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ABSTEACT

In-line plutonium Isotopic analysis of gaseous
plutonium hexafluoride (puF6) is very important
for process control and special nuclear material
accountable.lty in any plutonium-isotope-separation
process that requires a gaseous phase. Although
much effort had been devoted to analyxe arbitrary
plutonium sampies, no isotopic analysis had been
clonu on gaseous PuF~ samples. We have initiated
a #tudy on the use of a high-resolution, qamma-
ray spectroscopy technique to analyze gaseous plu-
tonlum hexafluorlde. For the first time, PuF6
qas samples with pressures varylnq from O.lE :0
31 torr, which wfire directly fed into a gas cell
from a process flow loop- were meas(l.red. The iso-
topic resu’.ts of these measurements agree very
well with chose OC mass spectrometry measurements
0: solid PuF4. The precision of a 10-mln measure-
ment of a 10-torr reactor-qrade PuF6 is 1.5% for
23f3pu, 0.22S Cor J39pu, 0.87’% for 240Pu, and
17.5% for 241Pu.

Ilr2’uoDucrIm

The Los Alamos Special Tsotope Separation
(S1S) Faclllty 1s designed to demonstrate the
first large-scale separation of plutonium iso-
topes by using the molocular lasar isotope-separa-
tion (MLIS) pr~ce~s LO produce specldl isotopes
and to convert plutonium scrap aad waste. The
MLIS processl saparnths speclflc plutonlum iso-
topes from gasaous plutonlum hexafluorldo (puF6)
using two types of lasers. Tha PuF6 qas, pre-

pared from reacting plutonium tetrafluorlde
(PuF4) with flucrlne, 1s ml~ad with all inert car-
rier gas. The mixture 1s cooled thraugh a super-
sonic nosala to lowe[ its nnercjy, The first
las~r lr~adlates the gan and 1s tuned to excite n
specific isotopa in the PuFd molec’~les. Another
lamer th-n dissociates the excltnd PuF6 to Corm
PuF4 in a solld form, which 1s col}ectnd on &
sorlam of flltors,

In-line k~otopLC ana)yn18 for ~a800U8 pure
1s vary important for procoss d~velopmcrrt, proc-
ees control, and speclnl nuclear materinl account-
ability in any isotope-separntlon process that re-
qulros plutonium in a qaseous phase. Although
much ●ft,, t has been devoted to mfialyse ~rbitrary

(solid and solution) samples. no isotopic analysis
has been done previously on gaseous PuF6 sam-
ples. We have initiated a study of an in-line
nondestructive tachnlque to measure PuF6 gaa from
Lhe MLIS process flow loop. In this paper w re-
port on the first analysia of plutonium isotopic
COMpOSitiOI18 in ga880U8 PUF6.

The measurement method 1s based on high-reso-
lution, low-energy gamma-ray spectroscopy tech-
niques similar to those described in Refs. 2-4.
In general, tha isotopic ratio N(m)/N(n) of two
lsotopom m and n can be determined by measuring
their selected gamna rayo a and b, respectively.

N- !uLuTti W
N(n) ■ R(b) “ I!a) “ T%(n) “ C(a) ‘

(1)

where

R.
1=

T.
%

Em

measu.rod count rate of gamma rays,
absolute branching intens!ty of gamma

rays,

half-llfe of lsotopa, and

rolntive efficiency of selected gamma
rays, lncludlng dotoctor lntrlnslc ef-
ficiency, counting qeometry, and at-
tenuation.

In Lhis work, t.ha isotopic ratios of 23nPu/

239ptl, 240pu{239pu, and 241Pu/239pu are d~t”r.

mined by analymlnq the gamma-ray ratios 43.411 kevl
51.63 kaV, 45.23 keV/51.63 keV, and 148,6 kmV/
129.3 keV, respectively. The 23nPu, 230PII, 240Pu,

and Z41PU compositions in tho ❑amplm (:an t.hmn be
determined by comblnlnq lsotoplc r~tlos and cor-
rectlnq for the 242Pu contnnt, which is predlctod

by isotope correlation t.ochnlques. 5 All gfimm.t-
r~y p~ak areas nra calculated by uslnq fi Ch*n-

nel-by-chnnnel summation method w;th a llnmar
stralqht-llnn background ~ubtrnctlon. Minor ln-
korfarences In the Cull-onsrqy penks fire t.i!ken
into account in the assmy equations.



For each spectrum, the gamma-ray relative ef-
ficiencies are determined by using the quotient
of the measured peak areas and their known specif-
ic activities of the select. ~ 239Pu gamma rays in

the sample, A simple linear Qn c vs Qn E (gamma-

ray energy) interpolation between measured effi-
ciency points at 38.66 and 51.63 keV is used to

calculate the relative efficiencies at 43.4I3 and
45.23 keV. A similar interpolation between 51.63

and 68.72 keV is used to calculate the relative
efficiency at 59.54 keV, The measured efficiency
points at 129.3, 144.2 171.3, 195.7, cnd 203.5 keV
are fit to a quadratic to determine th~ :elative

efficiency at 148.6 keV.

The measurement system consists of = high-
resolution hyperpure germanium planai detect>r
and associated electronics, a Canberra Series 90

multichannel analyzer (MCA) with a 16-k channel
analog-to-digital converter, and a Digital Equip-
ment (DEC) Micro-n computer and peripherals.
The MCA is controlled by the computer, which has
128-k 16-bit words of memory and is a processor
for data acquisition and analysis. A two-point
digital stabilizer locked to the 51.63- and
129,3-keV gamma rays from 239Pu is used to main-
tain the energy calibration. A two-point stabi-
lizer locked to the 51.63- and 129. 3-keV gamma
rays from 239Pu is used to maintain the energy
calibration. The data acquisition and analysis
prorjram is written in FORTRAN under DEC’S RT-11
V-5,02 operating system in the extended memory en-

vironment.

The detector has dimensions of 1000 mrn2 by
13 mm and a resolution (full width at half maxi-
mum) of 560 eV at 122 keV. It is located outside
the glove box directly under the gas sample cell,
which is separated from the detector by a 3.2-mm
thick by 17..3-cm-diam polyca~i.onate window. The
c911 is a riqht circular bluminum cylinder
(-76 cm2 by 6,4 cm) with a l,6,mrn-thick window
facing t,he detector, It is installed in a smple
chamber that provides a minimum of 5 cm of l-ad
shielding to prevent the detection of gamma r~ys
from extraneous plutonium in the vicinity. Two
valves control the flow of PuF6 gas through the
cell.

RESULTS AND DISCUSSICM4

To study the sensitivity in measuring a gase-
ous sample using this low energy gamma-ray tech-
nique, we measured PuF~ feed gaseous samples with
plutonium pressures va:ying from 0.15 to 31 torr
that were directly fed Into the gas CS1l from the
process flow loop. Plutonlurn lscrtoplc dlotribu-
tlonc of a typical reactur-yrade PuF6 feed gase-
ous sarnplet are llsced in Table 1, In ?’Ig. 1,
the estimated preclslon (lo) of plutonium iao-
t.opes for 10-mIn mearrur~mnrrts are plotted au a
function of PuF6 port.lal pressura in torr (bottom
horlsontal ~calo) and as a function of plutonium

mass In mllliqrarnn (top horizontal stole). The
@utlmated preclslons (solid circles for 238pu,

open trlanqlos for 23qPu, s.)lld flquararr frrr 240P11,
and opan clrclen for 241Pu) atm r!nlculsted from
counting statlsticn, itlclwdlng uncertalntl~s from

TABLE I

ISOTOPIC DISTRIBUTIONS (in wt%) OF pti6
FEED GASE(XJS SAMPLE

Isotope Weight Percent

238PU 0.059

239PU 87.32

240PU 11.50

241PU 0.916

242PU 0.202

relative efficiencies and background run. Typ i-
cally, within a 10-min count time, the preczsions
for a lo-torr PUF6 sample are 1.5N fcr 238Pu,
0.22% for 239PU, 0,87s for 24r3Pu, and 17.5% fOr
241PU0 The larger uncertainty of 241Pu is due to
the low quantity in the samples and tha larger un-
certainty of relative efficiency at 148.6 keV,
which is determined by the efficiency points at
lower gamma-ray intensities from 12~.3 kev to
203.5 keV,

A typical relative efficiency curve for a
135-mg PuF6 gaseous sample is compared to that
from a 25-mg PuF4 solid sample in Fig. 2. For
garnrna-ray energy above 100 keV, the relative effi-

ciency curves are similar. However, tho relative
efficiency of the PuF4 solid sernple decreases
steeply as energy decreases at lower gamma-ray ern-
ergies. This shows that the effect of sample
self-attenuation on the p@6 gas is very small as
compared to t.hut of the solid PuF4,

[n addition to sample maas, PuF~ partial
pressure, isotopic distribution, and Arn/Pu ratio,
the precision obtained from ganuna-ray techniques
IS also affected 5, count time. Fugure 3 shows
that the precision (lo) obtained for n 85-mg
(-l.l torr) PuF6 sarrrpie for count time from 1 min
to 240 min. The curves indicate estimated preci-
sion and data poirlt3 indicate measurea preci-
sion. The meas~l.red prbcirnicrns are obtained from

15 repeated runs, The measured preci~lons appear
to be better than t.h~estimated preclsiont, This
1s because the r$ame background datn ha.e been
used for 15 repescwd runs. In this catie, ev ry
rllrl Of the 15 subtracts a constant backqrOLlnd
By using different backqruund runs for every meas-
urement, especially when background Is high, one
may txpe:t that t.ha measured precision agrees
well with estimated precl~lorr, E!ackqround 1s
slowly lncroased frum dscompo~&rl PuF4 rfepoait~d
on ttle inner surface of the aluminum-qas nmmplo
cell, For a 85mg PuF6 sample in the gas cell,
we demonstrat,n that. one can expect bett,er than 1%
precision within 20 s for 23QPU, 7 min for 240Pu,
and 25 mlrr for 2’8Pu, ‘rhe rnpld plut.onl!!rn isotop-
ic analysis for A PIIF6 gas dev~lopment, scunpl~ 1s
very valuable for proc~ss deveiopmnnt find proce-s
(:ol)t. r’ol ,
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Fig, 3. The precision (lo) of pl~toniurn isotopes on a 85-mg (-11 torr) pU~6
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curves and open circles are for 241Pu.

To evaluate accuracy, three samples with rlif-
ferent isotopic compositions and PUF6 gas pre5-
fiures were decomposed from PuFg gas to PuF~ solid
form and then sent to the Analytical Chemistry
3rouF for mass spectromet.ry analysis. The uncer-

tainti:c represent Lhe estimated precision of
Jamma-ray spectroscopy. The average ratios of
~amma s ectroscopy to mfiss spect.rometr

i 1
ar~ 0,999

for 23 p,,,/239pu, 0,9945 for ~40Pu/ 39Pu, and

1.0143 for 241pa/239pu, a s shown in Table [1.A,
rhe averaqe ratios of gamma spectroscopy to mass

!
s ecttometry are 1.0041 for 238pu, lto1312 for
2 9pu, L.9913 for 240pil, ,Ind I.00?1 for 241eu, au

~hown in Tabln 1113. ‘rhe!;c. result.I bhow :leqliqi-

>le bias when compared with mass spectromet.ry re
tults.

In summary, we have demonstrated the first
isotopic analysis of gaseous PuR’~ by using a non-
destructive gamma-ray spect .oscopy technique,

The repid and accurate in-line isotopic analysis
of PUF6 in a process flow loop provides important
information on process development., process con-
trol, and nuclear satequards fur any plut.onium-
isotope-separation process that requires pluton-
ium in a gaseous phase.

The author gratefully acknowledges the sup-
port of the opers~ions staff of the Los Alarnos
S1S Facility and in particular Dick Brlesmelst.er,

Harry Dewey, Lorenzo T;ujillo, Don Zlckert, and
~obby Dye, Much of this work would be lmpossibl~
without their excellent support., atrsist.ante, o nd

dooperatlon.
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Pu Partial
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