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ABSTRACT

Neutron seif-interrogacion 18 1 proposed
metrocd fOr assay of p.utonlum 10 Dulk materiais
witn “ery nign X.n actl 1ty. The simpie assay
apprcach assumes tnat nAaeutron multiplicaticn
for tne -alibratlon standards 1s "Le same as
chat for tne bulx .tems Efforts t3 use Dulx
properties to Jerermine correctidols to the cala-
pration far :Ihanging multiplication nave Deen
inltaated. Seif-i1nterrogation assays Of Dulxk
prracremical res.dues na-e Deen performed. JTom-
parissn witn -ag /aiues JDtained Dy Jdifference
J1-e4 pcor agreement. <COMPAriIASN witn tag val-
268 <prained D0y di1sacluticn and destrucri-e
analysis gives agreement at tne 19NV lar _evel
witn no :Iorfrections for —harging pacxaqe dimen-
41008 Jr Matrixz  amounts. The aqgreement .m.
proves by & factor of [ or more :f a Dbuik zor-
rect1on factor iderived from a pacxaging matr.x
study with standardsr 1s spplied.

I. INTRODUCTIOMN

Ssincidence -~ounting 3f correiated n
“rirs -nat arlee fr3m rhe spontenedus figsian
f ~re ferrile .32rD>p@s -  platIniw® 1w an ap-
F-32~N r9 *ne Puix egsay 2f piutsnium f xnown
rem1-a1 form. A3 *re plutuniul megs 1NIreas
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rate. Althougn incorrTelated. rre .7 ne.ti:ng

zan Dbe trne source of an add.f.zna1 .nduled-
fissi1on component 5f the reals -ate. «hen =re
material s relatively well c-naracrer.sed .f:xr
example. wnen the plutonium .s .6 pure cxide
form with a xnown am@riclum -ontent'. =ne rat,3
of tre a.n to spontaneous-f1issicn -—omponents :f
rne notals rate [Tia) . TiSP' Gr &) -an de : 31-u-
idted and used. alonjy with tne ~easured & a4
T. to zorrect for mulriplilca-ion ana ‘'35 szl.e
for 240p,_eff. This apprsacn® .s appi.ea .nter -
nat.snaily and domestic8ily .n rne .ei.f.: ar,.n
2f Duir quantities of nuc.ear materiais

Most forms Sf plutoniwm 1n sCrap re :.ery
aperaticng. and many fcrms Sf plutSh.um sine-

wnere Aare 1mpure and poor.y cnaracter.se3 rem-.
czally ‘es1dues fr-m -ne nem.-ai e

Tovery prscesses are among ‘ne ™ost sutstanding
exampies. Furtnerm~ore. :e:;%ai1n 7tes.i.e ard
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of bulk plutonium-bearing materials with high
a.n rates.?® Because of the estremely high neu-
vron rate., the neutroan coincidence counting of
high-a.n plutonium bulk residues has rnot been
possible untii recently with the introduction of
fast-counting upgrades® to the traditional ana-
log circuitry used with JHe proportional coup-
ters. The high-level neutron coincidence count-
er. the HLNC-I1I.% is a commercially available
well counter that is appropriately upgraded.
The equivalent upgrades have also been installed
on several of the 1n-line thermal nautron coun-
ters (TNCs) at the Los Alamos Plutonium Facili-
ty. TA-55. One of these TNCs and an off-line
HLNC-Il are currently employeu 2t TA-55 in an
evaluation of the neutron sell’-interrogation
approach for the assay of plutonium in high-a.n
materials,

This paper documents the progrexs of the
evaluation of the SI method for bulk plutonium
assay. The work is the joint effort of the Los
Alamos Safequards Aasay GCroup and che Pl.itonium
Metal Technology Group and relies heavily on
the nuclear materials processing. characterisa-
tion. and handling capabilities of the research
and development organisation at TA-5%5.

II. SI ASSAY NMETHEODOLOGY

For buls plutonium-bearing material of rel-
atively constant (fissile deasity and dimen-
sions. the magnitude of R(IF) 1s a function of
both the fissile content and the inteasity of
the neutron source. The totals rate ls a meas-
ure of the neutron source intensity. There-
fore. the ratlo R(IF)/T ls a function of the
fisslle content. The dependence of thls func-
tion on a dscreases aa the ratio »f uncorre-
lated (a.n) to correlated (fission) neutrons 1in-
cresses. Therefore., the fissile content of ma-
terials such &s the spent MSK salts (for which
the &.n neutron rate 1s typically more than 90N
of the totals rate) can be treated as a simple
functlon of R(IF)/T. Ilndependent of the a.n
sgurce term,

The slmple SI assey reqiires a knowledge
of rwe functiang., One 2f these Jewcribes rthe
dependence of the fissile mags »n R(IF)/T. The
srther 1lescribes *he dependence >f RtSF) on *he
fei"1le mass. The inveirse »>f the second func
tion is ‘he caiibratlon function for the effec
'ive lferrni1le assay nased <°n the messured multy
plizarion ~orrected) spontsnenus fission reals
rate, foth func-*ions an be Jerermined with
17 anda: s, The itetati.» <use ot rhese (func
*ions 1n *he simpie S! asssy merhod -an he de
scribed jraphicsliy using Fig. 1. The mes.ired
R 7T cati)y 13 aged ‘0 obtain a first appr: xima
c1ou [ ‘he effe-rive rissile ness,
3 AVpy err. tiom rhe Jraph ar rhe ti1ght s1de
f Fag.o i, This s ssed 0o srlve €21 tho plurn
wilam tat . 3 )u. wi'h rhe famata’

TOTALS T = T(SF) + T(cx.n) + TUF)
REALS R = R(SF) + R(¥F)

R{F) = R- R(SF)
MULTIPLICATION

R(¥F) ~ n'ﬁu- (14
T
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Fig. 1. Graphic :illustration of the simple SI

assay methodology. The plot at the right is the
(measureu) ratio R(IF)/T vs the effesctive fis-
sile pluvtorium mass. The plot at the left is
the (inferred) R(SP) ve the effective fertile
plutonium mass. The plots are used ite atively
to convergence.

q 239y ecf . g Pu® (0,718 @ fy14 ¢« fajg
+ 0.502 fz‘o e 1,367 o fz‘x
v+ 0.407 @ fa4,

»0.519 ¢ €74, am) . (1)

whiore the f quantitles are the knuwn 1satope
welght f.actions. (For low-burnup plutonium,
saly an spproalmate knowledge of thes~ 1.otopic
fraccions (s required hecause of the Jdaminau.e
>¢ 439py, althoiyh *he e’fact f variable sud
snknov~ amounts of americium at the few pet-eur
.avel 13 ~lear.; The plutunium mass is ugsed * .
solve far *lre effectlve ferti'e mass.!

G 490py ef€ . g Pu v (2.54 8 £, .t

1.A0 2 742! . [N

This 1s ised 'y adtaln R(SF) fiom he :aph ¢
‘he ief* si1de of Flg. I. The R(SF} r(esuic 1.
ined ro ipdate R(I¥: aa follows:

R«1¥) - R LAY

Thet ROIFY o Apuided hy T to btara e et
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g 237pyu-eff. Convergence at the 1% level oc-
curs after about five iterations. Note that
2q. (3) is valid when a is very large.

III. PACKAGING AND MATRIX CONSIDERATIONS

The simple formalism described above can
be applied when the a.n rates are very high and
when the package dimensions remain fized. How-
ever. if the shape of the bulk package changes,
or if matrizx material is removed (or added) to
concentrate (or dilute) the plutonium. the mul-
tiplication chanqges. and R(IF)/T will change
for & given fissile mass.

The MSE salts. as well as other pyrochemi-
cal residues generated at Los Alamos. are stored
in four different can sizes. Furthermore. the
bulk masses typically vary from 1 to 3} kg, al-
though the plutonium mass rarely exceeas 200 g.
Because of high radiation dose rates. the spent
salts are broken out from the crucibles with
minimal handling. The containers of spent salt
hcld chunks ranging in sise from small gqrains
tv large (-10-cm) irreqularly shaped pieces.
Also packed with the salt (more often than not)
are the broken pieces of maqnesium oxide cruci-
ble. Finally, residues shipped to Los Alamos
from other sites arrive in their own character-
istic containers and displa; other packaging
and matrix dissimilarities relative to the Lloa
Alamos -generated residues.

IV. SIMPLE MODEL OF PACKAGING AMD MATRIX
RPrECTS

The calibration for the SI assay consists
of two functioas described qraphically in Fig.
1. The quantity R(IF)/T for a given 3%y ef¢
mass will diffe. from the result determined with
rthe standards if the bulx material is ion a d.f-
ferent -sise package from that of the standards
and/or if the volume of matris in the bulk mate-
rlal differs from thst of the stsndards. It ie
deslrable to be able to correct the Calibretion
based on the obasrved bulk properties so that a
slngle calibration (obtained fiom one set of
standards), approprlately corcected. can be
u1sed for All packaqe dlmensions and matris
quantltles.

A macroscoplc expression 1s Jerived for
rhls purpose. For buik flssile marerial. rhe
fraction of neutions p-oduced within *he bulk
mass rhat lnduce flssion in a single ~“oliision
18

spe
Tt pex
4 a1 .
I
3 e o ey . 1 4)
n, t
wheie@ J, ¢ 18 "he Micicguropiy 1988 se tion (ot

tnduced fiselon, o 18 the fles.le at m fensi'y.

and X is the neutron path length. The average
chord leagth through an object of arbitrary
snapoB is

g -4 0v/a . (5)

where v and a aré the volume and surface area
respectively. »f the object. For a cylindri-
cally shaped object, § can be exprecsed as

§:2enec/(c+n . (6)

whare r and h are the radius and height., respec-
tively. of the cylinder. The fissile atom den-
sity for a cylindrical package is

paxMg o Ny/A @ v e rden . (7)

where Mg is the fisaile masa. and N, and A are
Avogadro's number and the atomic mass (239 for
low-burnup plutonium), respectively. Assume
that x (8 proportional to i. Substituting
Eqs. (6) and (7) into EJ. (4) (where § ceplaces
X) gqives the fraction of neutrons produced with-
in & cylindrical bulk mass that induce fission
in a single collision:

fy = 2 e Opn.,r @ Mg @ NO/A ¢ w e r.r » h)

s (& @ %n.t ¢ Mg @ NO/A e W) ¢ gy . (8
where
gy » [r(c e m)) ! Ty

is the geometry factor.

For *wo cylindrical bulk iteme. . snd .
with the same Mg but different r and h 'because
2f dlfferent rontalners and/or matrix quan‘:
ries), cthe .atio of the induced-flsaion proba
bilities 1s

froa .y » 91.1'91.2

. Cr \ C
The -quanrtirty 'F is a currection fartot hase.)
bulk geomerries that .1s applled ro a by, on
func i1on | 1obralnsd with staudards 1n ' t0n
- | thar were mixsd with matrix *t ) (1! e gar
1) to Jive callbration funrtion 2 (coriewep wdo
‘o A d1i{ferent container diamerer aud o nac t

amauut) .,



v, STANDARDS MEASUREMENTS

Two se~s of standards wero prepared for use
in the calibratior and evaluation of the SI as-
say., Because the special nuclear material (SNM)
used for these standards was a recent product of
scrap cecovery, the americium levels were low.
The high a.o rate requirement was achieved with
PuFq. and in some cases. the standards contained
Pu0; admixtures. The major components of the
standarda were KCl and NaCl salts in equal molar
amounts, typical of many pyrochemical salt resi-
dues including most MSE salts generated at Los
Alamos. All SNM used for the standards as well
as all process materiala reported herein con-
sisted of low-buranup (6% z‘oPu) plutonium.
Therefore the calibration data and subeequent
a4say results are presented here vs “otal pluto-
niur rass. which is directly proportional to
total fissile mass with a negligible error
(<0.5%, 1la).

The "“original" standards.® 1-8. consisted
of weighed amounts of PuFq and. in four cases.
Purfq and Pu0; (to vary the magnitude of the a.n
contribution to the totals rate) mized with 300
q MgCly (the MSE oxidizing agent) and enough KCl
and NaCl to achieve a total mass of 1000 g¢.
Standards 1-4 contained no PuQz. The percent
plutonium contributed by the FuO; to the totai
plutonium mass in standards $5-8 waa 18. 24. 62.
and S1, respectively., The sali matrix maas is
low compared with typical bulk salt masses ob-
served for spent MSE salts (22000 g). The orig-
inal standards were packaged in No. 10 slip-1lid
stainless steel cang (pictured in Fig. 2). The
average ratio of the stoichiometric plutonium
masses of the orijinal Jtandards to segmented
gamma scan assays (precise to 21.5%. 1l0) per-
formed on these standards was 1.03 « 0.01 (l9).
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srandards study o7 packsging and matris effects,
The ‘snta)uer Jdlrmeasions are given. The approx-
imate f1!i helghrs for the stsndards. bhefore and
Aftear dilatiou (). are shown.

The original standards were neutron counted in
the HLNC-II.

Becauss the original standards had bean
shipped to another site temporarily, aftar com-
pletion of measurements with the HLNC-II (and
before the TNC upgrade). a second set of stan-
dards was prepared to provide additional cali-
bration data for the HLNC-II and for the upgrad-
ed TNC and also for use in a study of packaging
apd matrix effects. The "“new" standards. 9-14.
contained only Pufq KC1l, apd NaCl. and were
packaged initially in the saine MNo. 10 cans used
for the original standards. The masses of the
salt matriz were chosen to achieve a total mass
of 1000 g initially. The Pufy used for the new
standards was recently prepared by hydrofluori-
nation of PuQz. The batch was mized and three
samples were taken for destructive analysis be-
fore the PuFfy was weighed out for the standards.
The sampling and weighing were carried out on
the same dav in a dry air atmosphere. Table !
qives the plutonium masses for the standards
computed from stoichiometiic weight fractions
applied to the weighed quantities of PuFy as
well as thosm obtained uaing the weight frac-
tions from destructive analysis. The agreement
is excellent. (Refer to Table I,) For addi-
tional verification of thy reference values.
calorimetry and gamma lsotoplculo measurements
were performed on the individual bulk staadards.
Agreement with the reference values to -0.5\
{the approszimate uncertainty in the nondestruc-
tivo assay resu.:) ies obaerved in sll brt one
comparison. &s shown in Table I. Also. the nou-
destructive assey result for standard 9 (for
which there ls no ‘estructive analysis reference
value) confirms the original result obtajined by
weighing and stoichiometry. The new standards
were measured in both the HLNC-II and the TNC.
but only the HLNC results are reported here.

The original and the new standards were
neutro counted 1ln the No. 10 coatainers. The
new standards were transferred lirst to No. 20
and then to “"call” containers (Refer to Fig. 2.)
and recounted. Finally. the new standards were
diluted with an additional 1000 ¢ of NaCl and
counted in the tall and No. 20 cana aqain.

Using the reference valuss for plutonlum
mass and the plutonlum jisotopics results from
rhe gqamma spectrometry measurements, che R(SF)
values are computed for each standard using
Eq. (2) and

R(SF) « 18,14 @ g 240p, or¢ | (1

where the <constaant. 14,14, is Dased :r ‘lLie
xnovledge” of the HLNC I! colncidence “ouut
iate tor ¢%9py spontaneous flsgion. The R(IF)
ls obtained from Eq. ()). and R(IF)/T 1is ulyr
ted 78 Jrams of plutonium for all of rhe HLN' {1
staudardis measuirsments in Flqg. 1.



TABLE I

PuFq STANDARDS

Grams Plutonium (l@)
sed Hoiqh:' lo!oroncob CALSISOd ig%%§%§;: (le) i%%%i%fg; (lg)
1 25
2 7%
b] 129
4 200
L %0
(] 79
—
7 100
[ ] 1%0
9 2%.0 (0.2) 23.2 (0.1)
10 49.6 (0.2) 49.6 49.7 (0.2) 1.000 (0.004) 1.002 (0.004)
11 99.) (0.1 99.2 102.0 (0.4) 1.001 (0.002) 1.028 (0.004)
12 149.0 10.2) 149.0 149.0 (0.8 1.000 (0.002) 1.009 (0.004)
1] 198.6 (0.2) 198.6 199.8 (0.7) 1.000 (0.001) 1.906 (0.004)
14 197.8 (0.2) 297.9 97.2 (1.1) 1.000 (0.001! 0.998 :10.004)
Average 1.000 1.008
Standard Deviatioa ¢.101 0.912
43coichiomatry for pure Pulfy) appiied t- the veighed amouatn of Puly to Give

grams of piutonium. The stolchiometric result i1s 7.7548 g Pu per gram Puly.
DReference values obtainsd from coatrolled poteatisl coulometry performed on
three semples naxen from rhe PuFfy batch .ssd “o prepsre the standards.
~oulomecry rasule 3f 0.7907 g Pu.g Pufyg (10 = 0.00080 q Pusqg Puly) 1s applied

ro he Pily weights to G.ve Grams of plutonium.

“Equilibrium ‘alorimetry measurevents of *he
indi1vidua,: du.k standards.
Aplutanium Jamma-ray 1sotopics asing MUDPI!C)

~gasurements 3f *he i1ndividual buik svandards.
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‘omb.ned 1esulrs -

it pluton
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and ¢
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®Scandard 3 .s sctualiy standard 1. whicn was inciuded 1n "he subsequent
study with ‘he new atgndaids (10 l4).
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Fi1gq. 3. The R(IF)/T results vs plutonium mass

in the PuFfy standards, The fit to the old stan-
dards dat2 \neavy solid line) is the calibration
function used to assay ths process materials.
The fit to the new undiluted standards data
(thin solid line) is corrected with the simple
model for the dilution effect to give the dashed
line. The fit to the nev diluted standards data
is the dotted line.

The radius and fill height (r and h. re-
spectively) of each new standard in each of the
five package/matrix confiqurations are given in
Table II. These dimensions are uged to compute
Cr {Lq. (9)) with the q; values defined iy Eq.
(8a). The CP value in this case is the predict-
ed ratio of R(IF)/T valuss for a fized fissile
mass ia two different packages. one of which is
the undiluted standsrd in the No. 10 can. The
predicted ratios are 73jiven in Table [I!. The
uncertainties 1o the predicted ratios are ob-
tained from the uncertainties in the r and M
valuee. as defined in Tahle II.

Table IIlI also gives the mesaured CF value.
the moasured ratio of R(IF).T for the standard
in the No. 10 csn to that in each »f "he other
package/matrlx coafigurarions. The uncertainty
in the measured ratio 18 obtsined from the stan-
dard deviatlon in the mesn rssuit of measure-
ments of each packasge performed on dif‘erent
days.

The predlcted and osbserved values of CF
are near unity for the “undiiuted standards. Al
though there may be small sys‘eratic differences
betwveen the obser/ed and calculated results for
4 glven package. they are not larqe enough rela-
tive to the i1ndlvidual measurement .uncer*aintieg
to help in drawlng conc.usions abour ths ureful

ness of rhe model, [t 1% encocuragiug rn nore
rhat & simple <hange in rontainer {3r *he .amy
marerlal .ugses a4 -hanga 1predi-ced and b

served) in the assay si1gna, »f %%,

The predicted CF values for the dilured
standards are larae (1.70 and i.54 for the -all-
D and 20-D packa ,es., respectively) and constant
within uncertaiities for the two D-package
types. The observed results are not as large
and show significant variation as a function of
the plutonium mass. The plotted results in
Fig. 3 illustrate the trends. The data points
are the values of R(IF)/T vs plutonium mass.
The lines through the dJdata are fits, All data
for the undiluted new standards were used "0 OD-
tain a single fit, The R(IF)/T values from wn:s
fit were divided by 1,70 (the predicted CF ra-
sult for the tall-D standards) and this result
is plotted as the dashed line. The observed re-
sults for the tall-D standards are also plotted
with a straight-line (fit (dotted) to these
points.

The model appears to improve as the pluto-
nium mass decreases. The increasing gap ob-
cerved (in Fig. 1) between the predicted
(dashed) and observed (dotted) CF values as plu-
tonium mass increases is probably largely the
result of plutonium self-shielding effects,
which are not included in the model. The self-
shielding is greatest for the large-plutonium-
mass standrrds in the undiluted matrix. For
these standards. the observed dilution effect
is partially compensated for by a decrease 1in
self-shielding. Unfortunately. the larqge varia-
ticns io matrisx amounts achieved by dilution of
the standards are roalistic for actual pyrochem-
ical regidues, To properly quantify -he com-
bined effects of package sise plus matrix quan-
tity es well as saelf-shielding and other system-
atic effects that may result from the changes
in matrig quantity and gqeometry. & microscopic
calculation such as a Monte Carlo simulation :is
recommended.

The data plotted in Fig. )} show large vari-
ations in the observed signal for a Jien ~on-
tainer as the amount of matrix changes. In rhe
absence of a model to correct the calibration
for matrix quentity. a calibration is determined
from the dsta for the original standards. This
is applied tu the neutron -ounting results ~b
rtalned with the process materia:s. The ca.ihrs
rion equarion (an exponentlis. fit ro rhe + daca
in Fig. 3) for low-burnup plutonium ¢

q Pu « 349 755 o [R(IF)/T)! 3710 RN

Equation t11l) corresponds "> ‘the inve.e
2f rhe) right halt of Fiq. 1 1n *he Jraphi - !=
scription of the SI assay methodology. The [.(°
nalf 2f Fig. 1 is represented dy Eg. t1ld),

The data for rte originsi srandaids  in ow
ivature at higher masses that -ould he 'ne -«
vt of self shieldlng for this higher 5SNM (u.
41%y sitiatlon. The SNM density four "he 11,
nal stsujar4s 18 higher -han might he expe '»!



TABLE II

DIMENSIONS OF Pufq STANDARDS USED IN PACKAGING ST.

Dimeasion® (cr;
No. 10 Mo. 20 Tall Tall-D No. 20-D
std r h | 4 h 4 ) | 4 h | 4 h
9 95.17 9.11 6.07 6.67 5.29 8.26 9,29 18.26 6.07 11.0)
10 5.17 9.36 6.07 6.99 95.29 8.89 5.29 13,97 6.07 1).97
11 5.17 8.7 §8.07 8.67 95.29 8.41 9.29 18.¢1 6.07 11.81
12 5.17 8.7) 6.07 6.1% 5.29 s.10 5.29 18,41 6.07 1).69
1] 5.17 8.41 6.07 9.9%¢ 8.29 7.78 9.29 16.99 6.07 12.06
14 | 8.17 7.70 | 6.07 9.40 | %.29 6.8) | 5.20 19.87 | 6.07 11.71%

#The uncertaioty 110) ln the B value. determined from the scatter about s

straight:lige fit vo grame Pu ve h, is 0.29 ¢m.

sssumed to be halfl this amoumt.

TARLE 111

RELATIVE [NDUCKED FTSSION PROBARILITIES

The uacertainty la r is

qrMe. 10)/9;
Predicted [lo) Ohserved (lo)
std No. 10 No. 20 Tall Tall-D Wo. 20-D
9 1.20 1.00 1.09 0.99 0.97 1.06 1.69 1.60 1.60 1.41
! (0.04) [0.13) | (0.04) [0.13) | (0.07) (0.18) | [0.08) ([0.12)
. 10 | 1.00  1.00 i.09 0.96 1.00 1.08 1.00 1.49 1.62  1.19
| ; (0.04) [0.0%) | (0.04) [0.04) | (0.07) (0.07) | (0.08) (0.0))
{ 1t ’ 1.00 1.n0 1.07 0.91 1.01 1.04 1.74 1.12 1.08 1.11
i l (0.04) [0.08) | [0.04) (0.01) | [0.07) [0.01) | [0.08) ([0.08)
' 1
12 ; 1.30 1.00 1.0% 0.91 0.99 0.9 1.74 1.12 1.87 1.40
; 10.09) (0.04) | [0.04) [0.04) | (0.07) [0.02) | [0.n8) [0.92)
' 13 1.10 1.00 1.01 0.99 0.09 1.97 1.00 1.18 1.04 1.20
. (0.04' [n.02) | [0.04) [).02) | [0.07) [0.02) | [0.08) (0.01)
P90 1.20 1.04 1.1 0.98 1.0t 1.87 1.18 1.02 1.
. ' {n.04) [(n.01l ; [n.04) '0.92) [0.07) [0.02) (0.08) j0.01) |
— J. S 3
+— + T + 1
av 1w 1.90 l 1.08 ).98 ¢ D.9e vor |1 141 1,84 1.2y
St Dev o .0 | 0.01 .04 ¢ .02 0.4 0.01 0.11 0} .10 |




for most process residues, so that a calibration
based on these data is expected to underestimate
the plutonium mass of the prccess materials es-
cept for those with lower matrix quantities.

VI. MEASUREMENTS OF PROCESS RESIDUES

The neutron SI method is one of several new
apprnaches that offers some promise for assay of
plutonium in MSE salts. A study to evaluate
these new approachos11 has provided plutonium
reference values for the residues that were ob-
tained by analysis of solution samples from the
dissoluticn of the MSE salts (following the bulk
assays performed by each of the candidate meth-

ods). Americium analyses were also performed
on the dissolved samples. Fourteen MSE salts
were involved in the study. To date, four of

these have been disgolved to give reference val-
uss. However. an additional five MSE salts (not
included in the larqger study) were dissolved in
an effort to test the dissolution and subsequent

analysis procedures. and plutonium aad americium
reference values were obtained for these five.
The TNC and the HLNC-II were used to count all
of the bulk items before dissolution.

The SI method. calibrated with the data ob-
tained from the original standards counted in
the HLNC-II, produced the plutonium assay re-
sults given ia Table IV. The SI assay results
vary with tno 240py yalue because a change in

40py-eff alters the R(SF) value computed and
used in each iteration [in Egs. (1C) and (3),
respectivelv]., The ratios of the SI result to
three different tag values [(destructive (DA)
and nondestructive (NDA) analysis as well as
values obtained by difference] are aiso given in
Table IV for each dissolved salt. and these ra-
tios are plotted in Fig. 4 vs plutonium r.ass.
The neasured precision of the SI assay for these
materials is 2% (1lo). The standard deviation in
the ratios (with DA and NDA tag values) is 10%.
most of which can be attributed to the SI assay.

TABLE [V

ASSAY RESULTS rOR DISSOLVED MSS SALTS

SI Asmey Result., g Py TAG
«240pu {4otope Praction) (SL9/7AG)
Book SRPAUTD DA .
(D fleotopice |lsotopice [{sotopice Av (1l0) DAC NDA BY-DIFF
120 33.3 4.6 93.) 33.7 10.88%) | 111,86 106 N/A
(2,0892) | (0.0%79) (0.0%9)) (0.84) (0.88)
87 109.0 116.9 110.) 112.3 ().5W) 128.9 121 198
(0.0896) | (0.0%12) (0.0%91) (0.081 t0.91) (0.37)
210 96.6 101.° .1 968.9 t2.8v) 99.0 " 106
(0.0%96) | (0.0%%0) (0.088)) (0.99) (1.0 (0.93)
Joo 201.1 196.6 198.9 38.9 t1.1N) | 198.7 106 N/A
(0.0397) | (0.0614) (0.0609) (1.20) (1.07)
26) 101.9 N/A 104.1 103.0 (1.%%) | 102.4 109.8 106
t0,08%%) | £J.08381 (1.92) (2,7%) 3.38)
!
264 90.1 N/A 8.7 89.0 (1.%) 108.0 10).6 123
10.0%87) | (0.2%62) (3.01) 10.8%) 1.7
286 J11.9 N/A 209.) 300,68 (S.1v) | 266.0 88,0 140
(N.048T) (0.2%47) (1.09) (1.091 12.907)
284 | 1041 i N/A 110.) 1072 (4.1W) 119.9 121.) 110
13.9622) | (3.9%™TH (0.92) (0.91) 11.490)
'
196 %) ’ N/A 8.0 5.7 10.%N) 9.7 1.9 128
Al 10.1612) | (0.0626¢ (1.0m) [ 3 0.t
N 1

OThe S essay resuit stteined wirh =he 40Py .eotopic (iection determined by

ies.cuctive enelysle wee ,20d here.

D amme - rey 1e0topice deelqned for platonium n torms chet ere chevaceily

anhomnqenscus end high 1n amelicliam, *
“See fet.
SAmDLIes L0 glve chese *eq velues.

il for e descripeion of *he DA end NDA merhods used on the dleso:.er
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Fig. 4. The ratio of the SI assay result to the tag value vs

plutonium mass (determined by destructive analysis of the dis-

solution samples?

Although 10N is a significant improvement in the
S0N result with by-difference tag values. fur-
ther improvements are desirable for accountabil-
ity assays.

The dissolution results indicated americium
levels of 1% to 3N (relative to plutonium) in
the low-burnup MSE salts. This is consistent
with expectations based on gamma spectroscopy
measurements of bulk salts of tuls type. Be -~
cause the 2% = 1% americium content is a fissile
component. the uncertainty introduces an addi-
tional (£0.%\. l0) uncertainty in the effective
figssile conteat. g 39y _oft [Refer to [Eq.
(1).]. and hence in the SI assay result.

VII. DISCUSSION Or RESULTS

The 10% standard deviation in the SI/TAG
ratjos (where the tag values are the reference
values) for the MSE salts is partly a redult of
variations in %he quantity of salt matrix (and
other non-SNM components of the residue such as
crucible pieces) in the bulk material within the
containers. All bulk MSE salts were assayed in
No. 20 cans. Therefore. a correlation between
SI/TAG and the container fill height (or perhaps
the bulk mass) is expected.

Figure 5 is a plot (large points) of the
SI/DA ratios vs bulk amounts (masses aad (fi!l
heights) of the four MSE salts (thoss involved
in the larqger study) for which these quantities
were determined before dissolution. If the as-
say is unbiased. rhe expected ratio is unity,
The ratio shows a decrease vs either mass or
fill helght. the expected trend for the matrix
“dilution” effect examined previously. To de-
termine whether the c<bserved slope is consist-
ent with rhe magnitude of the dilution sffect,
the results of the measurements of the nsw gtan-

for the dissolved bulk MSE salts.

dards (from the matrix and packaging study) are
also plotted in Fig. 5 (small points). These
are ratios of the SI assay results tor the new
standards. The denominator in each case is the
SI assay for the (undiluted) standard in the
No. 10 can because this geometry matches that
of the calibra:ion standards and should be im-
mune to the systematic effects of packaging and
dilution. The numerator is the SI assay for
the repackaged standard (No. 20 and tall cans).
undiluted and diluted. The ratios are plotted
vs the fill heights of the repackaged standards
given in Table II. Tha results for e.ch pack-
age show a systematic trend vs standard mass
{defined by the smooth curve that connects the
points for each package. where *he larger fill
heights correspond to lower plutonjum masses).
but the overall trend vs fill height resembles
that for the MSE salta. The average plutonium
mass for the four MSE salts is 137 g. The
straight lins lapeled BCPF (bulk correction fac-
tor) is drawn to intersect tile smooth rurves
Table IV and Fig. 4 between the points for the
100- and 150-g standurds. This line is the em-
pirical evaluation of the dilution effect based
on the results of the packaging and matrix study
with the standards. Correcting the SI assay re-
sults with the BCF (as indicated in the lower
ieft of Fig. S) reducer the standa d deviation
in SI/DA by a factor of 2 or more. This large
improvement provides justification for a contin-
uation of the modsling effort that will generate
calculated correcticn to the R(IF)/T assay
signal based on the observed bulk properties.

a

Table V gives the neutron counting results
for the nine MSE salts for which reference val-
ues have been deteimined. These aie used with
nuclear data for spontaneous-fission decay (the
average neutron multiplinities for 240p,, sponta-
neous firsion and 23%u induced tission of 2.15
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Fig. 5. The large data points plot the ratio of the SI assay result to

the DA alue vs fill height of the No. 20 container (lower horizontal

axis) or vs bulk mass (upper horizontal axis).

The small data points

plot the ratio of tha SI assay result of each new, repackaged standard to
the SI assay of ths same standard in the No. 10 can vs fill height for

the repackaged standard.

and 1.16. respectively. and the 240p, sponta..
neous-fissicn decay rate of 472 g~} 9'1) and
with known HLNC-II counting efficiencies (0.175
for totals and 18,14 s-! (g 240p,_eff)-1 for
reals] to compute Tgay. the ratio of uncorre-
lated to corrslatel neutrona. The simple SI
method requires this ratio to be large. For
most MSE salvs., it esceeds 20. For some (espe-
Ccially for ID 300). it is much smaller. and this
loads to a significant fraction of fissions that
are induced by correlated aneutrons. These high-
er multiplicity induced-fission events cause a
positive bias in the simple S! assay. For the
ID 300 MSE salt where Tppay is -5 (becauae this
salt is the residue of a second americium ex-
traction of impure metal). the expec=ed bias is
-14N relative to the PuFy standards (for which
TapT varies between 40 and 80). When Tp,p is
20, the expected bias drops to -2%. Because
this effect can be quantified once TgraT 18
known. it is proposed that the simple S! assay
be modified to correct the assay signal in an
iterative manner in the cases of doutle-extrac-
tion (or other low-americium) spent MSE salts.
This effort will be pursued,

VIII. SUMMARY

The simple neurron self-interrogation assay
methodology has been applied to spent salts from
americium molten salt extraction, For assay re-
gfults precise to -28, 10, the observed accuracy
is -10%. 10. The accuracy is shown to improve
to 5% or better with corrsctions for variable
amounts Of (non-SNM) matrix., Other effects that
are shown to contribute to the assay uncerrainty
are the uncertainty in the <%0py jgoropic con-
tent (contributing -~2.5%, 10). the uncertainty
in the amount of (fissile) americium (contribut-
ing -0.5%. lg)., systematic mass offects observed
in the results of the matrix/packaging study
(contributing -3%. lo), and syscematic effects
resulting from departures from the <simple SI as-
sumption of neqligible induced fission by :orre
lated neutrons, The 'atter effect :an be ad-
dressed with a correcticn applied to a second
iteration of the simple SI assay. The bu,k ma-
trix corrfection can also be incorporated wirhin
each SI asgssay based on the known bulk mass or
fill height of rhe parkage. Monte arlo a\ i
lations of the packaging/matrix effects Are ‘=
commended. The Aaccuracy of the correcred (siay
result should be -5% or bettsr.
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