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ABSTRACT

A nondestructive gamma-ray technique has been
developed to determine plutonium isotopic ra-
tios. The technique is based on the high-inten-
sity, low-energy gamma rays at &43.48, 45 23,
33463, 3945, and 64,83 keV foc 138, 2u0p,.

Pu, Am, and Pu, respectively. The re-
sults demonstrate that this technique can ac-
curately weasure plutonium samples in a timely
manner and in a wide range of masses, isotopic
contents, chemical forms, and ages from chemical
processing.

I. INTRODUCTION

flutonium {sotopic ratios can be determined
by measuring selected close-lying gamma-ray
psirs in di.ferent energy regions. ~ With
this technique, small, htgh-purisy germanium
(HPGe) planar detectors (1 or 2 cm”) have been
utilized to analyre gawma-vay spectra in the
94- to 420-keV region and/or large coaxisl ger-
varium detectors (V70 cm”) have been used
to analyze pgampa-ray spectra 4in the 2300- to
670-keV region. In general, the technique can
luccrdafully dotermine the llotoplc compositions
of 38Pu 239Pu and  241py  wiehy a few
houri. However, the precision for Pu yeas-
urements is 2 to 4 within “V1i4-h count time”’ fcr
a plutonfum sample mass >0.25 g, except in the
complex 94- to 104-keV r~gion” for solution sam-
pliews.

It {¢ fmportant to both special nuclear
saterfal control and proces# cvountrol to famprove
the accuracy and precisfon of p&i&pnlnn lnotoplr
meanurementy, esprcially ‘or study
of theme {mprovements war 1nl(ln(cd by tho Los
Alamos Safepua.ia Aresy CGroup. Our approach fs
to snalyze the high-fntensity, low-energy gamms
rays at 43, 48 43, 2J 51, b] 59 54, and 64.81
51‘ for bPu &“IA-. and

Pu, ro-pcrlXVcly. Tho 43, bﬂ— 45.23-, and

*Work supported by the US Department of Energy,
Office of Safeguards and Security.

51.63-keV gamma rays become difficult to analyze
in aged samples because of strong interference
from the Compton continuum of tte very {rntense
59.54-keV gamma rays from 21pn  and/or 237y,
Therefore, these low-energy regions have not
been used previously for nondestructive assay
plutonium {isotopic composi;ion, except for
freshly sgseparated solutions.”’”™ However, this
difficulty can he diminished by careful selec-
tion of a detector with the proper combination
nf resolution, efficiency, and peak-to-Compton
ratio at energies below /0 keV. Details of the
selection of such a detectnr are described i§:
Sec. III. We also discuss the measurement meth-
od and the results obtained by using low-energy
gamma 1a8ys for nondestructive assay of plutonium
samples in a wide range of ma:itnes, isctopic con-
tents, and chemical forms.

11. MFASUREMENT METHOD

The wmeasurement method has been briefly
discussed in Ref. 7. 1In general, the plutonium
fsotopic ratio N(m)/N(n) of two {sotopes m and
n can be determined by measuring their selected
gamma rays a and b, respectively.

N(m) _ R(a) , I(b) | t(m) .,
N(n) R(h) 1(n) tin)

A‘\
uv

where

F = measured count rate of gamma rayas,

1 = abrolute branching intenaity of g mma
rayms,

t = half-1i{fe of {motope, and

t = relative efficiency of selected gamma
rays, {ncluding detector intrinsic ef-
fictency, counting geometry, attenu-
atfon, and sample melf-attenuation.

The tsotapic ratios of Ijaru, 219Pu. 2“0Pu.
and Am are da(rvmlnvd bv using gamma rays
at AY.AR, M. 61 ﬁS. and 59.%% keV, reapec-
tively. The Pu/ an ration are meanured hy



64.83 keV/51.63 kev for 24l1py-237y equilibrium
samples (245 days frouw iranfum separation) and
by 148.6 keV/129.3 keV for nonequilibrium sam—
ples.

Relative efficiency (€) variations arising
from sample self-absorption, uetector efficien-
cy, and external absorbers are calculated by
using known efficiency points from Pu gezora
rays at energies (E) 38.66, 51.€3, ¢8.72, 129.3,
144,2, 171.3, 195.7, and 203.5 keV. A simple
linear xn € vs kn E interpolation beiween two
relative efficiency points at 38.66 and 51.63
keV is used to calculate the relative efiicien-
cles at 43.48 and 45.23 keV; interpolation be-
tween two relative efficiency points at 51.63
and 68.72 keV is used to calculate the relative
efficiencies at 59.54 and 64.83 keV. The rela-
tive efficiency points at 129.3, 144.2, 171.3,
195.7, and 203.5 keV are fit to a quadratic to
determine the relative efficiency at 148.6 keV.

All gamma-ray net peak ares. are calculated
by using & channel-by-channel summstion with
strajght-linc background-subtraction method. The
background is determined from carefully selectea
regions on both sides of the full energy peak.
No peak-fitting routine is employed. Minor in-
terferences in the full enrergy peaks are taken
into account. The {sotopic half-lives and the
gamm. -ray branching futer {ties are taken from
Refs. 1 and 8, respective.y.

The 233pu/23%y ratio ts determined by ana-
lyzing the 43.48 keV/51.63 keV gamma-ray reatio.
In eddition to small interferences from 3 U (av
43,43 kev) and 2%lpu  (at 44,20 kev), a strong
interference frow lam at 43.37 kev? wmust be
'““"'°$S% from the 43.48-keV peak for deter-
mining 238py content. The ratio is given by

236, /239 ALY -3
PW Pu ACSD) y ¢.494 % 10
_A9) -6

ACSY) x 4,94 x 10
A(F4 4

- 2] -
AGST) x 2.41 x 10 ' (2)

where

A(a) = R(sa)/c(a) (efficlencv-corrected count
rate of! gamma ray).

The 200p,/2¥9p ratio tn determined b analyzing
45.2% wev  (240py) and S1.63 kev (13%pu) popme
rayms. 11 the weak {nterfer.rce ot Pu

(44 .86 keV) to 45.23 keV is ignored, the ratio
can be expressed by

240 39 A(45)
Pu/2 Pu = AGD x 0.1625 (3)

The 241py/239py It io ‘5 determined by 64.83
keV/51.63 keV for 241pu-237y equilibrium samples
(>45 days from uranium separation) and by 148.6
keV/129.3 keV for nonequilibrium samples. It
ic given by

4
2“1Pu/&39Pu (equilibrium sample) = AC64) x 0.507
A(51) (4)
2a1pu¢b39pu (nonequilibrium _ A(148) oo
sample) A(129) (5)

We also measured the 2“IAm/z:‘gPu ratio by
the 59.54 keV/,51.65 keV ratio. After the con-
tribution from 237y has been taken into ac-
count, the ratio is expressed by

201,39 A(59) -5
Aq/h Pu TS x 1.367 x 10
- }%2?% x 3.62 x 107 . (6)

I11. THE DETECTOR AND THE SYSTEM

To select a pgermanium detector with the
proper combination of rcesolutfon, efficiency,
and peak-to-Compton ratio at energies helow 60
keV, we tested five types o! detectors with ac-
tive volumes varying from 1 to 70 cm'. Fig-
ure 1 shows the low-energy (38 to 60-keV) gam-
ma-ray spectra of a 600~-ug Pu mavnple from vari-
ous types of detectora with a 20-ka count time.
Although the small HPGe planar (5GP) detector
(1 com? {n volume) shows the heat resolution and
peak-to-Compton ratio, {ts efficien~y {mn tov
low. On the other hand, the N-type coaxial
(NTC) detector (49 cm‘ fn volume) has the
higheat efficiency but the lowest resaolution.
The ‘arge HPGe coaxia! (LGC, 7% em? tn vilume)
and miedium HPGe coaxial (MGC, 41 r-‘ in volume)
have poor resolutfona, efficienciea, and peak-
to-Compton ratios. The large HPGe planar (LGY)
detector (10 cm’ in volume) hae the best conm-

_bination of the resolutfon, efficiency, and

peak-to-Compton ratio. Table 1 summarizes the
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Fig. 1. lLow-energy (38- to 60-keV) pnrimai-ray spectra from varfous types of detec-
tors for a 20-ka count time.




TABLE 1

TECTOR RESULUTIONS AND PRECISIONS FOk ISOTOPIC RATIOS
CONPARISON OF DE FROM VARIOUS TYPES OF DETECTURS

DEIECIOR ___ JYype SIZE

s6P PLANAR 100 w2 X 10 e

LEP PLANAR 1000 wnZ x 10 mn

AGC COAX 1AL 37.5-MM DIAM X 29 MM
NTC N-TYPE COAXIAL  42.3-mM DIAR X 35 mm
L6C COAXIAL 49-Mm DIAN X 39 MM
APéEClSlON (

TIVE EFFICIENCIES.

detector types, sizes, and resolutions, and the
precision of the isotopic ratios from these de-
tectors. With a 20-ks count time, the best er-
Eig;teg $rerisiona (loz 8f 0.4 and 0.56X for

u/“?’Pu and 2"ol’u/ 3%, ratios, respeciive-
ly, were also obtained by the LGP detector.
Based on these results, we chose the LGP detec-
tor to measure plutonfum {sotopic ratios by us-
ing low-erergy gamma-ray spectra. A 2.2-mm-
thick aluminum filter was installed in the front
of the detector to minfmite sum peak interfer-
encen that rerult froq Yileupl f L x-rays and
26.34-keV ganma rays (‘“ An and /U).

The &y tem also consists of a Canberre
Serfes B0 multichannel analyzer (MCA), including
an 8-k channel analog-to-digital converter
(ADC), aud an LSI-11/23 microcomputer and peri-
pheraln. A air of Canberra B200 astabilizers
maintains the energy calibration. The rzero and
gain stabilizition peake are the 51,63~ and
129.3-keV gama rays from 3%y, The MCA s
controllied by the 1LSI-11/23 microcomputer, which
han Y2k 16~hit words of memory and is a proces-
nor for data acquinition, reductf{on, and analy-
nin. A Winchensr/floppy disk aystem (DSD-880}
provides for aterage and transfer of the progrem
and data. The cortrol of anmay input and output
fs accomplished through an 1A-120 Decwriter.

An  automatic dita-acquinftion and -analyais
program {s writien in FORTRAN under Digital
Fquipment Corporatfon's RT-11 V-4.0 operating
ayatem.

IV. RESDLTS AND DISCUSSION

Using the LGP type detector, we analyrzed
aged sanples (mee Tahle I11) in mneveral chemical
forg‘o with variahle faotoptc contents (82 to
9AX Pu) ranging in wmaen from 10 ug to

pesLaTIon
A A
Aomt)y _(EV) 27PuscPN STTPWLST TP
1 330 0.80 1.02
10 510 0.40 0.56
43 640 21, 18.
49 730 0.48 0.58
75 670 4.0% 4.22

1o) ARE ESTIMATED FROM COUNVING STATISTICS WITHOUT INCLUDING UNCERTAINT'"S FROM RELA-

4 g Pu wi.h americium contents up to 3390 ug
Am/g Pu. Table III comoares thc preliminary
low-energy gamma-ray spectroscopy results for
20~ks cnunt t.wes with mass spectrometry
(2389“ and 241ap derermined by radioanalysis)
results. The average of {sotopic ratios of 10
samples measured by gamma-ray spectroscopy shows
negligible bias aa compared with mass spectro-
metry and ra k%fnl&%til. The 1.4X srandard
deviation of Pu/¢??Pu  {ndicates the overall
precisfon of lnw-energy gamma-ray measurcments
ia these wide 1anges of plutonium mase, imotopic
distribution, and Am/Pu ratio. ;De l«{; r stan-
dard deviation of 6.3% {n pu/
due to the lowur }ntennlty of 64.8-keV gpamma
rays and the low 2%lpy isotopic abundances in
some samples (Table IX).ZJSThe 4.6 and 6%
,Ssndnrd deviations of Pu/23%uy and 241an/
Pu, respectively, may reflect the uncertain-
tiern of radioanalysis.

The eatimated precisions (1U) of gamma-ray
npectroscopy in Table 1V are calculated from
counting statistics, including wuncertainties
frem relative eflfciencies. Obviously, the pre-
cinion obtained from the gamma-ray technique isn

sffected by counting statisticse of the full
energy peaks, which is {a turn a function of
nample mase, i{sotopic dimtribution, and Am/Pu

ratio. For example, the uncertainties {n sample
MS 10 are expected to he large bhecause of the
very amall sample aasa (V10 pg) and high An/Pu
5;{!0 }5% 3190 ppm; and the precimion in the

Pu/43%Pu ratin of sample ST 151 {s  ex-
szitod to be poor hecause of the very low

Pu abundance of 0 0199 in wtX. In Table
IV, the estimated precision from low-energy
gamma-ray spectroscopy (firet cotumn of each
feotopic ratio) 1a compared with those from
higher energy gamma-ray ampectrascopy (120-160
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TABLE 11

By 2y
0.118 83.81
0.0u67 87.32
0.1219 83.42
0.0626 81.73
0.0388 87.08
0.00236 97.97
0.0166 93.38
0.0692 B4.35
0.0627 81.73
0.020 93.77

TABLE 11
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TABLE IV

ESTIMATED PRCCISION (lo,
OF GAMMA-RAY SPECTROSCOPY

238,,,,239 240,,,,239 41p, /239 241, ,239
435/ 152.77 i5.2/ 150.9/ 64.8/ 148.6/ 59.5/ 125.!/
S1.6 129.% 129.3. 516 129.3. 516 1203

Sapie als i1
MS 30 30w 3.3 37.8 1.6
MS 600 600 w6 0.6 10.0 0.7
SOL 05 0.2 ¢ 1.5 141 1.1
ST 121 46 3.6 9.6 2.5

keV) with a 20-ks counting time. The estimated
precisions obtained from the low-energy region
are much better than *hose

from higher energy regicn for r11 {sotopic ra-
tios within the plutonium mnsg raag: from 30 Hg
to 4 g. However, the 41py/23%, preeteion  of
the higher energy regior. {8 improved as the plu-
tonium mass increases. Therefore, a weighted
average of low- and high-energy gamma-ray meas-
urement should give =& better result for Malpyy
239y ratio.

In summary, the rat!os determined by the
low-energy gamma-ray 8pectrnscopy agree very
uell with those determined by masc spectrometry
ind radioanalys s. The grecili%nn of the g;o—
5381c ratios, especially %u  and u/

obtained by thie technique are better
than thgse obtained from traditional high-energy
regions” (120 to 670 keV) for aged samples and
are comparable with those obtuined from the
94~ to 104-keV region® for solution samfples.
Thene results demonstrate that the present plu-
tonium isotopic analysis technique can measure
woderstely aged plutonium sanples in a wide
runge of mnsses, imotopic contents, and chemi~-al
forms. Furthermore, because of 1its sensitivity
in mearuring msamples {n the microgram mass
range, th!s technique mcy be ideal for measure-
ment of resin heada of the kind used by the TAEA
before shipment to Vienna A wtudy of this pos-
sihle application is undev way.
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