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DEN ELCPVENT OF (SOTOPE DLLTION GAMMA-RAY SPECRUMETR®
FOR PLUTONTUM ANALYSIS®
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We are studving the teasibiiiry of deterruning the plu-
‘ofnum concenmranon and 1soopic disaibunon of mghly
radicactive. spent-fuel dissolver solunons by empioving
hmgh-resclution gamma-ray spectromerry  The study
involves jamma-ray plutonium sowp.c analyss for bodr
dissolver and spked Jdissolver solunon sampies, after plu-
tonium s eluted ‘hrough in :on-exchange column and
absorbed :n i small resii bead bag. The spike 1y well
characterized. Jdrv plutonium contamng -98% of =%Pu. By
using measured :30t0pic intormanaon. the concentranon of
elemental plutonium n the dissolver solugon can be deter-
munexd. Both the plutonium concentranion and the 130tOpKC
componiaon of the dissolver solution obmuned from ths
study agree well with values cbuunad by radiconal 1s0w0pe
Jdtiugon mass spectromerry ' [DMS). Because 1t 1s rapwd.
easv (0 operate and manwun. and costy less, (his new wch-
Aigue couid be an aternative method o IDMS for input
acounahlity und verficanon measwrement in reprocelsng
alants

~-lOrodusnon

Isotope dilunon mass specTomemy : [DMS) has long
heen the most acepted technijue tor determuning the pluto-
1um content of npu’ spent -fuel dissoiver wiuons in repro-
cessing plants./i/ However IDMS s ume consumung.
ample preparanon 3 lengthy. and the equipment and opara-
non are costly Recentv, 4 hybnd K-edge and K x-my fluo-
rescence ' XRF) dens: ometer for demrmunung the uranium
and pluton;um clement concentraanns of dissolver solunons
was developed at Kemforwhungszsnoum Karisruhe. /Y
However. the hybnd nsument doss not rostsure | siopi
.ompositions. To avold [DMS's disadvanages bur vet
Jeliver xcepabie measuremnent and prer son. and
0 complement the hytnd K edge/K- XRF measuremen f
pluonium oncenoanon, we are developing a new teuh-
ajue—wwope dilunon gamma-ray speclomegy ( [DGS)»—
for umulwanenusly measuning the plulDnum concentragon
and (sowpc compouoon of ghly radioactve fusi-disaciver
wiunons. [DGS 13 umular © [DMS except th the 1s0wMC
dsmbugons of hoth unspked (unknown dissoiver soluoon)
and wked by adding (0 the diasolver wiuaon a ynis of
well-charsterizad plutonium; samples are measured by
high-muolunon gamma-riy \Jec Tometry rher than mues
\ y. and (het sampls preparanon 13 umpler for
IE! Gamma-ray measuremenis of highly mdiaacnve
dissoiver soiucoms from reprocesaing plants requure rapud
and effictent ssparsnon of plumnatum from flsson products
and ther mundey. A reo wap ion-eachange Wwperaoon was

"I‘hnwaiuwmwun-ts. Dwpartosnt of Energy.
Orfice of Safeguards and Scunr?_:l cnuwnn‘gn wh the

Dnivar Moo amd Niwloar Bl

Zeveioped 10 obtun saasfacory punficagon and recover, o
suronium for the [DGS measurement. Specmal analvsis tor
ne myuired full-energy peak areas ang sotope rauos s
wc-omplished by well-esablished methods. The sotopes
-16py, 3Py, 9Py, and 24Py are all good candidaies 4i 1
naown ipuke for the [DGS technique. However. for reasons
°f z~st and avalablity, 239Pu s the best choce. Twao
~root-ar-pnaciple experments have been carmec oyt 4t the
Toxdt Reprocessing Plant. We used large-size drv ' LSD
sgiwes of <39Py 197 9%), prepared by the Interrauonal
Viomie Energy Agency’s 'IAEA) Safeguards Analvucal
Laporatory *SAL), for our expenmenus. J/ Thew cerutica
SOtopic compositions 1in welght percent) are lListed in
Tanle L.

This paper descnibes [DGS measurement principies
ind :ne preparagon of the reuin bead sample. and discusses
Jiutnium element concenrinons and (MKDpPK cOoMposilions
U disolver - oluoons obtaned by (DGS.

wMeasurmmenr Pooapla
Rlilenium [soteqis Composianr
T™e measurement method ¢* plutonium sotopic ROOs
5 ~ased on high-resolunon. gamma-ray pecTCmeTy (exh-
Tgues. in general. the som oo Nrm)Nia: of rwo 1s0-

'npes m and a can be determuned by measuning theur .espec-
‘tve Jumuma ravyd and b

rf."MI_ﬁb’
TN Nh dw) Tosar aa) .y

Alere 4 til-ener peal. areas.
[ o abso.'m etruysiun probatiity of gurma
ays.
' = half-life of sotope. and
¢ =« reisave efficiency of selected gamma
ravs, ncinding dewctor inmnuc effi
qency. cunang gexmeTy. and attenua-
non.

TABIE[ Plutonium [sowopic Abundances iwt % of

LSD Ypnies
"Tuxops 1 Experors | ond Experimem
}.'!lpu 0 (a1244 0 7
INpy 97 921 9T 904
| tanpy, 20604 10828
| Mtpy SEVIFY VIOIRE
| 4ipy VY TP 1) 0094 3




Becduse “rine wma. samoie voiumes Jontdining ess
AN L T OO0 JONUm 0 Nese SXPenments, Ne 1) 0PI
Tatos ¢ Dy STPL. STPL ITPy und tHPu < TYPy are
ielermined Ny MedNurnnyg e NEN-INENsiy. (Ow-energy
Zamma-riv fguos <3 48 eV S0 A3 xeV 1§ 13
kel 50 nlkeV und (12 n keV (19 3keV, respecuvely
4.5 The apsowute <3Py, 219Py. 230py, and T41Py frac-
uons in the sample can then be detenmuned by combining
SOtopIC anos ind correcting ror the -2Pu content. which s
sredicted by iotope correianon echmcues <6/, thar work
well for matenai ‘rom known reactor types. All gamma-ray
peak Jreas are cdiculated bv using a channel-by-chanrel
»ummation metod with 1 .inear. sJaght-line background
subzactgon. Munor inerterences in the tfull-energy peaks are
‘aken tnto account n the i1ssav equanons. The ethyeta)
Tanos Are 1s0 Jetertruned o nternal spectal informanon;
the tfactors j/1hia| and (T; ~om T ~ca)| are known and
ihus the R mav be computed.

Total Concenmagon of Plupnium

By measuning the :sotopic compositzons of hoth
unspkesd and spuked dissoiver soiution samples, the concen-
Taann of piutonium in the unknown dssoiver solunon. C,,
<an be determined. Let W! C.and v be the weight fracaon
of 1sotepe .. concentanon g ¢, ind volume 1 ¢). respec-
avely and the subs<nrpts 4. 5. and m sand for the unspuked
sampie ; dissoiver soiutnon ., spike tLSD spike). and sprked
sample muxiure of dissolver solution and LSD spike).

Amers Ao = Mass of piutonium in e sTike.
Rm = Whwi the 2¥Py, 9Py rano n ine
spiked sample,
Ry = W!w)d the 227Py “19py ry0 i ine
spike, and

R, = WlWw3 the 2Py ¥y rano . the ais-
solver soiuton sampie.

tm this equanon, the values of M W R ane v, ure
xnown.  Therefore, only the vialues of R, ind W ? :a e
anspuwed dissolver-solugon sample and <4 0 the spiked
sample ne~d 0 be measured by gumma-ray specTomeTy

The preciston and accuracy (o be expected from [DGS
measurements of C, are obviously imporant. There :s con-
Tdence thet the random and systemalic errors of M, Vv,
W) and Ry are all <0.1%  Prelumunary resuits :ndicate that
e systemauc error in Cy inmoduced by the gamma-ray
speciromemmic measurements of Rm, Ry, and W is 4 smail
‘mactor - "2 percent. The random errors ansing in the mea-
juremer .5 of R, Ry, and W? will dommunate the precision.
An Approximate expreInon, of reasonable accurxy. piving
the relagve standard deviaoon (RSD) of C, 1n terms of the
RSD: of Rm. R, and W} can be eastly denved. R, and
W} . re not tully independent smnsacally because of the way
thew /alues are exmacted from the gamma-ray specaa. but
hev Ire “near independent.” If we assume independence
ind propagate by usual methods we obtain

Lp . R.AD . : } . -
RSDCy 3 —RARR"  pspip e —Ri _pspim,) - RSDAM
ARm - R)4R, - R} Ry - Ru)® . <

~espectively  Assurmng first a nuxture of spike jolunon and
inknown solution. the weight fraction of (sotope 1 1n the
spiked tmuxed) sampies s

_W'I IVI’ W‘C|¥|
V.- Co¥,
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- = =
-

~
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This 13 the basic 1sotope diluac celation. However, :n
1ppiving te (DGS methad © the plutonium concenranon of
Lssolver wiutons 1t 1s advantageous ®© work prunartly n
‘erms of 1:otopic ranos. The resson for ths 1s that 24Py
ioes not eiut a usable gamma ray and i3 normally small
Taczon must be estunated by a correiagon chuque w0 order
0 convert *he directly and sccurstely measured 1 c
ratios to absoluwe fractons. Furthermore, when mma
13 the spike we get optimal results when using the
“0py239Py o Thus. using = () for 40Py and 1 « 9 for
2V9Py. we use Eg. (2) o wrie

W:‘ W?Cl V, » w: CuVa )

Solving for the plutomium coacentratuon of the
inknown dissciver wlugon. (', we obun 7/

This expression s slightly conservaave and quite accurate
when compared © resuits of RSC's compute from replicate
assays. The anaiyus routnes that R Ry and W)
iso mve good esumates of thewr RSDs for use in Eq. (5.

4. Reun Bead Sacpic Prenanonn

Two gmo(-of—pnncxple ex ng have been carned
out at the Tokai Reprocessing Plant. Becsuse [DGS mea-
surements of highly radioactive dissoiver solutons require
rapid and efficient separation of plutomum from fission
products and other act.mdes. we have developed & two-step
won-exchange method to punfy and recover plutonium on
resin beads. The procedure for prepanng the resin bead
sampie 1s shown in Fig. | for the spiked sample (solud line)
and the unsprked sample tdashed line) Spiked samples
were prepared by mining dissolver solunions (| m¢) with
LSD spikes and then completely dissoiving them at W*C
with 3} M HNO»y (5 M HNOy and 001 Ml'&wmusdm
the firwt exlg‘r\mn After evaporanon and redissolution
with § M HNO, pluonium in spiked wolucons was com.
pletely adjusted o retra-valency with Fe(ID and NaNO-

Because the dissoiver wluton used in the first experiment
was over one month old, the valency was not adjusted. For
exch batch of dissolver wiunon, a | m¢ aliquot was alsw
taken as an unsputed ample © be ysed tiw the plutonium
LOPIc composition messurement  Each spiked and
anspiked sarple was spitt (a0 two or more subsamples
Fach subsampie was individuaily passed thrmough the anion
exchanger column : BIO-RAD AG-MP! NOq torm. 1) $ my

¢ mm ¢:. followed by washing ‘vith § M HNOy v remove
fission products and amencium and ' M HNOR 10 remove
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Fig | The resin bead sample preparanon procedure used in the second
experument for (Rt spiked (solid line) and unspuked ' dashed line)

sampies This procedure i3 sughsty diferens frond the first expenimens

Jascrnbed \n the wx:.

dounled the arount of 8 M HINOy soluton used w0 the sec-
nd expenment. Plutonium was eluted with 0.01 M HNCH,
‘re wditv was adjusted with 8 M HNO#y, and the plutonium
~ .13 ‘nen absorbed on reuin beads contained n smail gauze
Says  Each resin bead sample was placed i a plasoc bag.
-zmoved frem the glove box, wnd placed directly against the
=nd cap of the high- g’\:ry gemamum detector for gacmma-
rav meascrements. umple preparation tlow onginally
rmposed had been uch that a certaw amount of resins con-
‘aining plutonum were titen from the won exchange column
‘or jgamma measuremens. [t was, however. found that
~uthenium, one of the mmor fission procucts. was hardly
sinsed from n.e first uage of the ion separanon. Therefore.
ihe idea of plutonium elution- resbeorpoon tenooned above
w1y adopted.

In the firgt experunent, we spiked four Im¢ ssmpies of
nput dissolver solunon from one batch wiuh four L.SD
spukes. Each LSD spuks contunod ~4 S mg of plutonum.
in the second expenment. ux spiked samples were made
fr.m three different bawches of dissolver wolunon. Two
v m¢ dissolver-solutton samples from esch batch were
:ndividually spiked to maks ux spused les. The mass
t pritorium in each spike was -2 mg. prke to-dis-
iiver wlution plutonium mlo changed from ~ | in te

firwt expenment -2 | in the second expenment 0 decrease
the amount of sprike used. in addition W plulonium masses.
iotopc composions of the spukes were also slighdy differ:
ent in the (wo experiments as shown (n Table [

4._Rexulis aod Dhscuasion
Blumaum onge. Camponooos

Figure I shows the low-energy gamma-ray spect of
ra) the pure LSD spike. () the unspiked tunknown) dis-
wiver solution. and (c) the spiked dissoiver wiuton from
the first expeniment. Nouce the drumaac differences in
JAmma-ray inensites among the three les. (n the v
nnd experiment. gamma-ray peaks of ~39Pu (at 34 66 and

516} uv{ are reiatively smaller comud -ray
peaks of <3Py 143 48 keV) and APy (49 23 keV ) because
of the smailer spike t0-dissolver wlunon rano  Table ii

shows the gamma-ray pluoNIuM IKXOPIC COMPOsINoNS ' in
weight percent) for the dissolver wiunons. Al IDGS daua
shown are averag.i from two or three independent mea
surements af subsaniples. A few subsamples of ample | in
the firvt expeniment were contaminated by tission products,
data from these are not included n the averages The K
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Fiyg 2 Low energy gamuma-rgyv spectra of 1d) pure LSO
vpwke 'h) unspked dissolver solution. dnd
1 ipuked retin head samples in the first
¢ tperimens

: Tible [I. Plutomum [sotopic Abundances (wt %) of
; Dusolver Solunons as Desenmned by IDGS

——
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X-FAVS TTOM Cs0n 2rodues Qe ntertere wilh the Dilio-
AMUM JOW-energy ZAMMA fays 0 affect the docuricy of e
measurement. Furthermore. the drarageaily nereased con-
Tinuum cdck ground produced oy Migher energy x LT A
‘rom tiss:0n products redyces ihe precision of measurement
for 1 @iven Jountinyg ume and JeomeTy for (e sdme s of
clutonium. Figure 3 shows a companson of the (0w -energy
dimma-ray specTum trom a fission-product-contaminaied
resin bead sampie dotted spectum with the specoum trom
the same sample ifter it was rewashed (0 remove fission
progucts. MO OWw-energy FAmma rays from tission products
:nterfered in the second exnment ‘samples 1-31 This may
me due to the druble imount of 3 M HNO» solvbon used :n
the {ission-proguct washings. However. some weak high-
energy JuMuTA rays from ruthenium that produce a higher
conttnuum back ground were abserved i1n specTa n both
expertments. Figure 4 compares 4 dissolver soluiion spec-
oum with the higher continuum background with i pure
LSD spike specoum.

Table LItA) shows the companson of the plutonium
:SOOPIC compnsitions of dissolver solunon is deterrmuned by
[DGS and IDMS. The agreement between [DGS and DMS
's generally good. especially so for the ~*'Pw=3%Py rano
"average [DGS/IDMS rano 1s 0 993) and the weight percent
of -39Py (average [DGS/IDMS ratio s 0 999, which are
importam {or calculaning the toal plutonium concentranon.
Using Table [{I(B) we can compare the IDGS and [DMS
plutonium sotopic measurements of the pure LSD spike
used in the second expenment. The agreement between the
[DGS method and the [DMS method 13 excellent except for
231py. which has a very low fracuon in the spure  Of
<ourss. garnma-ray measuremnents ot the 1sotopic frachons n
the spike need not be made. but were made in this case
increase confidence in the gamma-ray plutonium sotopie
measurements.

Toal Plupnum Concenganon

From £q. 4. the otal plutonium element concentra-
uoa of the unknown dissolver soluoon car be calculated by
using measured “$7Pw<39Py values for the spiked solunon
Ry, and for the unspiked diswiver solugon 1R,). the mea-
sured weight percent of <3Py i1n the unspiked dissolver
swiuton 1 W 3), and cernfied values for W and 0P

R, for the LSD spike. The results of the plutonium et=-
ment concentranons from [DGS and [DMS are compared .1
Tadle [V The average [DGS/IDMS raco 1s i 0003 and we:
sample RSD of the average rano 13 ) 12%. indicanng that
ity has between [DMS and [DGS methods 131 S0 2%
Because each of the 10 IDGS plutonium concentraoon val-
ues 1n Table [V was computed from the average isotope
ragos from an unegual number ot counts of varying ames,
the sample RSD of the 10 rauos. just mengoned ays litte
about the precision of ungie measurements. The prectsion
will e a funcoon of sampie plutoniurn masses. detector
efficiencies. count ames. and 1s0topic dismbugons. For the
1000-mm=~ der=ctor used. with ~) § mg of plutontum in the
piked samples and ~) ! mg of plutontum in the unspiked
samples talthough less than 6% was Tapped on the resin
heads ). and (0D-mun cnunts on both sprked and unspused
reun bead samples. Eq. (4 esarmates the RSD of the random
error to be -1 2% By o.amizing the sampie preparation
and perhaps using womewhat larger samples bt dissolver
wiunon, the precision could de | (13 for | -h count ames on
hoth samples.

< o

[n summary. we have demonstrated for the tirst nme
the simuitaneous determunation of plutonium concentraiion
and ntopic composition of spent nuclear tuel dissolver
wlugons from 4 reprocessing plare by the [DGS wechnigue
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TABLI Il Jompanson 0 PLIONIuIm SO0 ADUNCANCES A DeterTunes Jv i
DCS ang DMS
[DGS. IDWS
T dacn
~Nao - o heh - 8:py Alpy a0py; Do,
A Dissoiver Soiugon
49 o 1m3 . ] 10329 3 99¢

M 5L 1 9% PR ) 996 s | .00

3 L3 0 1989 RIS ] 98} 1 984

4 ] 1w D .07 ADEZ) a7 )

Av 1137 0999 (9%} 1 068 1.010 0 9%}

3 ST Sowe

B2} 00 0. L2378 - L0

| TABLE  Commpanson of Tom Plumium Concengarions ot‘]
Dissolver Soiugons as Determuned by [DGS andll

‘ DMS
- —~
: DGS DMS |
| Sammpie g Putl- g Pwli DGS/OMS
=
' A Fusi Expenment
. 19702 79769 0993,

M 19780 DA 2e 1) 997

3 19818 79822 L 0C16
!4 ) 9R! 1) 9806 . 0003
i Average 0 9991

|

!B Sexong Experument

bl . 2968 1299 0 999

) 99 1298 0 9964

e we2 HE L 10074

- L1t 378 I N019

9 P | | 266 I 0042

D) . 108 V2 ( 0038

Average L 002

Bevause 10GS 1s adeguately accurate and precise. easy (0
sperate and maiain, and costs less than [DM3. vus new
techruque cowd be impiemented as an alternatve method for
(nput accountaoiiity and verificanon measurements in repro-
cesung ptants [t could also complement K edge/K-XRF
me surement of pwtonium concentaoon by providing the
e destnbunons of dissolver solunens  in thiy case.
mecaase oniy dissolver solution s 0 be measured and ana-
vtrd. no sprked sample is involved  The [DGS technique
mav also provide useful accountabriity and venficanon
‘nformagon on intermediate -process and hot - waste -sreams.
which are important for near reai-gme acounang at repro-
sesung plantsy

DGS cculd also be a1 potential on-site veniicaton
menod for [AEA inspecnons. At present. spiked and un-
sTiked alquots from each dissoiver bawch are prepared by the
Tian: Jperators and given !0 the inspectors for shipping 0
:ne SAL for [IDMS analysis. The turnaround ame 1n getang
me tesuils of these analyses 1s usually more than one month
recause of difficulnes in shipping piutoruum-beanng sam-
cies A sumple, prompt. verificanon analysis for eacr dis-
soiver bach thar could be done at reprocessing plants wouid
%e :mportant. By implemenung the [DGS techmue for on-
site venificatnion, the [AEA and domesac inspectors couid
oromet.y detect anomalies and sigruficandy recuce the mum-
Der 2( samples sent W the SAL for [DMS analysis.
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