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THE LOS ALAMOS PC/FRAM CODE FOR THE NONDESTRUCTIVE
ANALYSIS OF THE 1SOTOPIC COMPOSITION OF PLUTONIUM AND OTHER ACTINIDES

Thomas E. Sampson and Thomas A, Kelley
Saleguards Science and Technology, Group NIS-5
Los Alamos National Labomatory
Los Alamos, New Mexico 87545

ABSTRACT

The Safeguards Program al Los Alamos National
Laborstory has developed versatile software for ibe
isotopic analysis of plutonium and other actinides from
tho gamma ray spectrum of an arbitrary sample. These
developments began over 20 years ago and bave been
used routinely at Los Alamos for 15 years. Wo will
present dedails of the PC/FRAM ocoude as well as
discussing s application to a wide vancty of
measuremen! problems,

OVERVIEW

PC/FRAM requires & spectrum taken with an HpGe
gamma-ray detector along with a se1 of paramelers hat
drives the analysis. PC/FRAM generaies estimates of the
plutonium isclopic ratios mpseecuied by that shectrum
and voluminous secondary information about the analysis
performed.

The specrum may come from a multichannct
analyzer memory of [rom a disk file. The cade currendy
supports the collection and analysis of dsta from a
Canberta $100, an ORTEC multichannel buffer, and the
los Alamos M3ICA. It can also read data stored in &
propesly-structured toxt file.

The parameters that direct the analysis of a spectrum
describe the defaull calibration settings, the gamima-ray
pesks (0 be analyzed, the repions of intsiest, the isotopes
w contider, and » nunber of applicsion-specific
constants that govern customized disgnoatic tests,
parameters o tie *'Pu comelation, and other funcdons,

A properly-designed sot of parameters can be used for
a relatively wide variety of spectra.  Decause not sll
specan can be sccommodaed by a single set of
This work is supponed by the US Departmient of Huergy,
Office of Nonpeoliferstion and National Security, Offhx
of Safoguardy ard Svewity, snd the Stockpile Suppon
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paameters, the cods 's databese was constructed to handle
multple parameter sets. A utility fuaction built into the
software allows the user 1o view or modify the pammeter
values without reprogramming the software.

INTERNAL CALIBRATION

In the first suge of tho analysis, PC/FRAM
performs an inwmal calibration.  Selected peaks in the
spectrum arc used to provide 8 calibration of energy vs
chaneel, full width a1 helf maximum (FWHM) vs
cnergy. and peak shape {tailing paramelers) vs energy.
This moans thal the analysis does not depend on
measurements that may bave been taken under different
conditions such as count rate, detecior resolulion, orf
other eloctronic adjusanents. Tho intemal calibeation is
performed with the samu unknown spectrum that {s being
analyzed. All the peaks used in the internal calibrations
are specifiod in the parameter set solected for analysis. A
scparaty list of calibration peaks may be specifiod for
each parameter. The calibration parameters may be wet 10
default values for analysis of spectrs with weak peaks of
Pixoe counting statistics.

Lneagy

The epargy calibration 15 a piecewise  linesr
calibration between the puirs of peaks spocified in the
Paranioler st

EWHM

The FTWHM of the designated intemal calibeation
peaks is obwined trom a quedrstic curve it w0 the
logarithm of the net counts. When all the I'WTIM's &c
computed, the cocflicients in the following model e
dedermined Uy o lincar least squaros analysis.

(FWHM)? w A 1 Ay E+ Ay

This equatlon is wod in 1w rest of Uw analysis 10
estimate the VWHM of a poak 1 gny given energy. The



tird term in the model accommodates the observation
that thege curves do not always follow die expected linear
relationship at low epergies.

Shape

The shape of a gamma-ray peak in the spectrum is
described by a central Gaussian component with a single
exponcntial il on the low energy side of the peak.

Y(x)= H{exr{-a(x - xp )’] + Taﬂ(x)}
where

Y(x) is the net count in channel x,
H is the peak hight at the peak censroid X,
@ = 412X FWHM),™® 1he pesk widi parameter,
Tail(x) = exp{(Ty + T2 E) + (T + TgEXx — xp))
r(x-xg),
H(x) = 1—expl-0.4ax™} if xS0 and r(x)=0
otherwise.

We have allowed both the amplitude, exgxX7} + R E), ad
slope, T3 + TYE, of the wiling function 10 depend on the
energy. In practice howover we st Ty 10 zerv.

The peaks that are 10 be used 1o determine theae
wiling coefficients are specified in the parameler set. Por
each of these peaks, the Gaussian portion of the peak is
subtmactexi from the nct counts. All usable data is
collated together across the spectrum. Thon a lincar least
squares fit of the model is made 0 the daw,

ANALYSIS

In the second stage of the analysis, cach rogion 1s
exanined in the onder listed in Ure parameter set. T'or
cach region 3 continuum backgrouny is cathmated, then
the neotstiry response funclons are cresied, and finally
theps responso functions are fitted to the net counts 1o w8
1 determing the poak nresa, The peak weas wm used 10
calculste a relative efficlency functivn across the
spectrum and then 10 estmate the relative activitles of
the isotopes. This wholo process is usually Tpessod two
niowe times, The backgrounds are adjusted. The relatve
efficiencies and activitios are used 0 botter separate peaks
in & multiplet. The new wois are used (0 produco better
rolative efficiencics and activilies.
Bk oy

Tor eact 1ogion, 1, 2, 3, or 4 intervals of chanusis
may be specified m backgiound. The raw counts in thewe

channels are used to construct 8 background functon.
Several choices of background functions are wvailablke to
the user.

nowe no background subtraction
Jas a straight line with zeso slope
&near a slnoping soreight line

quodratic a parabolic oaction

exponential  gives a background widi mild curvature

flat step a smoothed siep function with zero slope
atthe ends ‘

Linear sep a smeothed step function superimposed
on & sloping straight line

bilinear step  a smoothed step function with differcat

slopes #l vither end.
Response Functiuns

In the simplest case, one response function K(x) is
construciod for cach pouk in a peak region.  The function
R(x) has the sam: fonn as described for the gamma may
peak shape excopt that the tail portion is written a3

Tail(x) = Aexp{ X x ~ xo)(x - x9)

and it 13 noemalized 0 have & unil mes. The
aormalization factor cun bt determined by analytically
computing the srea of the peak shape function assuring
that A=1. L is given by the following formuls,

Areaw J—-’-': + -‘-[1 ~ VR Dexp( D3 derfel n)]
o B

whicre D u 5
Jl.ba

You can, slso, spocifly that @ peak in 4 region he
{ixed to another peak in that region. ot each froe posk
in w region, i.e., ome that is nol fixed 1o cny of e
others, a tespotsc  function Lf;k,(x) will  be
conttncind wherw aach Ri(x) e o unll-sees funciion
describing the shapo of & photo peak ed [ is the
assooiated area fuclor. The area fuctor for the froe poak Iy
one, but if peak § 1 fixed to pesk j, the arca factor will
be [ = (DR, [ BR)XRE I REXRA;/RA;) where BR
stancs for trenching rato, RE stends for relative
officioncy, sl RA stande for rolative activity. Al tw
start, the molative officiencies and activitios s set o
unity.  The dependonce Juve on quantitios that are the
svantun) output of the analysis is the :najur reavon why
the unalyals Is repeatsd twed Uines.



Beak Arces

Whea the response funciion has been coostructed, a
least squares £it to the pet counts is performed using the
mode]

Y)Y €% fiRi(x)
J i
where ¥ is the met court at chuunel x, the ouwter sum
Tanges over the free peaks in thy region, and the inner
D rnges over the peaks fixed to u free peak (including
the free pesk itself). The area of euch peak is given by
the product C; f;.

Rolative Sfficienc
For the peaks in the parameter set that ar tagged ©
be uted in descrmining the relative .fMclencies, st N he
the number of isolopes represented and M the number of
efliciency [unctions chosen. PC/FRAM uses the
followiag empirical mode] for the relative offizlency.

YuQ + GE ™2 + Gy E) + Cy(n E)°
+Csa B* + G + C)E™!

In this formula ¥ is tho logarithm of the rotic of the
peak area 10 its brauching ratio. There e N-1 erms G
for the isotopes beyond the tirst omc. There ae M-1
termi € for the differem elficioncy functions boyond e
first one. A linear least squares analysls is perfonned to
A=iermine the unknown coeeficienis which in win defines
the efficiency function usad in tho rest of the analysis.
The capabllity for multiple relutive efficiency curves
improves the onalysis for isotoplcaliy hetrrogencous
malerials,

Relative Acttvitics

Thomodel  Area= 3 C;'3 (BR;XRE))
i

is used Ly calculate relative sctivitias of the fsotopes. In
this formula, the outer sum ranges over the isotupor wnd
the lnner sum Includes the peaks belonging to U
isotope and gay other praks “summed” with them. A
linear least squanes analysix is performed 10 detsrmine the
cocfficients, which are the rervired relative activities.

Sununary,
After the last iteratlon, the fine) relative activities are
converied 10 rolative masses, ‘These we thyn used w0

compuze the absolute isotopic fractions without 242Py.
The smounk of 242Pu is either eatered by the operalor s
the titae an analysis is requested or it is calcuisted by the
following correlation.

242p A ® (238;)“)3 . (239PU)C . (240“)0 .
(24 Ip 24! Am)E

The isotopic fractions are then renormalized 1o account
for 242pu. '

APPLICATION

PC/PRAM can bo used with cither a xingle planar o
a single coaxial detector. With the ningle planar detectot,
the iraditional moda of operation, the wnalysis range is
typically from 120-420 keV.

The cumemt empbasis hus been 10 acquire one
ipecium with a single coaxial deweclor spanning the
enesgy range from O 1o 1024 keV in 8192 channcls. We
use & coanial high-purity gormweium (HpGe) detector of
appruximatsly 25% relative efficiency with ncminal low-
rete, long-time-consiant resciution of <1.75 keV at 1332
keV and <750 oV at 122 keV. With thiv single detocor
and sluglo sei of daa acquisition conditions, we are ahle
w0 acq-te sd onalyze dam from both “normal” ad
“shieldad” liema withnet changing any measursment
condlticns. Uf tho sumple is “sormal,” mesuing gamuis
rays in the 120 10 200-keV range rv: presenmt with
mecaningful inendlties, we usually obtain ihe best rerui
by snalyzing dais in the amergy range froen 120-430 koV.
If these lower-cacrgy gamms rays sr¢ sbsent. usually
bocauss the ftein is packazed in a beavy-walled or
stdelded container, we analyxe the spectrum remaining
above 200 keV, obtaluing Py at 642.9 keV and “MPu
at 766.4 keV.

The wser-adilabls parametar flle stiuctio pornilts the
cnde 10 casily tw adapiod to many messurensent problems
without reprogmmming. Some of tho types of ilams
tha have hoon messurcd mo shown in Tuble 1. We
particutarty ‘aoto that this single code can alse measac
the sotopic distnbutions in urenium by chousing Ue
sppeopnate persmeter ol 1igure | duplays typicead
spect from “shiolded™ nd uimldakied wpectn



Table!

Material Categories Analyzed with the PC/FRAM Code

»  2-38% 3%py

= Interferences from other actinides (Np, Cm)
s Lead-shiclded samples

«  Non~quilibtium *'Pu-"U

e UMY in uranium {only}. no Pu

* 0.0]-50% “Am

+  R0% ™'Pu

*  Heterogencous Am/Pu

«  MOX: ®U/Pu from 0.005 - 35
+  PPUMAmM:Pu = 24:1:]
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Plutonium
Gamma-Ray Spoctra

—————— _
Fig. 1. Coamal.detecior
Jamma-ray specira from

rhielded and unshielded low-
burnip plutonium, 4 owall
omount of shielding removes

all waeful gamma ruys ivlow
200 LeV. The PC/FRAM code
allows a complete analysis
uring only gaswna rays above
200 ke¥ and has demonsirated
measurements through as
much as Gusm of lead. This

Counta/channel (Log Scaie)

thielding thickness may be

further axiended by slarting
the unalyxis at 300 keV.

0 200 400 600

Energy (eV)

The moxt gignificant new application pormuned by the
PC/FRAM «ixle is the complote isotopic annlysis of
tpectra acquired with a single coaxial detoctor from items in
shielded or heavy-walled contalner. Facility operaton will
not have 1o unpucksge iiemus in shiokled contalners before
pecfoming an isolopic messurement.  This aveids the
additiona) radiniion exposure that this oxwa handling
produces.  This new application aleo permits xalegumds
inspecloruies to verify or measwe ltems in heavy-walled

1000

storage contanors without opeging the container or
handling the lems: sctions that might  compromive
setisitive or claseified information. 1o Fig. 2 we show
moasuremont resulls for the two mont iImpriant parametens
axtracted from plutopium  isoopic measuroments. tw
olTeclive specilic powsr Py used with  cakuismetry
moasurements and the effocuve iy fraction *Fu,, wed

with neutron coincldence counting mcxsurciments.,




PC/FRAM: Ei'sactive *Pu Fraction
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Fig 2. Typical measurament bias for widely-used analysis rendus. (both figures)

PUFRAM: Effactive Specific Power
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Under good conditioas mwost isotopes can be measured with ao accuracy of - 1%,
Counting timey may be as low ag S-10 min but are ususlly recommended to be
30 min to one Hour, Measurement precision or repeatability at the | RSD jevel
for **Pu for 30 min 10 one howr imcasurements is typlcally 1-2% for low enengy
nieasurements (120-420 keoV) with plaur or coaxial desecuns and 2-3% for
“shisiled” samples (> 100 gPu) measred from 200-3(*) keV with a coanial
detecir. For low burnup Pu the procision for P, 13 typically a factor of fiwe
wimaller than that for "'Pu,

CONCLUSIONS

We can sccumstely and precisefy
measure the plutonium  isotopic
composiion of wrbitrary zamples
cantained in heavy-walled or shiclded
containers. psckaging configurations
hereiofore unineasurable.  We canry
out these messurements with a single .
coaxial HpGe deicctor which, without
changing instrument settings, can
acquire a] anwlyze data from 120
keV (o above 800 keV. The
flexibillty of the new FC/FRAM
code with its user-editablc perameter
file allows these measurements
without software reprogramming.

This onhanced capebility now
aliows operators 10 measure shiclded
continers  without handling  and
unpacking them before measurement.
This  significantly  reduces  the
radiation dowe to plant personne! and
incroases safety margine through less
handing of  pletonium-bearing
contalnens.

The measuremecit accuacy ad
precition for Py and *Puy for
comxial detectors are ceniively adequee
for most measuremamss and in sonw
cascs vneet of axoood the quality of
messuroments from teaditional planss
detectors.

This capability Is cwreatly being
insualled in aumcrous teciliies in
Russia under the auspices of the
US-Russia Leborstory-te-Laboratory
Mrogram,



