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LUW-ENERGY GAMMA-RAY SPECTROSCOPY"

T. K. LI, Los Alamos National Lsboratory
Group Q-1, MS E540
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ABSTRACT

A nondestructive gamma-ray technique has been
developed to determine plutonfum isotopic ra-
tios. The technique is based on the high-inten-
sity, low-energy gamma rays at 43.48, 45.23,
33463, 3954, and 32133 keV for <38p, 240p,

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

1. INTRODUCTION

Flutonium {sotopic ratios can be determined
by mesauring selected close-lying gamma-ray
psirs in di{.ferent energy regions. With
this technique, amall, hlgh-purlsy germanium
(HPGe) planar detecltors (1 or 2 cm”) have been
utilized to sanalyze gauma-ray spectrs 1in the
94~ to 420-keV region and/or large cosaxisl ger-
par.ium detectors (™70 cm”) have been uased
to snalyze gamma-ray apectrs in the 300- to
670-keV region. In general, the technique can
succrisfully dotermine the fsotopic compoaltiona
of ‘38Pu. 239Pu. and  241py Hlthl% few
houri. However, the preciafon for Pu gpass-
urements is 2 to 4X within “14-h count time’ fcr
s plutonfum sample maas >0.25 g, except in the
complex 94- to 104-keV r-~gion for solution sam-
plen.

It {: f{mportant to both apecial nuclear
saterfal cintrol and procesd control to faprove
the accuracy and precisfon of P&i&fn(“m {aotopic
measurementy, eaprcislly ‘or A atudy
of these {mprovements war lnltlltod by the Los
Alsmos Safepus,ia Arss;, Croup. Our spprosch is
to snalyze the high-intenaity, low-energy pamma
rays at 43. 48 4. 2J 351.63, 59.% , and 64.81
%zx for bPu \9Pu &‘IA-, and

Pu, rolpoctlvcly. The 4A3.48-, 45.23-, and

SWork supported by the US Department of Konergy,
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 irtense
59.54-keV gamma rays from 261pp  and/or 237y,
Therefore, these low-energy regions have not
been used previously for nondestructive assay
plutonium 1isotopic composl;lon, except for
freshly gseparated solutions.”” However, this
difficulty can he diminished by careful aelec-
tion of s detector with the proper combination
nf resolution, efficiency, and peak-to-Compton
ratio at energies below HhO keV. Detafls of the
selection of such a detectnr are described i,
Sec. IIl. We slso discuss the measurement meth-
od and the results obtained by using low-energy
gamma 1ays for nondestructive assay of plutonium
samples in s wide range of maites, {sctopic con-
tents, and chemical forma.

11. MFASURFMENT METHOD

The wmeasurement method has been briefly
diacussed {n Ref. 7. 1In general, the plutonfum
fsotopic ratio N(m)/N(n) of two {sntopes m and
n can be determined by measuring their sclected
gamms raya a and b, respectively.

N(m) _ R(a) ., I1(h) , t(m) , €(b)

N(n) R(b) 1(a)  t(n) €(a) ° )

where

F =« measured count rate of gamma rays,

1 = absolute branching {intenaity of g mms
rays,

t = half-11fe of faotope, and

¢ = relative efficiency of selected Ramms
rays, including detector intrinsicr ef-
fictency, counting geometry, attenu-
atlon, and sample self-sttenustion.

The faotopic ratios of 23Bp,, 239, 240p,
and Am  are datonminvd b using gemms rays
at AV.AR, %), 61 45. and 59.5%4% keV, respec-
tively, The lPu/ bPu ratios are mesasursd hy



64.83 kev/51.63 kev for 241p,-237y equilibrium
samples (245 days frouw aranium separation) and
by 148.6 keV/129.3 keV for nonequilibrium sam~-
ples.

Relative efficiency (€) variations ariaing
from sample self-absorption, ustector efficien-
cy, ond external absorbers are calculated by
using known efficiency points from Pu gezars
rays at energies [E) 38.66, 51.€3, 68.72, 129.3,
144.2, 171.3, 195.7, and 203.5 keV. A simple
linear xn € ve *n E interpolation berween two
relastive efficiency points at 38.66 and 51.63
keV i{a used to calculate the relative efiicien-
cles at 43.48 and 45.23 keV; interpolation be-
tween two relative efficiency pointa at 51.03
and 68.72 keV is used to calculate the relative
efficiencies at 59.54 and 64.8) keV. The rela--
tive eiffciency points at 129.3, 144.2, 171.3,
195.7, and 203.5 keV are fit to s quadratic to
determine the relative efficiency at 148.6 keV.

Al]l gamma-ray net peak ares:. sre calculated
by wusing a channel-by-channel summation with
straight-l1ine background-subtraction method. The
background {s determined from carefully selectea
regions on both sides of the full energy peak.
No pesk-fitting routine i& employed. Minor in-
terferences in the full energy peaks are taken
{nto sccount. The {isotopic half-lives and the
gamm.-ray branching {iter {ties are taken from
Refa. 1 and 8, respective.y.

The 233Pu/239Pu ratio {s determined by ana-
lyzing the 43.48 keV,/51.63 keV gamma-ray ratio.
In eddition to small interierences from 37U (av
43.43 keV) and lpy (at 44.20 keV), & astrong
interference from 2%lan st 43.37 kev? wmust be
auhtrac;ﬁg from the 43.48-keV peak for deter-
mining 238py content. The ratfo ia given by

236, /239 A(43) -3
Py, Pu = ACSTY y ¢.494 x 10
- A9 -6
A(51) x 4.94 x 10
_A(f4) -4
ACSTY x 2.41 x 10 . (2)

wiere

A(s) = R(a)/c(s) (efficltencv-corrected count
rate of gamms ray).

The ?“Oru/?39r\ retio fa derermined by anaslyzing
4%.2% kev  (240pyy gnd  S1.01 kev (3% popme
rayms. 11 the wesk interfer.rce ot Pu

(44.86 keV) to 45.23 keV ias ignored, the ratio
can be expreaged by

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

The 241py/23%, It io ‘5 determined by 64.83
keV/51.63 keV for Pu-2 Ty equilibrium samples
(>45 days from uranium separation) and by 148.6
keV/129.3 keV for nonequilibrium samples. It
ic given by

ZAIPU/&39PU (equilibrium sample) = ~~~+ x 0.507

2“Pu/”9l’u (nonequilibrium _
sample)

A(148) 0.020
A(129) ¥ '2(;)

We algo measured the 2“IAm/z:ml’u ratio by
the 5%.54 keV/51.6% keV ratio. After the con-
tribution from 2370 has been taken {nto ac-
count, the ratio is expressed by

QE—;—?—))- x 1.367 x 10°°
L)

A(S
A(S

21.1M/239Pu .

l;—%x 3.62 x 107 . 6)

I11. THE DETECTOR AND TIE SYSTEM

To aelect s germanfum detector with the
proper combinatfon of rcasolution, efficiency,
and peak-to-Compton ratio at energpiesa helow 60
keV, we tested five typea ol detectors with ac-
tive volumes varying from 1 to 70 cwm’. Fig-
ure 1 shows the low-energy (38: to 60-keV) gam-
ma-ray spectra of s 600-ug Pu savple from vari-
ous types of detectors with s 20-ka count time.
Although the small 1iPGe planar ({iGP) detector
(1 cm? {n volume) ashows the heat resoluntion ani
peak-to-Compton ratin, its efficien~y {a too
low. On the other hand, the N-type coaxial
(NTC) detector (49 cm‘ fn volume) hasn the
higheat efficiency but the lowest resolution.
The ‘arge 1{PGe coaxia' (1.GC, 7% em) fn vilume)
and mdium HPGe cosxfal (MGC, 41 c-‘ {in volume)
have poor resolutiona, efficlenciea, and peak-
to-Compton ratios. The large 1IPGe planar (1.GF)
detector (10 c2” in volume) har the beat conm-
binatfon of the resolutfon, efficiency, and

" peak-to-Compton ratifo. Table 1 summarizes the
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TABLE 1

TECTOR RESULUTIONS AND PRECISIO!
CONPARISON OF De FROM VARIOUS TYPES OF DETECT

DEIECIOR ___ JYype SIZE

S6P PLANAR 100 w2 x 10 W

L6P PLANAR 1000 ##Z x 10 un

neC COAX 1AL 37.5-0M DIAM X 29 MW
NTC N-TYPE COAXIAL  42.3-MM DI1A% X 35 mm
L6C COAX 1AL 49.mm DIAM X 39 MM

SSFOR ISGTOPIC RATIOS

G AT e
A A
VOLURE 51063 wev  GRTINAERPRECIALON {1g)
Lomdy  Tipwy - 238py 239,y 240p,,233
1 330 0.80 1.02
10 510 0.40 0.56
3 640 21. 18.
49 730 0.48 0.58
75 670 4.0% 4.22

APREC1S10N (1o) ARE ESIIMATED FROM COUNTING STATISTICS WITHOUT INCLUDING UNCERTAINT¢"S FROM RELA-

TIVE EFFI1CIENCIES,

detector types, sizes, and resolutions, and the
precision of the i{sotopic ratios from these de-
tectora. With a 20-ks count time, the best ar-
5%&; rerl.ions (10 8{ 0.4 and 0.56X for

Pu and  240py/23%, rstios, respeciive-
ly, were slso obtained by the LGP detector.
Rased on these results, we chose the LGP detec-
tor to measure plutonium isotopic ratios by ua-
ing low-erergy gamma-ray apectra. A 2.2-mm-
thick aluminum f{lter was installed in the front
of the detector to minfmize sum peak interfer-
ences that rerult froq glleupa f L x-rays and
26.34-keV gunma rays ("' *Am and U).

The sy tem also consiatsa of s Canberrs
Serfes BU multfchannel analyzer (MCA), including
an 8-k channel analog-~to-digitsl converter
(ADC), aud an LST-11/23 microcomputer and peri-
pherals. A sir of Canberra B200 astabilizers
maintains the energy calibration. The zero and
gain stabtlizition peaks sre the S1.63- and
129.3-keV gamia rays from 23%u. The MCA 1s
controlled by the 1LS1-11/2) microcomputer, which
has Y&~k 16-bit wordm of memory snd {s a proces-
nor for data scquinitlon, reduction, and snaly-
sln. A Wincheasr/floppy diak mystem (DSD-RBO0}
provides for aicrage and transfer of the program
and dsta. The chritrol of sanay {nput snd output
{sa sccomplished throngh an 1A-120 Decwriter.

An  sutomstic duta-scquialtion and -snslyais
program {s writiern {n FORTRAN under Digitsl
Fquipment Corporatifon’s RT-11 V-4.0 opersting
aysntem.

IV, RESNLTS AND DISCUSSION

'afng the LGP type detector, we anslyred
aged ssnplea (aee Table 1I) in several chemical
fnrg‘o with varfaeble {fsotopic contents (82 to
9R) Pun) ranging in masn from 10 Ug to

4 g Pu wi.h americium contents up to 3390 ug
Am/g Pu. Table II1 comoares thc preliminary
low-energy gamma-ray spectroscopy results for
20-ks count tiwes with mass spectrometry
(238Pu and 241an determined by radioanalysis)
results. The average of isotopic ratios of 10
sanples messured by gamma-ray spectroncopy shows
negligible bias as compared with mass spectro-
metry and radi nna&% is. The 1.4% standard
deviation of 4 Pu/ Pu indicates the overall
precision of lnw-energy gamma-ray measurcments
fn these wide 1anges of plutonfum mnar. isotopic
distribution, and Am/Pu ratio. {D r utan-
dard deviatfon of 6.3 in Pu/
due to the louer ntenllty of 64.8- keV gamma
rays and the low "1py fsotopic abuundances in
some aamples (Tnble 11). The 6% and 6
,Ssndnrd deviationa of 238Pu/21 Pu and 243an/
respectively, may reflect the uncertain-
tien of radioanalyais.

The eatimated precisfona
spectroscopy in Table 1V are calcnlated from
counting astatistics, including uncertainties
frem relative e{ifciancies. Obvioualy, the pre-
cisfon obtsined from the gamma-ray technique ia

(lv) of gamma-ray

sffected by conntlng statistics of the full
energy pesks, which isa {a turn a function of
sample mase, isotopic dimtribution, and Am/Pu

ratio, For exsmple, the uncertainties {n sample
MS 10 sre expected to he large hecsuse of the
very small aample asas (V10 pg) and high Am/Pu
5;{ 55 3390 ppm; and the precinion in the

Pu/* rat!n of wsample ST 151 (s eox-
szitod to bo poor becsuse of the very low

Pu sbundance of 0 0199 in wtX. In Table
IV, the estimated preciaton from low-energy
gamma-ray apectroscopy (firat column of each
faotopic ratio) 1is compared with those from
highsr energy gsmma-ray apectroscopy (1:0-160
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TABLE 11
1SOTOPIC DISTRIBUTION IN WEIGHT PERCENT

28y By
0.118 83.81
0.0467 87.32
0.1219 83.42
0.0626 81.73
0.0388 87.08
0.00236 97.97
0.0166 93.38
0.0692 84.35
0.0627 81.73
0.020 93.77
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TABLE IV

ESTIMATED PRECISION (lo,

OF GAMMA-RAY SPECTROSCOPY

238, ,239
Py 43,5/ 152.7/
5.6 129.3

SAMPLE _MASS

MS 30 30 we 3.3 37.8 1
MS 600 600 we 0.6 10.0 0.
SOL 05 0.2 ¢ 1.5 4.1 1
ST 121 4 6 3.6 9.6 2

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 isotopic ra-
tios within the plutonlum masg raag: from 30 Mg
to 4 g. However, the 241py/ e precision of
the higher energy regior. is {mproved as the plu-
tonium mass {ncreases. Therefore, a weighted
average of low- and high-energy gamma-ray meas-
urement should give & better result for Pu/
23%9py ratio.

In summary, the rslL'os determined by the
low-energy gamma-ray spectroscopy agree very
uvell with those determined by mass spectrometry
and radiosnalys s. The greclal%ns of the g;o-
5381c ratios, especially Su  and u/

obtained by this technlque are better
than thgse obtained from traditiona]l high-energy

regions’ (120 to 670 keV) for aged samples and
sre comparable with those obtuined from the
94- to 104-keV region”’ for solution ssmples.

These results demonstrate that the present plu-
tonium isotopic analysis technique can meassure
moderstely asged plutonjium samples in a wide
runge of mnsses, {sotopic contenta, and chemi-~al
forma. Furthermore, because of its aenaitivity
fn wmearuring samples in the microgram mass
range, this technique mcy be {deal for messure-
ment of resin heads of the kind used by the IAEA
hefore shipment to Vienna A etndy of thia poa-
alhle application is under way.
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