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ABSTRACT

A LASL-designed gamma-ray NDA instrument for assay of total plutaonium and
isotopics of product solutions at Tokai-Mura is currently installed ancu
operating. The instrument is, optimally, a densitametsr that uses radioisotopic
sources for total pluton‘um measurements at the X absorption edge. The measured
transmissionsof sdditional gamma-ray lineas from the same radioisotopic sources
are .ded to correct for self-attenuation of passive gamma rays from plutonin.
The corrected passive data give the plutonium isotopic content of freshly
separated to moderstely aged solutions. This off-.ine instrument is fully
automated undsr compiter control, with the exception of sample positioning, and
operates routinely 1. a mode designed for measurement control. A one-half
percsnt precision in total plutonium concentration is achieved with a 15-minute

measurement .

KEYWORDS : Reprocessing, product sclutions, gamma-ray NDA, densitometry,
transmission-corrected gzamma-vay sssay

I. INTRODUCTION

The Los Alamoe Scientific Laboratory (lASL)-designed K-edge densitometer for plutonium
product solutions accounting at the Power Reactor and Nuclear Fuel Development Corporation
(PNC) fuel reprocessing facility in Tokai-Mura, Japan, was shipped to Tokai in summer of
1979 and instslled snd calibrated during September and October, 1979. The densitometer
will continue to operste initially in a schedule that sllows for testing and evaluation
thraughout the late fsll and early spring rsprocessing campaigns at Tokai. The instrument
is intended to be used cooperatively by the PNC and the International Atomic Enercgy Agency
(IAEA) for rapid, off-lire assay. It will provide a means to bypass the time-consuming
and costly destructive analytical methods for total plutonium measurement.

The densitometer i discussed below in sections describing II) measurement principles
and exper imental design, III) hardware deaign, 1V) software design, V) concepts of
analysis, and VI) preliminary results.

I1. MEASUREMENT PRINCIPLES AND EXPERIMENTAL DESIGN

Solution assay pei formed by K-elige densitometry provides the totasl concentratinn of an
individual element in & " mpie > well-defined geometry. The measured transmission of
gamma radistion through - ecia’ 1uclear material (SNM) displaye a discontinuity st the
discrsts energy corresponding t> tie binding energy of the K electrors.

The transminsions, T) and T,, just below and above the K edge, respectively, are
related to the total concentration, P, of the element by the relation



where u; is the mass attenuation coefficient of the element for a given photon energy i,
X is the sample thickness and T" is the transmission through the matrix. Thus. the
ratio (R) nof transmissions is logarithmicaliy related tc the elementai concentratior,
independent of matrix by

-in TZ/Tl -in R

=
Lyx k

where L. = ., - L]

Discrete gamma-ray transmission sources can be used for K-edge measurements if the
gammna-ray lines closely bracket tyg absorp;&on edge of interest. For the plutoni.n case,
the 121.i and 122.1 keV lines of 3e and respectively, are well located with
respect to the 121.76 keV K electron binding energy. The measured transmissions of these
two gamma-ray lines have previously been used with success to assay plutonium in
sclution.ls This technique is applied in the Toka! densitometer.

The densitometer design was optimized to measure plutonium solutions, freshly
separated, with a total concentration of approximately 225 g Pu per liter. Even with
less-than-ideal passive counting geometry, the measurement situation is well suited to
transmission-correct2d passive assays for isotopics determination. This type of assay has
been applied in existing instrumentation” to an extremely wide range of plutonium
Bulutinn concentrations (0.5 to 500 g Pu per liter) where self-attenuation corrcections are
based on ‘ransmission measurements per formed with an external plutonium transmissiorn
source.

Ihe Tokail densitometer uses measured transmissions of the gamma-rasy lines of 755L
and Co obtained during the densitomet.y measurement, in place of those from an
external plutonium source, to correct foo self—attenugtion in the passive assay. The

Pu and Pu icotopes are determined relative to in this way u51ng assay
gamma rays at 149, 153, and 123 keV, respectively. The measuiement for OPu and an
independent determination of 8pu are made ?; obtaining ratios of the respective peak
areas (at 45.2 and 43.5 keV) to that of the Pu isotope at 51.6 keV. The latter
technique is not effective for excessively aged solutions.

The solution assays are gerformed in two steps. The first is a transmission
measurement of the Se and Co gamma rayrf utilizing strong souices and tight sample
collimation. The second measurement is performed without sources, and the'sample
collimation is opened to maximize the passive counting geometry. The mechanical detaiis
of the measurements are discussed below.

Measurement control is an essential feature of the experimental design. This is a
procedure, performed daily, to insure that the calibration for total plutonium, based on
previous measurements of solution standards, remains valid. A secondary standard is used
in this exercise. The Tukail densitometer is designed to assay, on a daily basis, a
plutonium foil of known characteristice for total plutonium. Agreement between this assay
and the known result is required before routine assays can proceed. Measurement control
on the isotopics analysis consists of a relative efficiency measurement performed with the

Se transmission sBource. Since all isotopics data are analyzed relative to 23’Pu, it
is the rclative detector efficiency and not the abeclute efficiency that is the critical
factor.

I1I. HARDWARE DESIGN

The two-step (transmission and passive) assay performed in order to obtain results for
total plutonium and isotopics is accomplished by rotation of the transmission sources in
and out of the measurement position. The pProcess is ‘llustrated schematically in Fig. 1.
Two motor=-driven wheels containing collimators and sources are positioned synchronously by
a Geneva mechanism such that the germ 1um detector counts, primarily, either transmission
gamma rays from nne of two ( 5ge or sources with tight sample collimatian or the
passive gamra rays from the sample Hlth collimation open.

The mechanical system is mounted Leneath a glovebox that is modified so that a
measurement well extends down from the base of the box between the source and collimator
wheels. Solution samplesr in plastic, disposable sample vials of well-defined dimensions



are inserted into the well. The well fixes the position of the sample v-al. Secondary
etandards are alsn positioned for measurement in this way.

The germanium detector sits beneath the glovebox, facing the sample .nd transmissior
sources, in a position downstream from the sample. The configquration a: the measurement
station is shown in Fig. 2. Pisure 3 is a photograph of the measurement station before
installetion beneath the glove box. Figure 4 shows details of the measurement well anc
associated hardque approg*mately to scale.

The opt:mum ‘“Se and o source activities are approximately 50 and 25 m C.,
respective . Gamma rays from the sources are coliimated to a diameter of 3 mr at th~
collimatc wheel.

The & .mple well ls a thin stainless steel canister which supports a thick tungsten
shield. The Lungsten shield is lined with a polyethylene boo! into which the sample
container fits securely. The stainless steel canister is the containmen: can.ster for thLe
glovebox modificaticn. The photon windows on this container are 0.3 mr thick at the
entrance (transmissior source) sice and 0.z5 mm thick at the exit side.

Solution sampie volumes are a minimum of 10 ml. The photon transmiss:or. path length
through the sample is approximately 2 cm. The sample ccos3 seGtional area viewed by the
detector during passive measurements is 3 cm‘,

The germanium detector is a planar intrinsic which is chosen to be relatively thin '7
mm) %o limit backgrounds due to Compton scattering of high energy p'otons. The crystal :is
located approximately 10 cm from the center of the sample. A 100 uCi 0 Cd source is
mounted just atove the cryos:at. This source is used for normalization to correct for
losses due to differing count rates.

Pulses from the detector are amplified by a pulsed optical feedback prear~lifier and
further amplified and shaped with 3 ys time congtants, Pile-up rejcction is employed to
permit higher count rates. The optimized data throughput rate to the computer occurs at
detector countinc rates of approximately 20 kHz. At this rate, the resolution at 122 keVv
is aprioximately 250 eV, full width at half maximum (fwhm).

The amplified rilses are digitized by a digitally stabilized analog-to-digital
converter (ADC). The converted data is stored and processed by an LSI-11 microcomputer,
part of the Nuclear Data 60 data acquisition system utiliced in this instrument.

The computer control of the data acquisition system includes all hardware mechanical
opera“ion {except sample positioning) and some electronics adjustment (such as selection
of gain stabilization channels), measurement control, and data acgquisition and analysis.
The zontrol scftware uges the DEC RT-1l1 version 3B foreground-backgrou:d opeccating system,
the Nuclear Data foreqground progri m, ND660, which controls acquisition and display, and
FORTRAN-callable subroutines provided by Nuclear Data for communication between foreground
and the background control programs. The background code is overlaid in segments that are
accessed from flopry diskette. Spectral data are stored on flopuy diskette along with
measurement parAme ers, constants, and file idertification information. The code is also
capable of reanalyzing data stored previously on disk.

Special interfaces tCc the LSI-1l1 that are accessed by the code are those for the ADC,
the source-collimato: wheel drive mechariam and position sensing mechanism, three
thermocouples for equipment temperature manitoring, and the gain stabilizer.

Figure 5 is a photograph showing the measurement well (extreme right), control
hardcopy terminal (middle), and the rack-mounted electronics. The electronics are (top to
bottom), a dual floppy diskette unit, an oscilloscopa, the control electronics for the
Geneva mechanism and temperature sensors, tne computer display termiral, the LSI-11
microcomputer, and the NIM elecitonics for processing the signals from the detector
preamplifier.

IV. SOFTWARE DESIGN

The computer program for automatic data acquisition and analysis and measurement
control is written in overlaid form so that the execitive routine, any one of three major
control routines, and any one of twenty utility routines are residunt in core at once. A=
much as 11.4 K of core is available for the control program. The remainder of the LSI
memory is used by the Nu foruground program, the 4 K spectrum, znd the RT-11 operating
system.

Thie program requires a minimum of operator interaction since the program itself
performe diagnostic tests and execltes the assay providing the outcome of these tests is
positive. Other modes of program operation give the user more ilexibility tc exercise



ulagnostic procedures, but these modes are designed tor setup, calibration. tecting, an:
other nonroutine measurements, and are not intended for reguiar use with the i1nstrume=t
package.

Routine <se of the program requires the daily execution of & measuremer.t control
sequence. Measurement control establishes the unattenuated gamma-ray intensities use” to:
compiling fractional transmissions, it checks for changes in relative detector
efficiencies, and it verifies that the source strengths are sufficient to obtain the
statistics required. These se and 57co spectra are also uvsed to verify the energy
resolution and gain of the spectrameter, which must agree with the original values that
are stored. Furthermure, the known thickness of a secondary standard plutonium foil must
be reproduced by a dengitometry measurement to satisfy measurement control reguirements.

A successful completion of measurcment control allows the user the option to assay a
sample. The assay proceeds automa‘ically with the arcumulation and storage (on floppy
disk) of 7 se and 57Co spectra, calculation of total plutonjum corcertrztion and of
transmission values that apply to the passive assay, accunulation and storage ~{ the
passive spectrum and calculation of the isotopic weight fractions,

V. CONCEPTS OF ANALYSIS

Techniques for extraction of peak areas using straight line background subtractior.
have been described previously.4 The reductin of raw data before analysis is
accomplished using these techniques both fc. t“e active and passive spectra. No pear
fitting is employed.

For all anaiysis which requires the absc .ce area of a peak in a given spectrur.,
normalization is accomplishrd by dividing by the area of the 88 kev 109¢4 peak, This
normalization is applied to peak areas used for *he transmission measurements, both for
densitometry and for attenuation corrections.

All peak areas used for transmission measurements are corrected for the decav of the
source since the time of measurement of the unattenuated intensities.

Analysis of the t-ansmission data for the densitometry assav is straightforward and
has been discussed in sufficient detail in Sec. 2. The predicted fractional uncertainty
in the measured plutonium concertratisn is

where R is the transmigsion ratio as defined in Sec. 2. The results of the .lensitometry
anaivsis oa standard plutonium solutions appear in the next section,

Analysis of the passive aata for isotopics is more complex in that diff,:ent analyris
techniques are used in the two energy regions discussed prevously. The two techniques are
discussed sepacately below.

The concentration of a given isotope, “1, measured ty gamma-ray spectroscop; can be
expressed as

-

(1)

where A is the normalized peak area correcponding to a gamme ray emitted by the isutope of
interest. The correction factor, CF, takes into account the energy- and
concentration-depend:nt sample atcenuation effects on the gamma ray of interest. The
proportionality constant is dependent upon cuantities such as branching ratios, half
lives, counting efficiencies, the atomic mass, and a calibration factor that disappears if
relative peak area results are analyzed as is the case h re

The calculation of CF is performed in order to meagure the isotopic contents of
238py,, 239py and 241py using the assay gamma-ray peaks at 153, 125 and 149 kev,
respectively. Measured transmissions at 122 keV (from °7Co), 136 keV and 279 keV (from
755e) are linearly interpolated or extrapolated based on both the 122-13¢ pair and on
the 136-279 psir. The.efore, two t.anmnission values are determined for each of the three
plutonium gamma-ray energies. The average of the two is the value used in the calculation



of CF, since this has peen shown to give a more realistic result than a quadratic fit+ tn
three measured transmissions, two of which are closely spaced in energ;.

A slab sample with finite thickness, D, which remains small compared *o the
sample-to- dector distance, Xqg s has a correction faztor that ci . he exprenseﬁi ar ar
i1ntegral over the sample thicxness

CF = o

where

and ¢ is the linear attenuation coefficient. In this case, the integral has an exact
solution. However, if D is not negligible compared to xp. geometry effects due to
sample thickness must be included in the integration over sample thickness

K_."r' _d)(__ R ____D____
[v] (x + x0)4 xo(xo + D)
CF = D = D
T dx T dx
[ — [ —
y 2 - 2
0 (x + xo) 0 (x - xo)

This integral has no exact solution, and thus a numerical evaluation is appropriate. The
known (measured) trancmission values (e'“D) are used to empirically evaluate the
quantity . at each energy for each sample. The slab assumption proves to be a valid
approximction in this case.

The fractional error in th2 avera-. extrapolated transmission promagates to on~ halif
that in 1.

The approach to irotoupic analysis 1n the low-energy region is less cumbersome,
primarily because there is no need %o determine the correction factor for sample
attenuation. The relative efficiencies, Rgges O two gamma-ray lines for 239y at 39
and 51 keV are determined from the respective measured peak areas, A, and the branching
ratios (BR) known for these gamma-ray lines. Thus

peff

The dependence in n R,y versus n ( n E) is interpolated linearly between 39 and 51
keV to obtain Rogs At 43 and 45 keV, the energies ol the two gamma rays due to 238py

and Pu respectively. The ratios of the weight fractions, fy, of each of these two
isotopes to tlat of the 239Pu, f239, are then given by

f A (43 or 45) . Rofs (51)

I =
f239 Reff (43 or 45) A (51)

K. (43 or 45) (2)

where K; accounts for the ratios of half-lives and branching ratics and atomic masses
associated with the 239y (51 keVv line) and each of the other two.



Vi. RESULTS
A. Calit-atior at LASL

Primary stanca:zd solutions of reactor grade plutonium have been vced for preliminar;
—alibratior of the Tokai densitometer at LASL for total plu;gﬁium. Total plutonium
concentrations range betweer 150 and 300 g per liter. The Pu isotopic content of the
solutions was 15% although .ne calibration was also verified with solutions of low burnip
mater.ial.

A summary of the results of the drnsitometry measurements on the solution stanrdards is
shown in Fig. 6. Count times for each transmission meaturement were 10(0 seconds. Since
the data were obtained with solu.ians of kmown concentration, the l... calibratica factcr
was derived from each messurement. FPlotted is the percent deviation from the mean
value for each run. The error bars reflect the statistical precision (+1:) in the
densitometry measurement. 7he précision of +0.1 percent (1¢) in the 1eference
concentrations is not included but has very little effec™ on these error bars. The
scatter in the data is consisten:t with the statistical prediction shown by the +1°
statistical error bars. The data ahr ' no evidence of a concentration effect on the
calibration factor. It should be no:ed that the 1)9Cd source rate was sufficiently low
for these measurements (because of positioning) to increase the statistimal uncertainty by
60 percent compared to measurements performed with optimized count rates.

Calibration with solution standards was carried out along with routine assays of the
plutoninrm foil. The foil is equivalent to apprcximately 235 g Pu per liter. The
statistical precision on the foil assay for a 1000-£ count time is +0.29%. The
experimental precision ayrees with this as 1s shown in Fig. 7. Tncece data were ohtaineAd
in a for-week period after measurement of the solution standards as a demonstration of
the stalility of the calipration for total plutonium.

Isotipics results have been obtained from pagsive measurements of the reactor~grsde
plutonj m standard solutions. The results are all based on measurerments of peak areas
relat: .2 to the 239y peak area, as described in Secs. II and V. Relative peak area
measurements apgeir to oe jimmune to any shifts in gain, resolution, or detector
efficiency, since these measurements use ratios of areas of peak; closely spaced in enercgy.

Thus ;hg data analysis involves obtzining the ratic of each isotopic fraction, f1, to
that for “’’Pu, fy3g. This ratio, fy/f,39 is defined by Eq. (2) for the lc.
energy data, and is identical to the ratio, :I/‘239 obtained using Eg. (1) and the
high energy data. The experimental ratios can be combined with a result for 242py
obtained by isotopic correlations using the exper:mental value for f240/5239(5). The

fraction of 23%pu is derived from the equation

v

239 = (1 + R23g + R240 + R241 + R242)71 (3)

where

Ry = f1/£239.

This result for f,,q, i6 used to ob*ain the other isotopic fractions:
fr = Ry fa39: 4

The solution standards were used first to determine the relative counting efficiencies
for assay peaks in the high-2nergy region. They were also used to verify (and correct if
necessary; the literature values that make up the constants ¥ (43) and KL(45) (see Eq.

(2)) for the low-2nergy analysis. Once the relative efficlercies and constants were
established, the isotopic fractions, f339 and f;, were determined for thirteen passive
measuvements performed on the four solutions listed previously (refer to Fig. 6), all with
the same i3otopic content (namely 0.349%, 79.65%, 14.30%, 4.56%, and 0.933% i1or the 238,
239, 240 241, and 242 isotopes, respectively). The reference values for isotopic content
were uotained from mass spectrometric measurements. These initial measurements were

per formed within severzl days of the 241lam geparation so the 29lam content waz
approximately 100 ppm. All passive rnount times were 2000 seconds.

The results for the early measuremente are shown in Columns 2 and 3 of Table I.

Column 2 compares the average calculated measurement precision with the ~xperimental



TABLE
SUMMARY OF ISOTOPIC FRACTION RESULTS
POR REACTOR-GRADE Pu SOLUTIONS

—— _— S,
‘
ppm 4 100 | 100 ; 1500 3000
ame-icium o 0 e .
17 calec. | B
Ic expt. | CALCULATED 1 i
/] ._Isotopic | Total Pu|, Isotopic ' Total Pu:. Isotopic  Totai: Pu v
. . ) : 1 ' Y
238py ‘ 1.2 | .98 0.003% ‘ 1.28 | 0.004% | 1.3% | 0.00% 1§
. H ) - "
. . ! ;
239p, 1.0 | o0.45% | L.36% | 0.45% | 0.36% . 0.45% | 0.36%
: ! . . !
240py 1.2 | 1.0% 0.14% ‘ L3s | 0.9y " 1.59 l 0.21v ¥
: ! ' , B
| . [l
241py 0.7 | 0.9% 0.04% | 0.9% 0.04% |} 0.9% 0.04% ;,
i 3 i :
242y, || 40% 0.37% l 40% 0.37¢ i 408 0.37% |
: |
Jl — i
FISSILE ' " |
. ___FERTILE. 2.6¢ 2.7% ' 3.0% ‘

scatter in the weight fraction fnr each isotope. The results are close to unity
indicating no observable contributions to the measurement precis..on beyond the statistical
contributions. (This result is not shown for 2Pu, since the calculated error in this
case is derived from the correlation data rather than counting statistics.)

Column 3 of Table I gives tne calculated values of the 1 precisions on the isotop:ic
fractions for the same data. These are shown as percentages of the isotopic weight
fraction (®isotopic”) and percentages of the total plutonium concentration ("total Pu”).

As the solutions age and Am grows in, the statistic 1l ur~ertainty on the
low-energy data increases because of increased Compton background rrom the 60-keV gamma
ray. Data from the more aged solutians were obtained and analyzcd as described for Column
3 of Table I. These are shown in Columrs 4 gnd 5, the latter corresponding to the
two-month-old LASL solutions. Clearly, the A growth has affected tne measurement
Precisicn of the even isotopes.

AS the Pu content of spent fuel varies with fuel burnup, the level of americium
gcown in _w.1l vary for a give. aging time. A passive measurement on samples with 14
percent 241p, g permitter for samples aged up to six months.

The isotopics analysis is also appropriate for the assay of low burnup materials. ,.e
gﬁgtonium foil i an example of this (0.022%, 93.71%, 5.95%, 0.293i%, and 0.035% for the
Pu, 23%  240py, 241py, and 2/2py weight [ercents, respectively). Thirteen

passive assays on the foll give the results shown in Table II. Here again the
exper imental precision (scatter) agrees with the calculated precision for the 2000-s
passive measurements. The calculat d results are shown in Columns 2 and 3 as the percent
of the isotopic fraction and the peircent of total plutonium, respectively, for each of the
€ive isotopcs. Although the errovs on the isotopic fractions other than f,3g9 are iarger
than fo1r the high burnup plutonium in the roluticns, .uey translate into small
uncertainties in total plutonrium since these icotopes are now significantly lower in
content. )

It should be noted that the effect of the 241Am grow-in is less pronounced for the
isotopics analysis of low burnup material. The foil data in Table II were obtained from
plutonium ageJ mare than six months after americium separation.



TABLE TI
ISOTOFIC FR,CTION RESULTS POR WEAPONS GRADI Pu FOI'.

CALCULATED 1-

. 1 of ' R of
| isotopic ! total
. | fraction | Pplutonium
; !
38py : 158 o L.003%
| [
235py ’ 0.25% | 0.237%
|
240py ‘ 5% ; 0.29%
. | :
241p, l a . 0.31%
|
24ipy i 40% ? 0.02%

B. Calibration at Tokai-Mura

The recent calibration at Tokai-Mura was accomplished with solutions of high burnwp
plutonium provided as reference materials. Total plutonium concent-ations were precise t-
+0.5 percent. Figure 6 shows these calibration results for dernsitometry plotted ac the
percentage deviation from the analytical chemistry vaiues (used as reference values;
versus plutonium concentration. The plotted results were obtained beteween two and four
weeks after the americium separation. The error bars reflect only the precisior in the
densitometry measurement as in Pig. 6. The error iL significantly increased  inclusion
of the precision in the reference concentrations. Furthermore, three of the ..ur outlying
data points agree with independe: measurements obtained using &£ Becond NDA instrument.

Determination of the pacamete.s for isotopics assay was accomplished using the scme
plutonium solutions. Refecrence values were obtainad from mass spectrometric results. The
experimental precisions in the isotopicsparameters are in :greement with the expected
statistical precisionsin the measurenents and are comparable to those quoted in Table 1I.
The absoli'te results agree with those determined at IASL.

Furth. calibration data will be obtained at PNC before the first reprostessing
campaicn commences.
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CONCEPTUAL DIAGRAM
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Fig. 1. Conceptuai view of measurement configuratior. The sample is shown between the
source 5Se, in this case) and tne ccllimator in the detector line of sight.
Sources anG collimators are mounted on separate wheels driven synchraonously.



FRONT VIEW
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Fig. 2. Schematic view of measurement statinn extending below and positioned benrath

glovebox.
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Fig. 6. Total Pu measurements of solution standards at LASL.
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Fig. 7. Fo'il results obtained during four-week test period.




% DEVIATION FROM ANALYTICAL CHEMISTRY
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TOTAL Pu CONCENTRATION (g/¢)

Total Pu measurements of solution standards at Tokai. "Fresh" and "aged"
correspond to tw. and four weeks, respectively., after americium separation.



