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ABSTRACT

A nondestructive gamma-ray technique has been
developed to determine plutonium isotopic ra-
tios, The technique la based on the high-inten-
sity, low-energy &amma rays ●t 43.48, 45.23,

ih;:’ ~?i:’ ;’ !ti::‘::6&&:u’,:~e:

cults’demons’trate that ‘this technique can ac-
curately measure plutonium samplea in a timely

manner and in ● wide range of maases, isotopic
contents, chemical forma, and agea from chemical

processing.

1. INTRODUCTION

Flutonium isotopic ratioa can be determined

by meaauring selected close-lying gamma-ray

paira in d!,ferent energy regionao 1-4 With

this technique, small, high-purl y g~rmanium
3(HPGe) planar d?tectora (1 or 2 cm ) have been

utilized to ●nn:yze ~arnma-ray spectra in the

94- to 420-keV region andlor large comxikl ger-
mariiurn detectors (~70 cm3) have been used

to ●nalyze gamma-ray opectra in the 300- to

670-keV region. In general, the technique can
tuccr~nfully d?termlne the isotopic compositions

of L38pu, 239PU, Ind 24 Ipu

hourl. However,
tile Precision :::h;k~p: ,::v

urem-nta la 2 to 41 within ~14-h count time 3-fcr
a plutonium aampl~ maca w.2j g , ●xc@pt in the
complex 94. to 104-k@V r~gion for solution sam-
pl~a.

It i,, Important to troth ●pecfal nuclear
material c{i]trol atd piticck~ u,~i~trul tu impruVe
the ●rcurary ●nd prcciaion of p I nnium iootopir

mennurementi , ●cpvrially ,Or }Lbpu. ~ at”dy

ot thea- Improvements war initiat?d by the I,joa

Alamos Saf@}*ual~o Atcm; Croup. Our ●pproach la
tn ●nnlyzc the htRh-inttnaity, lou-energy Ramsa

51.63r.ya ●t 43~\ti~u~5S$~~u,

!t!pu for
59”54>47::, 64;:;2f9pu ,

, r*spartivoly, The 43.4M-, 45.23-, ●nd

— ..—

●Work aurport-d by th. US Department of KnarSy,
office of Safaguardn ●nd Sccurlty.

51.63-keV gamma raym become difficult to analyze
in aged samples because of strong interference

from the Compton continuum of tte very ir,tenae
59.54-keV gamma raya from 241Am andlor 237U.

Therefore, these low-energy regiorra have not

been used previously for nondestructive aauay
plutonium isotopic

freshly Compo’it%’’”o::::t t;;:neparated solutions,
difficulty can he diminished by caref~l ‘selec-
tion of ● detector with the proper combination
of resolution, efficiency, and peak-to-Compto.l

ratio at ●nergiea below (JO keV. Details of tne
selection of such a detector are described jt,

Sec. III. We ●lso discuss the measurement meth-
od and the r~sults obtained by using low-energy
gamms lays for nondestructive nasay of plutonium

snmplem in ● wide range of mai~.ea, iaGtopic con-

tents, and ch~mical forms.

11. MP.ASIIREFtENT NETNOD

The mrfisurernent method has been briefly

dtnruttaed in Ref. 7. in gen~ral, the plutonium
isotopic ratio N(m)/N(n) of twn igotopea m and
n can be Artcrmfnpd hy m~nsurirrg their nrlected
Uamma rayn a and b, respectively.

N(m).m R(a) , I

N(n) R(h) I

where

r - meamur

?.1. L
n) [;

rate

1 - ahsnlute hrnnchinR
raya,

b)

a’
(1)

f gamma raym,

!nf?naity of R ma

t - half-llfe of tnntopm, ●nd
~ - relattv~ ●fflcierrcy nf nelected gamma

rayo, tncludinR det?ctor intrincir ef-
ftcl*nry, rountlng R*um*try, mtt?nu-

atlon, ●nd ●amp]o ●elf-attenuation.



64.83 keV/51.63 keV for 241Pu-237U equilibrium
samples (>45 days from ]renium separation) ●nd
by 148.6 keV/129.3 keV for nonequilibrium ●am-
ples.

Relative efficiency (E) variations ●rlaing

from sample Belf-absorption,, uetectov efficien-

cy* ●nd ●xternal absorber~ are calculated by

using known ●fficiency points from 239Pu gamma

rays at ●nergies {E) 38.66, 51.63, 68.72, 129.3,

144.2, 171.3, i95.7, and 203.5 keV. A simple
1 fnear &n C vs k.n E interpolation between two

relative ●fficiency points at 38.66 ●nd 51.63
keV la used to calculate the relative efficien-

cies at 43.48 and 45.23 keV; interpolatio~l be-
tween two relative ●fficiency pointo ●t 51.b3
and 68.72 keV la u~ed to calculate the relative
●fficiencies at 59.54 and 64.83 keV. The rela-
tive ●fficiency points at 129.3, 144.2, 171.3,
195.7, and 203.5 keV ●re fit to ● quadratic to
determine the relative efficiency ●t 148.6 keV.

All gamma-ray net peak arel,, are calculated
by uming ● channel-by-channel cummation with

straight-line background-subtraction method. The
background is determined from carefully selectea

regions on both eides of the full energy peak.
No peak-fitting routine la employed. Minor in-

terferences in the full ●nergy peaks ●re taken
into account. The isotopic half-lives ●nd the
gamm.-ray branching i!ite~ ities ●re taken from

Reft. 1 and 8, rcspectiva.y.

The 23gPu/239Pu ratio 1s d~t?rmined hy ana-
lyzing the

‘3”48 ‘ev’’5]”6’ ‘e” E&mmn-ra$fi;t;:;In cddition to emall interference from
43.43 keV) ●nd 241PU (at 4/4,20 keV), a ●tronfi

!nterftrence from 241Am ●t 43,37 keV9 must be

:;;:N from‘hePu content,

23k 1239P,, _A($3~
Pu,

A(51) ‘

A(59~ ~-.
A(Si)

A(+4J

A(~l) x

wh~rc

43.48-keV peak for deter-

The ratio la given by

-3
(,494 x 10

4,94 x 10
-b

2,41 X 1o-’” , (2)

A(a) - ft(a)/c(a) (e! flrie!i[ v-rorrO(ot@d count

rate n! ~amula ray),

(44.86 keV) to 45.23 keV la ignored, the ratio

can be ●xpreaaed by

r240PU 39 Pu . =x (3.1625 (3)

The 241Pu/239Pu

keV/51 .63 kaV for ‘~~~~-1J7~e~~~~~;iu?na~~~~
(>45 daya from uranium separation) ●nd by 148.6
keV/129.3 keV for nonequilibrium samplea. It
is given by

P241pu 39
P. (equlllbrium sample) - ~$~ x 0.507

(4)

P241PU 39PU (nonequilibrium A(148). —...—
mample ) A(129)

x 0.0?01 .
(5)

We also meaaured the 241h/23aPu ratio by

the 5S.54 keV/~1.65 keV ratio. After the con-

tribution from 237U ha, hen taken into .c-

count, th? ratio la ●xpreaaed by

r241AM 39PU _
~~5~ X 1.367 X 10

-5

A(51)

A($4~x 3.62 ~ 10-’4 .
- A(5i)

111. THE DETECTOR AND TIIE SYSTF.M

(b)

To select a g?rmanium d-tector with the
proper combination of rvaolut Ion, efficiency,

●nd prak-to-ComDton ratio st ●nerSi@c below 60
keV, wc t~stcd five typ~n o! detectoru with ●r-

tlve volumes varying frnm 1 to 70 CM’. Ffg-

urr 1 ohowe the lnw-~n~rgy (3R- tn 60-keV) gnm-
mn-ray ●pcctra of ● 600-Uff Pu aamplc from vnrf-
oua typ?o of d~tectnra wtth a 2t3..ka count time,

Although th~ ●mnlI NPCe planar (SGP) dctrrtor

(1 rm3 in volume) shown the hrmt rrsn]ut ion anl
poa4-to-Compton rntfn, itn •ff(rf~n~y tn to,l
low. f3n the ottwr hand, the N-typu Cnaxinl

J in ‘(’l’’me~em~~,t!~~l~(NTC) detector (4IJ cm
hiRh@at efftcl~ncy hut th~ lowest .

The :argc NPGe coaxia! (LGC, 7$ cm’ in v,lum-)
●nd mtdturn HPt% coaxial (Mr., 41 cm ~ tn vo),imc)
haw poor roaolutiorra, cfftc!encl?s, and pe.tk -
to-Cnmpton rattn-m. The larse NPG@ planar (L(W)

J in volum~) hap th? bent rOn-
Thc 2401’,1/739P

detector (10 cm
i. ratio iw rtotermined ~{ ●nalyzing hinatlnn of

[24UPU) ●nd ~l,b) koV (23 pu)
the

45,73 kQV
rocnlut ion, cfftrien[-y, an{!

raya. Ii th@ weak lntrrfar.r.ce of !!~, ‘ ponk-to-(:ompton ratio, Tahlm I stlmmarixon the
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TABLE I

COMPARISON M DETECTOR RESdLUTIONS AND PRECISION FOk ISOTOPIC RATIOS
FRON VAR1OUS TYPES OF DETECTORS

S6P

L6P

flGc

NTC

L6C
.—. —.—

RfsoLtJTIoM

VOLUME (FUHf!) AT
51.63 KEV~cM3L -) Rmp-u

.~ ~.

PLANAR 100 t!M2x 10 !M 1 390 0.80 1.02

PLAhAR 1000 d x 10 ma 10 510 0.40 0.56

COAXIAL 37.5-MM DIAM X 29 Ml! 43 64o 21, 18.

U-TYPE tOAXIAL 42,3-MM DIM X 35 MM 49 7s0 0.48 0.58

COAXIAL Q9-MM DIAM X 39 MM 75 670 4.07 4.22

ApREclsl ON (lo) ARE ESIIMAIED FROM t0UN~lN6 STAll$llCS WITHOUT INCLUDING UNCERIAINII-S FROM RELA.
TIVE EFFICIENCIES,

dctec:or types, sizes, and renolutfons, ●nd the
precision of the isotopic ratios from thene de-

tectors. With a 20-ks count time, the beet ●~-

$~~~~$3~~~~~on” (10] of o.~~ and 0.s6%, foi24%%/ 39Pu ratios, respective
ly, w~re also obtained by the LCP detector.
fhsed on these results, we chose the LCp detec-

tor tn m~asur? plutonium isotopic ration by us-
!ng lnv-er.erRy gamma-ray spectra. A 2.2-~-

thick aluminum f!lter was installed in the front
of the detector to minimize sum p~ak intrrf*r-
Qcren thnt

‘ea”lt f’%hy;::;; f~,:)x-r”y’ ●nd
26.34-keV gnnma rnyo (’ .

Th@ ayltem ●loo consimts of ● Canberra
Serlrn 80 multichannel annlyzer (MCA), including
●n 8-k chnnnel analog-to-diRital conv~rtar
(AOC), attd #n LS1-11/23 microcnmputrr ●nd pari-
pheraln, A ,Isir or Canberra 8200 ●tabilixora
mnfntnfnn t,he •ner~y calibration. The ccro ●nd
gain the 51.63- ●ndntahillzlt ion p~::omarz:lqpuo The ~CA 1.

129.3-keV gamlln ray-
contrnll~d by ih? l,SI-11/23 mtcroromputer, which

has ‘\J-k lh-htt wnrrfa of memory ●nd la m proc?a-
nnr for dntn ncqufnitlnc, reducttnn, and ann]y-

Rfn, A W1t\ch@a.er/floppy dtnk myntrm (tlSI)-880)

prnv!drs for ~:r,ragc and transfer of the proRram

and datrn. TIw rmtrnl of nnmnv input and output
la ~crompllnhed thrnugh an l,A-12fl D?rwr!tel.

An nutomntlc diils-acqtl{n(t ton ●nd -annlymim
prOXram (s wrllit~n in FoRTRAN ttnder fliRital
Eqlltpment Corporal lrm’n RT-11 V-4.O operating
nystem.

lV. RFSIU,TS AN1) IJISCUSSI(IN

ltalnm thu LCP type d?tortnr, we ●nalyzed
aged ●amplea (am Table 11) in ●~vcral chemical

l;2T9PlJ” r*ng\n*
variahlo Iaotoptr cnntonto (R2 tn

tn mamn from 10 )18 to

4 8 RI Wj. h americium contents Up to 3390 ug
Am/g Pu Table III comoares the preliminary
low-energy Eamma-ray spectroscopy results for
20-ka count tA@ti with ma8s spectrometry
(238Pu and 24~Am determined by radioanalysin)
remults. The ●verage of isotopic ratios of 10
camples meatured by gnmms-ray opectroncopy shows
negligible bias ●a compared with maoc ttpectro-

‘“try ●nd;;liv;,bti’” ‘he 1“4% ““’’”r’deviation Pu indicntea the overnll
precision of l,>w-.e\\er8y gnmma-ray meaciurernentn
10 thes~ wide I.tngec of plutonium maen, irnotopic

dtntribution, and Am/Pu ratio,
dard deviation of 6.3% in ?tfp:;$gt;u’’a;;

due to the ntenoity of 64.8-keV Ramma
1°w@r211PU isotopic ahundnncen inraya ●nd the low

some samplea (Table 11).
~~$~~rd deviations of 238Pu/239Pu ●nd‘“e 4“6% a“d24t:7

I r~spectivcly, may refltict thr unccrt.ain-

tien of radionnalyaia.

The entimstad preciaionc (lLJ) of Nammn-ray

npectrumcopy in Tnbl@ IV arc calrtllated from
crmnting statimtico, includlng unc~rtmintlem
frrm ralativa ●f:icidnciam. obvioumly, ttw pre-
ci~ion obtained from th? gnmma-ray technlquc 111
sffectad by counting ctatiiitica of the fu;;
ener~y p~akn, wl)lrh 10 1,1 turn o function of

aampl~ maoQ, inotopic dtntrlhut ion, and Am/lttl

ratio. For ●xampl~, th@ uncertalnti-s in anmplc
MS 10 @r@ ●xpectod to he largs Iwcaume of the
vmry small ●ampl~ masn (~ltl ME) ●nd hi~h An,/P\l

lfljj/’’~~P~39~at!?; “nd,~$~e~’r~~i~~~n 1“ ‘t’@of in @n-
~~~ttd to bo poor becausa o f ttw very 1Jw

PtI ●hundanco of “O (3199 in wtX. In T@bl@
Iv, the eotimat-d precision from low-cn~rRy
Rsmma-ray ●p?rtrnmcopy (firot column of each
im[)tt)pic ratio) lo rornpared with thoao from
hiRh@r onorgy Rmmma-ray ●partrooropy (12(\-l(J()



TA8LE 11

ISOTOPIC DISTRIBUTION IN NE16HT PERCENT

241A”

3390

96

372

1864

2220

40

165

1s14

1800

838

CHEMICAL -238PU 239PA—. 23

6.S4

11.4U

6.01

16.45

11.76

2.01

6.19

14. OQ

lb. Q5

5<94

24&

;.519

0.943

0.457

1.406

0.952

0.019

0.348

:.253

1>408

0.240

MS 10

M 30

MS 600

ST 121

ST 119

ST 151

SOL 01

SOL 05

SOL 06

JT 002

FLUORIDE

FLUORIDE

r LUORIDE

OXIOE

OXIDE

OXIOE

0.118 83.81

87,320.0467

0.1219

0.0626

83.42

81.73

0.0388 87.08

0.00236

0.0166

97.97

93.38NIIRAIE
SOLUTION

0.0692 84.35NITRATE
SOLUTION

0.0627 81.7SNITRATE
SOLUTION

0.020 9J.77METAL

TABLE Ill

CO+!PARISOHOF ISOTOPIC RATIOS
BY G \.RAY SPECTROSCOPY WITH MSS sPECIROMEIRY

~A,lo! GAf5PtAsPLcIMKorY
MASSSPELlflQiUl~

AR/Pu luOPU 2JnPu/ :;jPu/ 2J32q1Pu/ ;\; AM/
sAnPIJ M& LPPfu Lulxl ?J9PU. . J?.1.. . .. ..P.LL .._&

SoLlrl

MS iO

us J9

MS 600

ST 121

ST A19

51 1$1

SOLU1lRM

s? !1

SOL 0>

SOL 06

MEAL

J!O 02

10 w

Jo UC

600 M

46

172c

2.6$ C

3390

96

J72

lIbQ

222U

40

664 0.941 1,038 1.0>9

11,00 1.002 0.997 0,967

6.01 0.9s? 100i 0!999

1645 0.90u 1005 0.991

1A, ?6 1.002 1 008 0,9s0

2.01 1041 0 995 1.002

--
. .
,.

0,99!

0.92?

0 956

lb6

l\lu

1[00

6.19 l,OC? 0.997 1,107

14.04 0,990 0,9[9 0.929

16. U\ 0.997 1,009 1,04s

1 ,0s1

1,017

1,06$

2.58C IJ8 5,90 0.9MJ o 991 0,947

Avc RACt 1,004 1 001 Loos

iIatiobRO DIWIAIION 0.046 0 Olu 0,063

APL U! OUIUM 2!1 AMD ?~IAI! 0111 RMINAll Oh BY RhOIOMAITll S,

l.ooi

0.056



TABLE IV

ESTIPIATEDPRZCISION (1~. lN S)
OF 6AM!fA-RAY SPECTROSCOPY

sAf!wE&-
?fS so 30 Mb

MS 600 600 U6

SOL 05 0.2 C

ST 121 4 6

w%%:WR!b %Y-w7
sL.61z9.& flL612%3_5u 129A

3.3 37.8 1,6

0.6 10.0 0.7

1.5 14.1 1.1

3,6 9.6 2.5

keV) with a 20-ks counting time. The emtimated

precicions obtained from the low-energy region
●re much better than ●hooe
from higher ●nergy reglcn for ~11 iootopic ra-

::0: ;:’h;:w:::r ,p;;:0nit?p:;31 <:o;;a::;;o:0 :;

the higher energy reglor. is improved aB the plu-

tonium mass increaees. Tl~erefore, a weighted

average of low- and high-energy gamma-ray meas-

urement should give a better result for “~lPu/
239pu ratio.

In summary, the rat!on determined by the
low-energy gamma-ray op~ctroocopy agree very

veil with those determined by mast ftpectrometry
Jnd radioanalys s. recisi ns of the, ao-

4~j~;ration, ●mpecl~~y $(80Pu/279Pu and ~tt:~
obtained by this technique ●re

than th oe obtained from traditto,lal high-energy
reg,o:83 (,*0 ,0 ~,” ~e”) for aged aampleo ●nti

sr~ comparable with those obtbined from the
4 for solution ●amFlea.94- to 104-keV region

Theme rrsult~ demonstrate that the pr~aent plu-

tonium ieotopic snalynia t~chnlqua can measure
moderately aged plutonium anmplea in a wide

r~rrge of mnt?~ea, lnotopic c’ontento, ●nd chemical
formo. Furth~rmorr, hecnuac of itn cenaltivity

in meanurlng namplem frI th~ microgram mnas
rang-, th~a tec+nlque mcy be ideal for measure-
ment of r?ufn headn of th~ kind used hy th~ IAEA
b?fore ahtpment to Vl~nna A otudy of this poa-

sfhlr spplfcatton is unrlc~ way.
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