the sinaller dJderlared exposure lg used in the
v/E rario; it is a daunting task to find a pat
tern that will produce a y/E ratio naa:ly equni
to the value bafo:e the diversion. Furthermoine
the diverter cannot predict how an arsembly will
be rilented within a fork, 40 ‘he patiaearn neals
to have 490° rotational symmavriy.

‘he diverrer muat almo kemp in m:od the »f
fet the rhange in the declared esgposire will

hava on the caleulated 48m fiact o0 not anly
wili F be changed, bhut so will a.

For o I'WR axaembly with a tiue sepoiare of
POYCKWA g, 0y hON ot the pins myight he temoved
hur the nention count rate conld He made plauny
hle hy reducing the daclara) ex-oaure ta ahout
PRERN A ERR N he calun of 1K in y & 1y increasmd
by 11N whathat o not this incresse produced an
ot e dopande on tha pactern of pin removal
[Frg. Lib}]. It the Alvertear somehow teducen

NEUTRON COUNT RATE

- E

EXPOBURE

Fig. 1(a). An attempt can L. made to disquise
a diversion by changing the declared expo-
sure. [f an asserbly would agenerate the data
point "a” (on the 40 outlier :: it In thils il-
lustration) with neutron rate n. for the cor-
rectly declared sxposure E. the | -*moval of some
of its pins might produce the data point "b."
By reducing the declared expoasure to L', point
“b" could shift to "¢ within the 40 limiis.
Success in performing this operation depends on
knowing the fork's neutron count rate before and
aftar the diversion, calculating a plausible
false exposure, and avolding detection through
the garmma vay dJdata [as shown in Fig. L(b)],

the vasue of y by 11n with the diversion, the
(atio y/E will ha unchanged. If the pattarn
does not change y, the naw value of y/F mighr
he an outllier. Thus, falulifying the declared

axporure inttoduces new problems for a diverter,

D. ralsely Declared Cooling Time

changing tre declated cooling time in o
dirfivnlt courme ro follow.  Cooling times mua
mat ch the wall known discharge dates, which are
typleally about A year part: there i3 not *he
treedom of cholce of cooling times ax theie 14
for axposures, Furtheimore, false canling timey

e likely to lead o evantual detect lon,

If an ansembly {x ammigqned a cartain ool
g tame, this assigument impliex 'hat it was
part of & vettain core loading, If the cooling

time of ane assembly s langt haned, vE e ogne oy
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Fig. 1.b). The value of y may or may not de-
crease after the diversion, depending on the
Jeometrical pattarn of the pins removed and the
orientation of the assembly within che fork.
Shown here is *the case where y changes less
than 1l/E, so the true data pcin- "a" shifts up-
wards to “b,” (it is also possible (:r y/E to
decreasa ) [f the new y'/E' falls ou'.side
the 40 limits. detecrion will be possible.

part of anothmr core loading, and the cooling
time of another assembly must be shortened to
maintain the correct number of ausemblies in ali
core loadings. The divecter muat (falzify the
tacords for about twice as inany assemblies an
the numher from which pine were removed,

Afrer considering the problem of cemoving
the proper numbei and pattecrn of pins to be coa
sintent. with higinly restricted possible cooling
times, a Ad,vertsr may be dJdeterred from tnis ap
proach, If not, he must alwo ponder the resulta
of subssquent inspactione,

Necaune tha c»m'ing time is now incorrect,
the caleulazed 24%m rraction will be incorract,
the neut:on Jdata point will fall into ita proper
place 1o telation to Kq. (1), and the neutron
Aata point will not remaln xtationsaty in tine As

1t o otheiwise wonld. Furtharmore the qamma ay

data point will uot rlide along tha cooling
curve properly (Fig,o 2. Tha time delay aftnr
the diver-tion At which detection becomex posy

hle depends on many parameters; for sradonable
conditrona the dalay cac ange froam s month tooa
frw ymara

—
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Fig. 2. An attempt could be made to disquise a

diversion by falsifylng coolllg time. The af -
fect on the gamma-ray data point ig illustrated
hera. The Lrue data pcint at conling time T,
is point "a”: lt is shown un the upper 40 limir,
but it could be lower. The diversioa reduces
Y1 to Yy;' 50 that point “c" would be found by
the fork detecter. To bring the data point
within trhe 40 limler, the cooling time i3 in
creased by AT ro Ty’ and print “e” will he
found with the fork. The diverter's chuice of
AT is greatly restricted; the cooling times
muat ba consistent with known core unloading
dates, so AT will usually have to be about 1
ymar.

Although ‘f done with the skill implied in
the flgure, the divarsion wcouid be divguised
for the inspectioan at T;, a later inspection
(much as at T;) can ftind that point ‘e" has
driftad to pcint “f," shich is outaida the 47
limlta. Whrile peint “Aa" would drift to “b" and
e’ o rto vda," folioswing curvem propottional o
Fig. (2), the curve connecting “ea” and "' doemy
no. follow Eq. (2) because the incoriact coul
ing timea are uaed,

K. Falsely Dnclared ksposure and Cooling
Time

A divarrer imbght think fhat falaifying berh
the declarad axponare and cocling tome of a0 v,
sembhly would cncirease his flexi oty AT hoegn
't s true that someawhar  carger liver arons nan

potsible in vhie -axe, the problamn diwcuaaed oy

Seca, DHD O and TTELD st h false caluaes app g
narm AN wel]l. In par’ bonltar, a falue ooy
voame nakas at o lhkely that deta o darang s

aabsegquent anapect bor e poncirhle,



V. CONCLUS IO

A knowledqgeablie potential diverter should
feel that large diversions (20N or more of each
assembly involved) ar¢ likely to be detected by
the fork, whereas the number assemblies needed
for small diversions (less than 20N of each as-
sembly) is inhibiting. By removing only a small
fraction (5-10%) from each of many assemblies,
detection by the fork can be made unlikely. The
small diversions require the diverter to handle
many more assemblies in the view of othar safe-
quards equipment (for example. optical surveil-
lance. lasers. seals, night-vision devices, per-
iscopes) . Avoiding detection by the fork en-
Lhances the probability of detaction by other
means.

The interconnectious among the operator's
declared values and the fork's data are com-
plex, and not all aspects of them can be pre-
dicted or controlled by the potentlial diverter.
Attompting to disguise diversions with falsely
declared exposures or cooling times has many
pitfalls for the diverter.
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