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- JASPAS JC3;High Resolution Gamma Spectrometer For Plutonium
Isotopic Analysis .
FIELD TEST OF NEW TASTEX SYSTEM FOR PLUTONIUM
PRODUCT,VERIFICATION AT THE TOKAI REPROCESSING
PLANT '

(Final Report of JASPAS JC-3)

Y.KUNO, K. SHIGEOKA, K. NISHIDA, H.IKEDA, I. WACHI, N. HAYASHI

ABSTRACT

This report describes the field test results of the New TASTEX system. This
system consisting of the high resolution gamma spectrometer and the K-edge
densitometer can measure both isotopic abundances and concentration of
plutonium simultanecusly. Entire system is controlled by the multi-channel
analyser and a multi-user computer. The system was designed and built under
the Japan Support Program for Agency Safeguards (JASPAS). The software of
this system developed at Los Alamos National Laboratory (LANL) and Lawrence
Livermore National Laboratory (LLNL) has been installed in the system
assembled at the Tokai reprocessing plant (TRP) in July 1985. In the course of
campaigns from 1985 till 1988, field tests have been carried out on plutonium
product solutions of TRP. The results of plutonium concentration and isotopic
abundances obtained by the K-edge densitometer and the high resclution gamma
spectrometer (HRGS) have been compared with those by controlled potential
coulometer and mass spectrometer respectively. Precision of plutonium
determination with K-edge densitometer is estimated approximately 0.7% and
1.0% for the freshly processed plutonium and the aged plutonium respectively.

The scatters in the relative differences between HRGS and the destructive
— 1 —
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analysis (DA) detected on the results of freshly processed plutonium sample were
1.6%, 0.4%, 0.5%, 1.1%, 8.0% for Pu-238, Pu-239, Pu-240, Pu-241, Pu-242
respectively, whereas those on the results of aged sample were 1.4%, 0.5%, 1.1%,

1.1% for Pu-238, Pu-239, Pu-240, Pu-241 respectively.
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1. INTRODUCTION

A few non-destructive assay techniques were introduced to the Tokai
reprocessing plant in 1978 under the agreement between the United States and
Japan called “TASTEX” (Tokai Advanced Safeguards Technology Exercise). The
K-edge densitometry and the high resolution gamma spectrometry for
concentration and isotopic compositibn analysis of plutonium were included in

the TASTEX,

The K-edge densitometry technique developed at LANL has been
implemented and used for routine inspection analysis since 1982 because of its
fairly satisfactory results in the field test. Although good agreement between
mass spectrometry and HRGS results were observed, it was difficult to properly
maintain the LLNL spectrometer system in our environment. The development
of a new system has therefore initiated in 1984 as a part of JASPAS (Japan
Support Program for Agency Safeguards).

In order to improve and facilitate the measurements, the new system called
“New TASTEX System” / “Combined system” consisting of not only high
resolution gamma spectrometer but also K-edge densitometer has been
developed. The purpose of the new system is to determine both concentration and
isotopic composition of plutonium simultaneously for safeguards of the Tokai

reprocessing plant.

It was found that thick cell used for the K-edge densitometer was not
_suitable for isotopic composition measurement from the viewpoint of self
absorption of plutonium. Therefore the idea of two different cells was adopted in
the system. The system consists of two HP-Ge detectors, two amplifiers, two
different electronic modules including ADC and stabiliser and a multi-channel

analyser (ND) and multi-user computer (DEC) commonly used.

— 3 —
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Two programs of this system which were developed at both LANL and
LLNL have been combined and installed in the system at TRP. Operators can use

both programs simultaneously and independently by using two CRT terminals.

The absorption of the K-edge densitometry in the present application
involves the measurement of gamma radiation. The transmission sources for the
K-edge densitometer are the radioisotopes, Se-75 and Co-57, The 121.1 keV and
122.1 keV gamma rays emitted by the sources closely bracket the K-edge
absorption edge of plutonium at 121.8 keV., The logarithm of the ratio of the
measured transmissions at these two gamma-ray energies is directly proportional

to the concentration of plutonium.1)

Plutonium isotopic abundances are obtained by analysing the peaks of
passive gamma-ray emitted from plutonium sclution. The energy region
analysed is from 40 keV to 300 keV. The removal of U-237 and Am-241 from
samples permits the prominent peaks of Pu-238, Pu-239 and Pu-240 at 43 keV, 51
keV, 45 keV, respectively, to be analysed and interpreted. The 148 keV peak is
used to measure the abundance of Pu-241. For aged plutonium soluticn, several
individual peaks of high energy plus the 94-104 keV complex of unresolved
gamma and x-ray peaks are analysed because intense 59 keV peak of Am-241
obscures the Pu peaks of low energy.2) Pu-242 isotopic fraction is evaluated from

an isotopic correlation based on Pu-239, Pu-240, Pu-241.3)

Calibration of the system was carried out in March 1986. The plutonium
solution (about 250 g/l) used for the K-edge densitometer calibration was
characterised by destructive analyses, controlled potential coulometry, AgO-
Fe(II)-Cr(VI) titration and isotopic dilution method after being purified. On the
other hand, calibration of high resolution gamma spectrometry was divided into
two ways, namely initial calibration consisting of peak shape fitting and

efficiency curve acquisition and long term calibration. The former calibration

_4_
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had been done when the program was installed, while correction factors for long

term calibration were obtained throughout the campaings.

The results of plutonium concentration and isotopic abundances obtained by
the K-edge densitometer and high resolution gamma spectrometer have been
compared with those by controlled-potential coulometer and mass spectrometer

respectively for the last three years.
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2. EQUIPMENT

1) Detector and Cell Characteristics
The location of sample cells and detectors is shown in Fig. 1.
[K-edge Densitometer]

The measurement station of K-edge densitometer consists of an intrinsic
planar germanium detector (200 mm2 by 7 mm) and a mechanical system. The
Se-75 and Co-57 transmission sources, mounted in separate positions on a wheel,
are rotated into the measurement position by a motor-driven Geneva mechanism,
Collimators positioned between sample and the detector are rotated

synchronously into the transmission path.

For the passive measurement, the sources are rotated out of the
measurement position and shielded from the detector, and the collimation is

| enlarged. Fig. 2 is a conceptual view of the mechanical system and de:tector,
while Fig. 3 is a detailed drawing of the measurement well and mechanical
system. The entire mechanical system is automated and under computer control.

A Cd-109 source mounted on the detector is used to correct losses of events

resulting from changing count rates.

The signals from the germanium detector preamplifier are shaped,
amplified, and digitised by NIM modules in the electronics rack. Pile-up pulses
are electronically eliminated from the spectrum. A two-point digital stabilisef,

under compufer control, maintains a constant energy calibration.
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glove-box

connector

Fig. 1 Sample Cell & Detector

SOURCE WHEEL

75Se SOURCE
BLANK

o SAMPLE CHAMBE
R

GERMANIUM DETECTOR

>7Co SOURCE

COLLIMATORS

COLLIMATOR WHEEL

Fig. 2 lHlustration of the concepts of K-edge (transmission) and passive
measurements. The sample chamber is shown in position (in the
counting well} for measurement of the transmissions of the 755e

gamma rays.
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Fig.3 Detailed features of the mechanical system:

germanium crystal

tungsten transmission
source holder

sample position

tungsten collimator
hoider

drive motor for
Geneva mechanism

Geneva mechanism

common axle for
source and collimator wheels

position-sensing mechanism
stainless steel source wheel
tungsten collimator wheel

polyurethane liner for
measurement well

(I) tungsten shield

(m) stainless steel containment can

(n)

window

(o)

changing sources
(p)
(@)
(r)
(s)
(tf} tungsten shielding
(u)

(v) aluminum support base

lead shielding

tungsten detector shield

detector clamping device

aluminum anchor plate

0.25-mm-thick stainless steel

removable tungsten plug for

polyethylene electrical shield
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Solution samples contained in vials are introduced into the glovebox
through pneumatic transport tubes following removal of the solution from the
process. The solutions are transferred into disposable plastic measurement vials
that are inserted into the well for assay. This disposable vial has the parallel side

walls which can reduce the errors due to the positioning of sample vials.
[HRGS]

The detector is of a planar design with approximate dimensions of 200 mm?2
by 12 to 15 mm deep. The signals from germanium detector/preamplifier are
processed without serious degradation of the resolution by controlling input count
rates of up to 15000 cps. A pulses pile-up rejector is used to reduce the effects of

chance coincidence.

The principal requirement of the analysis codes is that the sample be
confined in a disk shaped geometry such that the projected surface density of the
plutonium in the solution does not exceed approximately 0.02 g/em2, The flow-
cell adopted here has 2.5 cm2 effective area and 0.1 cm thickness. Fig. 4is a
vertical sectional view of the HRGS flow-cell. The sample container and detector

are closely coupled (about 1 ¢cm) to obtain the best counting efficiency.

The analysis code used for freshly separated plutonium solution measures
peak areas in the 43-51 keV energy région; therefore the amount of absorbing
material must be minimized. The presence of an intense 59 keV gamma ray in
aged plutonium samples due to the in-growth of Am-241 requires the use of
absorbers. Cadmium absorber around 0.1 em is used not only to attenuate the
gamma ray that directly incident upon the detector, but also to reduce the

detection of Compton-scattered radiation.
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PRIMARY CELL:

High-pressure connector

Teflon tu bings}; A7

Cell body~}p

Teflon gasket ~|
Titanium inner window plate
Polycarbonate outer window plate

Tantalum collimator ~Js

—.

S S eSS
7

7 raysto —

detector =

SECONDARY CONTAINER:

Lead shield/;
Positioning springs ¥

Face plate
Acrylic window

Gasket—1] [

Container body -

Tygon tubing —

o

X Plutonium solution
out to glovebox

Plutonium solution
in from glovebox

Fig.4 Sectional View of HRGS Flow-cell

2) Spectrometer

The system consists of

Nuclear Data 66 MCA with two

analog to digital converters.

The MCA is controlled by a

Digital Equipment Corporation
(DEC) PDP-11/23 plus computer

with 256 k bytes of memory.

Fig.5 Electronics & CPU
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The software is RSX-11M from DEC. The system has two hard disk drivers
(RLO2) and two floppy disk drivers (RX02) for data and program storage. The
time sharing nature of the software allows bofh the densitometer and the isotopic
software to control the MCA simultaneously and to opgrate independently each

other. Electronics and computer terminals of the system are shown in Fig. 5.

Fig. 6 describes the block'diagram of the total system.

(High resolution r-spectrometer)
amplifier/pile up rejector
Ge-detector

e

ADCA&
stabilizer

\ amplifier _

- - detector _
ey iz [Tey| Se electonic ADC& Multi—channe!
F l ;’"’, - i moduies stabilizer analyzer,

(K-edge densitometer)

sample cell

sQurce

(Se-75, Co-57) computer

Fig.6 Block Diagram of New TASTEX System
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3. MEASUREMENT METHODS AND SOFTWARE

[K-edge Densitometer]

K-edge densitometry is based on the transmission properties of gamma
radiation around the absorption edge. Asthe gamma ray energy is increased the
transmission of the gamma ray through a material slowly increases until the
binding energy of electron in the material is reached. The the transmission
suddenly decreases, because the another electrons can absorb the incoming
gamma radiation. At121.8 keV, the plutonium K-edge energy (shown below), all
other materials exhibit nearly constant transmission properties as the energy of

the gamma radiation is varied.

Mass absorption
caef.

Other materials:M)

U

(g/cm?2) \}
!
|

Ener
K-edge of Py &

Absorption of gamma ray from a source and all other materials is described as

following equation.
I = To - exp(—nypyX)-exp(—np, pp, X) (1)
where
Ig : intensity of source
I : intensity of transmitted gamma ray of source
Bp, : mass absorption of coefficient for Pu

-12-
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By . mass absorption of coefficient for anything other than Pu
Ppa :  concentration (density) of Pu

Py : concentration (density) of anything other than Pu

X : sample thickness.

The ratio of I to Ig gives transmission of gamma ray.
T = I/Iy (2)

Therefore transmissions of just above (U) and below (L) the K-edge of Pu are

givgn as follows;

Ty = exp (~Tyy Py X) * exp (—Byp, Ppy X) (3)
Ty = exp (— Py, Py X) - exp (~ ﬁhpu Pp. X) (4)
If (3) is divided by (4),

T exp (—PMUPMX)

U
—— -exp (—App, pp, X) (5)
TL exp (—pMLpMX)

where

Ap is difference of py and p;. The first term of above equation can be regarded

unity because j,,; and p,; are nealy same.

€n (Ty/TL) = —App0p, X (6)
and
1 TU
P, =— fn— ¥h]
th Ap'PuX TL

In conclusion, p,, is independent of matrix (things other than Pu) absorption or

self absorption.
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To measure a transmission, it is first necessary to get a straight through
value. Namely, the Se-75 and Co-57 measurement control spectra are acquired to
obtain the unattenuated intensities (net peak areas in the absence of sample

attenuation) of the gamma-ray lines required for tfransmission measurements.

Cd-109 source, 88 keV peak, is used as a “clock” to determine the actual
collection time that the system has. Namely, transmmision value is corrected as
follows;

T, Iyfly, (A122)/A@8)}/{A (122)/A (88)}
TL— LA, {Au21)/A@8)}/ {A (121)/A 88}

where

A(121),A(122),A(88) : count rate of Se-75, Co-57, and Cd-109 on sample

measurement

Ay(121), Ax(122), Ay(88) : countrate of Se-75, Co-57, and Cd-109 on stré.ight

through measurment.

The sample thickness for the cell X used in the system is approximately 2
cm. The value of Ap the K-edge of plutonium is 3.4 em?/g, Therefore, the
expected value of ApX for these measurements should be approximately 6.8
cm?/g. Detector relative efficiency check is performed using the net peak areas of
121.1 and 136.0 keV (Se-75), in addition fo the resolution and gain checks applied
to the Se-75 and Co-57 measurement control spectra when straight through
measurement is carried out. The ratio of these two peak areas should remain
constant for a given Se-75 source if the relative detection efficiency remains

unchanged.

The new K-edge densitometer includes additional correction on plutonium
determination which can minimize the effect of matrix based on the energy

difference between 121.1 and 122.1 keV. In addition to the transmission at 121.1
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and 122.1 keV, the measured transmission at 136.0 keV from the Se-75 source is
also available with no additional measurement. The technique is, therefore, fo
extrapolate from 136 and 122 keV to 121.8 keV to find the transmission above the
edge. (Refer to Fig. 7)

121.795 keV
(x, ¥}

122.1-keV
(x2,y2)

136 keV

(x1,y1) (x
Y 121.1-keV 3¥3)
K —
Fig.7 This figure illustrates the extrapolation. The x-axis is the £n E variable,

and the y-axis is the £n p variable.

For a short energy range near the K-absorption edge, p vs E is approximately a
straight line in £n-fn space. By assuming the same slope below the K-edge, the
extrapolation below the edge can also be performed. The extrapolation is
reasonable because of the short distance to be extrapolated (from 121.1 to 121.8

keV). Details are described elsewhere.4)

The K-edge densitometer software consists of two programs.4) The main
program, DENSIT, controls the MCA, the Geneva source wheel, and the digital
stabiliser. The program also performs data analysis and writes (or reads) data to

(or from) the disk. In addition to these operations, the program performs the
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measurement control function by promoting operators to perform bias or
precision checks on a scheduled basis. In this program, net peak areas are
determined by subtraction of straight-line backgrounds obtained from two
regions of interest that bracket the peak region. The peak region is, typically,
three times the peak FWHM. The background regions are, typically, one-third
the peak region width. A formal description of the methods used for peak area

determination is given elsewhere.5)

Following the acquisition of each spectrum, the energy resclution and gain
are evaluated from the data. A reference peak FWHM and centroid are

determined and compared with limits specified by the program for these peaks.

The DENSIT program uses a set of parameters, and this set is prepared and
modified by the ancillary program, CDENSIT. Program options of the K-edge
densitometer measurement included in DENSIT are divided into operators
options and supervisor options. The former options are the routine operations
used in the course of normal data dcquisition and analysis. The latter options are
used only by personnel who are fully knowledgeable in the operation of the

programs.

Several iniprovements have been made in the upgrade in addition to the
extrapolation shown above. Operator interaction in the revised software is much

more intuitive and user friendly.



PNC ZN8410 88-038

[HRGS]

The typical spectra of freshly processed plutonium and aged one are shown

in Fig. 8 and Fig. 9 respectively.

The spectral data acquired by using intrinsic germanium detector are
analysed and interpreted by the programé) which is divided into two parts. One
analyses spectra taken of freshly separated solutions, and the other spectra of
aged solutions, The program called LEPA is used to analyse spectra of recently
processed solutions.?) Because such soultions are relatively free of Am-241 and
U-237, the spectral features associated with these isotopes are largely absent,
permitting other features to be more easily detected. This is particularly true of
the 59-keV gamma ray that is principally due to Am-241. Its absence allows

gamma rays of lower energy to be clearly visible in a spectrum.

The program LEPA takes advantage of this condition and measur;es the
intensities of three low-energy gamma rays, at 43, 45, and 51 keV, from which it
calculates abundances for the plutonium isotopes 238, 240 and 239 respectively.
The Pu-241 abundance is calculated from the 148 keV peak intensity. A
confirmatory value for Pu-241 can be calculated from the intensity of the 94 keV
X-ray peak. the 129 keV peak is also used as an additional measure of the
abundance of Pu-239. The Pu-242 isotope in the plutonium solutions can not be
detected by gamma ray spectrometry. However, its abundance is usually less
than 5% in first-cycle fuel, and therefore a highly accurate measure of its
abundance is not required. The correlation between the abundance of Pu-242 and

the abundances of Pu-239, Pu-240 and Pu-241 is given by the relationship8)
[Pu-242] = k [240][241]/[239]2,

where [241] is decay-corrected to the reactor discharge time. 7
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In addition to reading in appropriate portions of the spectrum to be
analysed, the program also reads two additional files used for the analysis. The
first is a file containing peak shape constants generated by the PKSNAL
program. These constants are used to describe the peak shapes as a function of
energy. The second file contains entries defining detector efficiencies for the six
peaks that will be analysed, sample cell parameters, bias correction factors and
other constants. Each entry is automatically generated when the calibration

program LECAL is executed.

* The program called PUAN is used to analyse the spectra of aged solutions.
Such solutions generally exhibit an intense peak at 59 keV due to Am-241. The
Compton distribution from this peak usually obscures all peaks of low energy.
Also since the intensity of this peak tends to dominate the total counting rate, a

cadmium absorber is used to reduce its intensity.

The presence of U-237 in aged solutions is also easily observable. This
activity comes into equilibrium with its Pu-241 parent after about eight weeks.
In its normal mode of operation, PUAN assumes that this equilibrium is in effect.
However, an internal check is made, and if the solution is suspected or
determined to be out of equilibrium, a message is given and appropriate

adjustments are automatically made in the program.

The PUAN program uses more constants than does LEPA. A file is
generated automatically when the calibration program PUCAL is run that
contains entries corresponding to the peak energies, the efficiency coefficients for

these peaks, and a bias correction factor for each isotope.

The program mentioned above are menu driven, and the menu options

shown in Fig. 10 are similar to that of theK-edge system as much as it is practical.
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Fig. 10 _The List of Program Options

OPTI"ONS of K-edge

OPERATOR OPTIONS
A - Assay AU
SB - Stthru-Backgr
MB - Measurement control - Bias
MP - Measurement control - Precision

SUPERVISOR OPTIONS

AD
SBU
C

D
LA
LR
ou
R

X

OPTIONS OF HRGS

Assay from Disk AUD -
St thru - Backgr from Disk
Calibration cD
Default

List Assay log LM
List comgined Results file
change OUtput Listing device
Read data from disk w
Exit from program

OPERATOR OPTIONS

A
MB
MPpP

Assay

Measurement control - Ba133 Source

Measurement control - precision

SUPERVISOR OPTIONS

AD
AU
AUD

] 1 1 ] 1 1 1 1 1 1 ] 1

Fromdisk

Autocycle

Autocycle from disk

Calibration mode

Default settings

List assay log

List measurement control log
Change output listing device
Report System Status

Read data into analyzer from disk
Write data from analyzer to disk
Exit from program

AUtocycle

AUtocycle from Disk
Calib from Disk
List MC log

Write data to disk
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4.  EXPERIMENTAL RESULTS AND DIiSCUSSION

[K-edge Densit;)meter]
(1) Measurement Control

Tantalum reference foils are used to check the total performance of the K-
edge densitometer. The combination of two non-active tantalum foils which have

different thickness can simulate absorption edge.

Fig. 11 is the results of the tantalum measurement control obtained in
1988-1 campaign of the Tokai Reprocessing Plant. The effective concentration in
g/t is plotted in order of measurements performed throughout the campaign.
Each solid point is the result of the single measurement carried out prior to every
plutonium assay. Clock count times for the Se-75 and Co-57 measurements were
300 seconds (each). The average of the results is 209.3 effective plutonium g/{,
which is slightly higher than the data expected from the standard value
determined on the existing system. However, the standard deviation of all the
results is 0.74% which shows reasonable performance as compared with that of

routine system.

This figure may show the possibility of short term systematic bias. For
instance, the result has been slightly decreasing vs time from the point No. 30, in
which the isotopic sources were renewed. This might be due to the difference of

both count rates.
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Fig. 11 Ta-Foil Control Chart (1988-1 Campaign)

(2) Plutonium Concentration Measurement

The K-edge assay results for both freshly separated plutonium and aged
plutonium are discussed relative to the results of destructive analysis (DA) and
those of the existing system (called OLD system) routinely used. Clock count
times for the plutonium assay were the same as those for the measurement
control described above, while 1800 second count period (each for Se, Co, BQ) was
used for the straight through measurment. As DA method for the plutonium
concentration determination, the controlled potential coulometry has been
adopted, that can measure plutonium concentration very accurately within 0.1%

without any interference.?)
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Table 1 and 2 show the average ratios of K-edge densitometer result/DA
result and the standard deviations of them obtained in the campaign of 1985-2,
1986-1, 1987-1 and 1988-1. Detailed raw data obtained with K-edge denstometer,
OLD system and DA are given in Attachment 1.

Differences. between the results of the K-edge densitometer (here called
“New” K-edge meter) and those of DA obtained in 1985-2 plus 1986-1, and 1983-1
campaigné for freshly separated plutonium are plotted in Fig. 12 and 13
respectively. The plotted values are obtained from the average of 3-cycle
measurements, Difference between the results of the K-edge densitometer
(“New” meter) and those of existing K-edge densitometer (here called “Old” K-

edge meter) are shown in the same figures.

The same comparisons between “New” K-edge meter and DA, and between
“New” and “Old” K-edge meters have been carried out on aged plutonium
measurement. The results are shown in Fig. 14. It is noted on freshly separated
plutonium measurement that “New” K-edge meter has shown better performance
than that of “Old” K-edge meter over last three years. Specially mean biases of
“New” system calculated from each campaign result show less biases than those
of “Old” system. Looking at the performance of both systems, each K-edge meter
shows its own systematic errors, which should agree with the tendency of
tantalum measurements. This sort of systemtic bias is supposed to be difficult to

correct insitu measurement.
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Table 1. K-edge Densitometer Measurement Results: Fresh Samples
. 1985-2 1986 -1 1988-1
Campaign Name Campaign Campaign Campaign
Number of Samples 22 Samples 6 Samples 28 Samples
Av. of Ratio (K/C)* 1.0028 0.9919 1.0027
(Rel. Difference) (+0.28 %) (-0.81 %) {(+0.27 %)
CV% 0.71 % 0.38 % 0.61%

*  Ratio of K-edge Densitometry / Coulometry.

Table 2. K-edge Densitometer Measurement Results: Aged Samples
Sampling Point Pu(- 1So9tg1:7a)lge Pu(- fgglé“;‘ge
Number of Samples 13 Samples 6 Samples
Av. of Ratio (K/C)* 0.9978 0.9999
(Rel. Difference) (-0.22 %) (-0.01 %)
CV% 1.08 % 0.70 %

*  Ratio of K-edge Densitometry / Coulometry.
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Comparing the results of “New” system with those of DA, the precision of
the “New” system on the mean value of three repetitions can be estimated
approximately 0.7 %. On the other hand, repeatability of the system was
approximately 0.4 % obtained from 14 repeated measurements as shown in Table
3. Differences of the above two estimations can result from the systematic error.
With respect to the aged plutonium measurements, “Old” system used to show
large systematic bias which seemed to be due to increase of count rate arising
from generated Am-241., However, Fig. 14 gives no outstanding bias on the
results of “New” system in spite of the fact that measurement precision of “New”
system is estimated approximately 1.0 % which is worse than that obtained in the
case of freshly separated plutonium. Americium effect on plutonium
concentration measurement with the system was therefore examined.

Table 4 shows the results
Table 3. Repeatability of K-edge Densitometer

of the americium test.
Meas. No. Measured Data (g/€)
Here four different con-
1 244,14 + 1.00
centrations of americium 9 243.84 + 1.00
were examined, while every 3 243.42 + 1.00
. . 4 242.39 + 1.00
plutonium concentration of
5 241.97 £ 1.00
the sample was same. 8 241.99 + 1.00
The results show that the 7 242.21 £ 1.01
. _ 8 244.97 + 1.01
precision of the plutonium
9 244.22 1 1.01
measurement got worse 10 243.29 + 1.01
with increasing americium 1 243.74 £ 1.01
12 243.30 £ 1.01
ncen
concentration, although no 13 04593 £ 1.01
significant error was found. 14 243.33 + 1.01
. +
This phenomenon may be Mean *+ S.D. 243.43 £ 1.03(0.42 %)
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due to the increase of count rates.

Fig. 15 gives the comparison between normal calculation and extrapolation
calculation on “New” system. Each plotted point is the mean of three cycle
measurements. No significant difference can be observed because the plutonium
treated here did not contain large amount of impurities. It could be effective on

the samples which contain large amount of other elements such as uranium.

Table4 Americium Effect on Plutonium Measurement

Measurement Am-241 Concentration (g/1)

Number 0 (no Am) 0.3 0.9 1.5
1 100.60 101.58 104.33 105.96
2 101.29 102.18 100.78 101.20
3 101.29 98.57 100.79 101.84
4 101.41 100.87 98.89 99.34
o 100.22 100.65 99.64 97.67
6 - 98.63 101.58 1101.80
7 - 101.37 98.89 98.50
8 - 102.41 100.46 100.18

Do | G| M| ME|
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[HRGS]
(1) Measurement Control

Ba-133 source is used to monitor the ratio of counting efficiency of low-
energy gamma rays relative to higher-energy ones as a function of time, Namely
this measurement can verify the stability of the shape of relative efficiency curve.
The peak regions used are at 31 keV (K-alpha X rays), 35 keV (K-beta X rays), 63
keV, 79-81 keV doublet, 276 keV, and 303 keV. The code determines the ratio of
the various peak intensities relative to the 79-81 keV intensity and then
compares these values with the corresponding intensity ratios determined at the
time the system was calibrated and put into operation. Any significant
differences are an indication that the shape of the efficiency curve is changing.

Clock times for Ba-133 were 1800 seconds.

Fig. 16 shows the control status of the HRGS obtained over the 1988-1
campaign, where a point (No. 20) gives the possibility of change of detection
efficiency on high energy relative to low energy, because both peaks of 276 keV
and 303 keV show significant differences compared with the calibration data.
Fig. 16, however, suggests that the system status immediately recovered. A
recalibration may be necessary when this phenomenon is detected repeatedly.
Some points between No. 9 and No. 21 on 53 keV give significant differences
despite the fact that other close energy peaks such as 31 keV and 35 keV do not
show any differences. These are therefore not supposed to indicate the shape

change of the efficiency curve,
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Fig. 16 Ba-133 Measurement Control

(2) Plutonium Isotopic Abundances Measurement
[Freshly Processed Plutonium]

Table 5 gives the summary results of the 1986-1 campaign, 1986-2
campaign, and 1988-1 campaign results; the means and standard deviation of the
ratios of HRGS / mass spectrometer. Fig. 17 and Fig. 18 show the same ratios on
each isotopic abundance obtained in the campaign of 1986-1, 1986-2 and 19838-1
respectively. Detailed raw data obtained with HRGS and mass spectrometer are



Table 5. HRGS Isotopic Measurement Results : Fresh Samples

] Ratio (HRGS / Mass Spectrometry)
Campaign
Name

Pu-Isotope Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
1986-1 Average 1.0861 1.0040 1.0108 0.9470 -
Campaign (Rel. Diff.) | (+8.61%) | (+0.40%) | (+1.08%) | (-5.30 %) -
(5 Samples) CV% 17.45% 0.30% 015 % 0.23 % -
1986 -2 Average 1.0412 0.9979 0.9901 0.9991 0.9419*
Campaign (Rel. Diff)) | (+4.12 %) (-0.21 %) {-0.99 %) (-0.09 %) (-5.81 %)
(27 Samples) CvV % 9.20 % 1.23 % 1.09 % 1.70 % 1.71%
1988-1 Average 0.9905 1.0083 0.9937 0.9814 0.9548
Campaign (Rel. Diff)) | (-0.95 %) (+0.83 %) (-0.63 %) (-1.86 %) (-4.52 %)
(82 Samples) CV % 1.60 % 0.41% 0.50 % 1.10 % 7.96 %

*  Calculated except ATR Results

8¢0—88 0I¥V8NZ ONd
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given in Attachment 2. Clock count times for one determination by ASSAY

program were 1800 seconds.

In 1986-2 campaign, the bias factors estimated from the results of previous
campaign (1986-1 campaign) were used. The results of HRGS on Pu-239, Pu-240
and Pu-241 are in good agreement with those of mass spectrometry, while large
scatter was observed on the results of Pu-238. The results on Pu-238 shown in
Fig. 17 are larger than expected. That is probably due to the accuracy of the
alpha-spectrometry technique used to determine Pu-238 at the time. With
respect to Pu-242, the data obtained between No. 1 to No. 21 give negative bias,
whereas the data after No. 22 show large positive bias. The former may be due to
the fact that the spent fuels processed here were BWR type, which can cause
negative bias, because the coefficient “53” used for the calculation of Pu-242 was
approximately 2.5 % higher than the coefficient obtained by our measurements.
The coefficients for BWR and PWR are estimated in Fig. 19 and 20 respectively,
where the correlations were obtained from the measured results on mass
spectrometry and cooling time information. The mean and standard deviation
(%) of the correlation coefficient on BWR type fuel are 54.3 and 3.3 respectively,
while those on PWR type fuel are 50.9 and 1.8 respectively. Pu-242 calculation is
therefore expected to be improved by using separate coefficients. In latter case
(after No. 22 in Fig. 17), the fuels processed at the plant were ATR (Advanced
Thermal Reactor) type, where initial fuel includes plutonium. We therefore
suggest that the Pu-242 isotopic correlation be modified for the thermal reactor

fuels.
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Prior to the 1988-1 capaign, a calibration was performed using a well
characterised sample because of long interval in 1987. Every bias factor isA
therefore unity. Good precisions have been obtained throughout the capaign
except the results of Pu-242. The fuels processed here are PWR type (No. 1 to No.
13 in Fig. 12) and BWR type (No. 14 to No. 32). Pu-242 plotted data are about 5%
lower than previous data (given in Fig. 17) all over the campaign. On the other
hand, Pu-240 and Pu-241 results have a few percent negative bias (approx. 1%
and 3% respectively), while Pu-239 results show slightly positive bias (approx.

1%). Reviewing the equation of Pu-242 correlation;

[Pu242] = 53 X[Pu240][Pu241]/[Pu239]2 (original equation),

Pu-242 data obtained from the first half of the 1988-1 campaign can be

recalculated and estimated by following equation.
[Pu242] = 51X[Pu240X1.01][Pu241X1.02]/[Pu239X%0.99]12 (PWR fuel),
= 1.01X(original equation)
Those of second half of the campaign can be also done by next equation.

[Pu242] = 53X%[Pu240X1.01][Pu241x1.02]/[Pu239X0.99]2 (BWR fuel),

= 1.07 X (original equation)
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Table 6, Average of SD {96) values
Corrected Pu-—242 Of the campalg‘n {Each value is calculated from 10

repeaied measurements.)

can be, therefore, shown in Fig. 21. No. Pu-238 Pu-239 Pu-240 Pu-241
. 1 0.193 0.222 0.334 0.561
Biases on Pu-240, Pu-241 and e 0251 0424 0477 1045
3 0.914 0.550 1.114 2.756
Pu-239 are suspected to be due to 4 0007 0934 0278 033
. » 5 0.462 0.441 0.515 1.333
rising from short term

the errors aris g 6 0.163 0.318 0.369 1.0459
. . » 7 0.166 0.173 0.211 0.257

calibration. This suggests that
8§ 0.158 0.299 0.189 0.637
9 (412 0.335 0.444 1,384

longer study of bias corrections

10 0154 ©0.396 0366 0.659
iS important. A feW Outlying 11 0207 0249 0214 0.646
12 0,180 0.332 0244 0.852
points have been detected in 13014 043 0309 0695
14 0109 0.292 0309 0.695
Fig. 18/20. These correspond 16 0764 0547 0843 2136
16 0274 0402 0417 0.847

to the changing of fuel types. 17 0287 0312 0322 1313

...................................
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Repeatability has been evaluated by repeating sample measurement 10 times.
Table 6 gives the results obtained from 18 different samples, where each line
(each sample result) shows standard deviation (%) of 10 repeated measurements.
The values shown at the bottom of the table are the arithmetic mean of 18 data.
In regard to Pu-239, 240 and 241, the estimated repeatability is nearly in accord

with the relative standard deviation of 1988-1 campaign shown in Table 4,

[Aged Plutonium]

The average and the standard deviation of the ratios of HRGS / mass-

spectrometry evaluated in the 1985-2, 1986-1, 1986-2 and 1988-1 campaign are

shown in Table 7. Same ratios (HRGS vs mass spectrometry) obtained in the

campaigns of 1985-2, 1986-1, 1986-2 and 1988-1 are plotted in Fig. 22, Fig. 23 and
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Table 7. HRGS Isotopic Measurement Results : Aged Samples
) Ratio (HRGS/ Mass Spectrometry)
CaI{Tnpmgn

ame Pulsotope | Pu-238 Pu-239 Pu-240 Pu-241
1985-2 Average 1.0459 0.9967 1.0055 1.0082
Campaign (Rel. Diff) | (+4.59%) | (-0.33%) | (+0.55%) | (+0.82 %)
(16 Samples) CV % 5.16 % 0.85 % 1.83% 1.66 %
1986 -1 Average 1.0349 1.0026 0.9908 0.9986
Campaign (Rel. Diff) | (+3.49%) | (+0.26%) | (-:0.92%) | (-0.14%)
(4 Samples) CV % 3.66 % 0.18 % 0.70 % 0.21%
1986 -2 Average 0.9837 1.0057 0.9901 0.9891
Campaign (Rel. Diff) | (-1.63%) | (+0.57%) | (-0.99%) | (+1.09%)
(17 Sarples) CV % 7.17 % 0.52 % 1.11% 0.94 %
1988 -1 Average 0.9427 0.9968 1.0067 1.0105
Campaign (Rel. Diff) | (-5.73 %) (-0.32%) | (+0.67%) | (+1.05%)
(18 Samples) CV % 1.43% | 052% 1.09% 1.08 %

880—88 0T¥8NZ ONd
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Table 8. Average of 5.D. (%) Values

Fig. 24 respectively. (Each value is calculated from 10
. . repeated measurements.

Detailed data obtained P )

with HRGS and mass No. Pu-238 Pu-23% Pu-240 Puy-241

specirometer are given 1 0.538 0.18¢ 0.423 0.476
in attachment 2. 2 0662 0351 1026 0.660
Clock count times for 3 0.664 0.241 0.647 0.671
. . 4 0.880 0.381 0.889 0.970
one determination on
51 0.804 0.379 0.971 0.641
aged plutonium 6 0859 0477 1214 0711
measurement were 7 0.812 0427 1.116 0.637
3600 Seconds. .‘l..l?l llllllll 2'!?‘?3"'1!!9.345IIIIIOOO"I?ISI?IIIIIIIOI:E?;IsllII

| AVE. 0777 0349 0878 0716
Fairly good agreements are observed except on the result of Pu-238. Pu-238
value on Fig. 22 and 23 shows large scatter/bias. That seems due to uncertainty
of the alpha-spectrometry data like the Pu-238 scatter previously shown in Fig.
17. As for Pu-242, it is nearly impossible to calculate the cooling time for Pu-241
correction because of the mixture of plutonium products. Here, Pu-242 values
determined by mass-spectrometer were therefore used for the isotopic

composition calculation.

" Repeatability on the aged plutonium measurement has been also evaluated
by the same way as that performed for freshly processed plutonium. Table 8
shows the results obtained from 8 samples. The value given at the bottom of the
table is the arithmetic mean of 8 data. Comparing the precisions obtained in the
table with those estimated in the last two campaigns of the Table 7, slight
differences are observed. Those can be errors based upon the mass spectrometry

uncertainty.
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5.  CONCILUSIONS

The field test of New TASTEX System (Combined System) consisting of K-
edge densitometer and high resolution gamma spectrometer has been carried out
for three years. Measurement performance has been improved at the last

campaign as compared with that of initial campaign.

Precisions of plutonium concentration determination with the K-edge
densitometer were estimated approximately 0.7% and 1.0% for freshly processed
plutonium and aged plutonium respectively. It should be noted that short term
systematic bias is possibly detected. That sometimes causes larger errors than
expected. The precision of plutonium concentration measurment tends to be

affected by the presence of americium.

The scatters in the relative differences between HRGS and DA detected on
the results of freshly processed plutonium measurements were 1.6%, 0.4%, 0.5%,
1.1% and 8.0% for Pu-238, Pu-239, Pu-240, Pu-241 and Pu-242 respectively.
Those on aged plutonium were 1.4%, 0.5%, 1.1%, and 1.1% for Pu-238, Pu-239,
Pu-240 and Pu-241 respectively. With regard to Pu-242 determination, following
points should be noted.

1) It is expected that the Pu-242 determination can be improved by

discriminating between the correlation coefficients of BWR and PWR.

9)  Isotopic correlation for Pu-242 estimation can be, effective especially in the
case fuel type is not changed throughout the campaign. In contrast,
plutonium product samples corresponding to the transition of fuel types can

give outstanding error.

3) The correlation can neither be applied to the fuel containing plutonium

initially such as ATR fuel, nor plutonium storage of reprocessing plant.
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It does not seem to be necessary that calibration for K-edge densitometer be
repeated periodically as far as Ta-foil measurement control provides good
performance. Instead, just when series of Ta-foil measurements give biased
results, recalibration of the system should be performed. With respect to HRGS,
Ba check source can give similar information. However, precise measurement
requires long term bias correction, namely it is desired that bias correction factor
for .each isotope be evaluated from previous campaign results. Calibration for
HRGS should be performed in the case either Ba check source shows significant

bias or long term bias correction factors turn to large value.

NDA system such as New TASTEX System can easily give results when
system is in good confrol status. However this also means that even NDA system
must be always checked and controlled by the operator who is fully
knowledgeable about the system according to our years’ experience of insitu NDA

measurement.
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PNC ZN8410 88-038

Attachment 1 Data of K-edge Densitometer Measurement

(1) 85-2 Campaign: Fresh Sample

No. | SampleID ]({ﬁefff Extrapol. | Coulometry | Old K-edge Igfgﬁf’ g:‘t:i; I\II{E- vi;lgfd
1 | PUA224 219.066 - 215.37 219.894 1.01716 - 0.99623
2 | PUA226 209.255 - 209.72 211.031 0.99778 - 0.991538
3 | PUA227 203.846 - 204.34 205.609 0.99758 - 0.99143
4 |PUA242 222.602 - 218.64 219.871 1.01853 - 1.01237
b | PUA243 204.662 - 201.16 201.862 1.01736 - 1.01382
8 | PUA244 227.902 - 226.11 227.638 1.00793 - 1.00116
7 1 PUA24b 222,786 - 221.609 224.004 1.00531 - 0.99456
8 | PUA246 204.234 - 204.276 200.701 0.99380 - 1.01760
9 | PUA247 213.062 - 212.772 213.943 1.00136 - 0.99588
10 [PUA248 214.677 - 214.778 214.911 0.99953 - 0.99891
11 | PUA249 211.918 - 214.069 211.306 0.98595 - 1.00290
12 |PUA250 206.480 - 206.385 205.923 1.00046 - 1.00270
13 | PUA251 203.932 - 203.774 201.702 1.00078 - 1.01106
14 | PUA252 215.679 - 215.150 213.792 1.00246 - 1.00883
15 | PUA253 187.189 - 187.270 188.830 0.99957 - 0.99131
16 |PUAZ54 204.265 - 204.168 207.256 1.00048 - 0.98557
17 | PUA255 221.171 - 221.108 226.825 1.00028 - 0.97507
18 | PUA256 206.368 - 206.212 208.380 1.00076 - 0.99034
18 { PUA257 222.950 - 222.240 226.472 1.00319 - 0.98445
20 | PUA258 206.756 - 206.408 207.408 1.00169 - 0.99686
21 { PUAZ59 213.329 - 212.019 216.863 1.00618 - 0.98370
22 | PUA260 186.825 - 187.863 191.791 0.99447 - 0.97411
Average 1.00284 - 0.99638

CV% 0.707 % - 1.194%

—45




PNC ZN8410 88-038

(2) 86-1 Campaign : Fresh Sample

No. | SampleID I({I:;ﬁf)e Extrapol. | Coulometry | Old K-edge Ié':gf:/ g:f:i: l\ITi ’\:j‘igfd
1 | PUA263 219.123 - 219.7 218.327 0.99737 - 1.00365

2 | PUA264 217.503 - 219.0 220.561 0.99316 - 0.93618

3 |PUA265 201.786 - 204.4 203.639 0.98721 - 0.9909¢

4 | PUA266 207.886 - 209.0 208.988 0.99467 - 0.99473

§ | PUA267 212.958 - 215.3 213.835 0.98912 - 0.99590

6 |PUA268 109.706 - 110.8 110.471 0.99013 - 0.99308
Average 0.99194 - 0.99407

CV% 0.383% - 0.684%




PNC ZN8410 88—-038

(3) 88-1 Campaign: Fresh Sample

No. | Sample ID }({ﬁe:vsf Extrapol. | Coulometry | Old K-edge Ié-:glgi/ g:f:i; Dﬁ -:jg'le d
1 | PUA3T3 168.445 168.523 169.845 168.074 0.99176 0.99222 1.00221
2 | PUA3T4 206.088 206.086 206.530 205.421 1.00271 1.00271 1.00326
3 {PUA3TH 219.918 220.044 219.993 220.734 0.99966 1.00023 0.99630
4 |PUA376 210.3086 210.407 210.478 212.576 0.99918 0.99966 0.98932
B | PUA3TT 221.6546 221.672 221.206 224,341 1.00154 1.00211 0.98754
6 [ PUA378 196.325 196.520 197.374 198.984 0.99469 0.99567 0.98664
7 |PUA379 208.341 208.443 206.195 208.120 1.01041 1.01090 1.00106
8 |PUA380 224,499 224.559 225.628 227.426 0.98500 0.99526 0.98713
9 | PUA381 226.158 226.178 226.133 225.551 1.00011 1.00020 1.00269
10 | PUA382 225.344 225.489 223.293 225.300 1.00919 1.00983 1.00020
11 [PUA383 230.428 230.550 229.792 _229.686 1.00277 1.00330 1.00323
12 |PUA384 229532 229.645 227.200 228,900 1.01026 1.01076 1.00276
13 | PUA385 215679 215.816 215.770 216.610 0.99958 1.00021 0.99570
14 |PUA386 211.137 211.196 211.362 212,423 0.99894 0.99921 0.99395
15 | PUA387 217.228 217.301 215.361 216.970 1.00867 1.00901 1'.00119
16 | PUA388 231.369 231.116 232.07M 234.510 0.99698 0.99588 0.98661
17 |PUA389 218.759 218.585 219.215 217.681 0.99792 0.99713 1.00495
18 | PUA391 215.281 215.210 212.794 213.451 1.01169 1.01136 1.00867
19 | PUA39%4 201.284 201.219 200.310 201.764 1.00486 1.00454 0.99762
20 | PUA395 203.099 203.025 201.096 200.434 1.00996 1.00959 1.01330
21 | PUA398 230.788 230.679 228.140 231.860 1.01161 1.01113 0.99538
22 | PUA397 207.142 207.249 205.603 206.907 1.00749 1.00801 1.00114
23 |PUA398 200.776 200.840 198.662 198.711 1.01064 1.01096 1.01039
24 |PUA399 215.684 215.718 213.897 213.118 1.00835 1.00851 1.01204
25 | PUA400 217.511 217.527 218.273 218.548 0.99651 | 0.996568 0.99526
26 | PUA401 213.579 213.659 212.606 213.488 1.00458 1.00495 1.00043
27 | PUA402 213.307 213.313 214.687 216.599 0.99357 0.99360 0.98480
23 | PUA403 206.54b 206.609 206.933 209.701 0.99812 0.99843 0.98495
Average 1.00274 1.00293 0.99816

CV% 0.614% 0.614% 0.829%




PNC ZN8410 88—-038

(4) Pu-product Storage (1987) ; Aged sample

No Sample ID Igl;leedvs)e Extrapol. | Coulometry Kglt.ljge Ié:jﬁﬁl g}:‘tﬁé I\ﬁ _:';lgfd
1l(dJul) 267V10 194.192 195.5 196.346 0.98331 0.98803

2 267V12 238.606 237.4 239.874 1.00508 0.99471
3 267V13 229.101 230.0 230.418 0.99609 0.99428
4 267V14 205.905 206.2 207.6548 0.99857 0.89208

5 267V15 222,904 222.8 224.158 1.00047 0.99441

6 267V18 232.269 230.8 233.370 1.00636 0.99528
7(8ep.) 267V10 172.471 172.03 172.877 1.00256 0.99766

8 267V11 235.791 232.10 235.785 1.01590 1.00003

9 267TVi2 239.286 236.69 241.085 1.01140 0.99254

10 267VI13 227.632 230.78 232.051 0.98636 0.98096
11 267V14 214.186 215.67 217.792 0.99312 0.08344
12 267V15 229,263 233.48 236.066 0.98194 0.97119
13 267V16 225.253 229.79 230.197 0.98026 0.97852
Average 0.99780 0.98955

CV% 1.084% 0.869%

(5) Pu-product Storage (1988): Aged sample

No Sample ID I((I;Teeci‘%e Extrapol. | Coulometry Kzlc;lge %:SEE’{ g:zli; Niﬁ?(g)f 4
1|dan) 267V13 223.298 220.688 223.991 1.01183 0.99691

2 267V15 173.839 174.636 | 172.060 ||  0.99544 1.01034

3 (Feb.) 267V10 199.484 199.487 199.949 0.99998 0.89767
4 267V11 225.769 228.320 | 229131 |  0.98882 0.98533
5 267V13 225.973 225.734 | 225.487 |  1.00106 1.00216

6 267V14 237.781 237.618 234.619 1.00069 1.01348

7 267V15 177.458 177.135 176.319 1.00182 1.00646
Average 0.99995 1.00176

CV% 0.696% 0.950%




PNC ZN8410 88—038
Attachment 2 Raw Data of HRGS Measurement

(1) 86-1 Campaign: Fresh Sample No. 11
Isotope Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
No.| Sample I.D.
HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass
Assay (1) 1.071 64.665 21.325 9.744
PUF262 Assay (2) 1.080 64.265 21.622 9.838 (5:196)
1 HRGS Av. 1.0755 64.465 21.4735 9.791
1.36139 1.00034 1.00947 0.95058 (3-195) 1.
Mass Spec. 0.790 64.443 21.272 ‘ 10.300
Assay (1) 1.009 65.350 21.012 9.646
PUF264 | Assay (2) 1.017 65.348 20.994 9.658 (2:982)
2 HRGS Av. 1.013 65.349 21.003 9.652
Mass Spee. | 0.943 1.07423 ™ gri22 1.00349 0757 e RETRTT 0.94665 1—298H— 1
Assay (1) 0.979 65.689 20.690 9.725
PUF265 Assay (2) 0.978 65.764 20.669 9.672 (. 911
3 Assay (3). 0.978 65.718 20.622 9.766
HRGS Av. 0.9783 65.7237 20.6603 9.721
Mass Spec. 1.176 083189 '—o1d6 1.00887 o570 1.00930 75507 0.94461 281D 1.
Assay (1) 0.996 65.397 20.854 9.824
PUF266 Assay (2) 0.989 65.659 20.677 9.745 (2.929)
4 Assay (3) 0.994 65.471 20.717 9.888
HRGS Av. 0.993 65.509 20.7493 9.819
Mass Spec. 0.886 1.12077 65.273 1.00362 20.534 1.01049 10.378 0.94614 t2:929) L.
Assay (1) 1.050 64.802 21.015 10.045
PUF267 Assay (2) 1.053 64.743 21.112 10.006 (3.087)
5 Assay (3) 1.049 64.813 21.111 9.941
HRGS Av. 1.0507 64.786 21.0793 9.9973
Mass Spec. 508 1.04236 SiE36 1.00387 50810 1.01294 T0EES 0.94680 (3.087) 1.
Average| 1.08613 1.00404 1.01081 0.94696 1.
CV%| 17.449% 0.304% 0.154% 0.233%




PNC ZN8410 88-038

(2 86-2 Campaign: Fresh Sample No. 1/4
Isotope Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
No. | Sample I.D.
HRGS/Mass HRGS/Mass HRGS/Mass HRGS5/Mass HRGS/Mass
Assay (1) 1.032 62.844 24.372 8.444 3.308
PUF286 Assay (2) 1.028 63.070 24.266 8.387 3.249
. HRGS Av. 1.030 ' 62.957 | 24.319 8.4155 3.2785
0.94409 1.00311 0.99391 1.01796 0.96087
Mass Spec. 1.091 62.762 24.468 8.267 3.412
Assay (1) 1.065 62.733 24.683 8.207 3.312
PUF287 Assay (2) 1.074 62.559 24.799 8.217 3.351
2 HRGS Av. 1.0695 62.646 24.741 0.99836 '8.212 00098 3.3315 0 95081
Mass Spec. 1.118 0.95662 ™59 496 1.00352 19 781 ' 8.204 ' 3.471 '
Assay (1) 1.076 62.484 24.918 8.200 3.322
5 |PUF288 Assay (2) 1.077 62.757 24.751 8.159 3.256
HRGS Av. 1.0765 62.6205 A 24.8345 - 8.1795 3.289
7 0.94513 1.00556 0.99597 1.00165 0.94349
Mass Spec. 1.139 62.274 24.935 A 8.166 . 3.486
Assay (1) 1.067 62.211 25.072 8.255 3.395
. PUF289 Assay (2) 1.066 62.369 25.044 8.177 3.344
HRGS Av. 1.0665 62.290 25.058 8.216 3.3695
1.05909 1.00314 0.99314 1.01083 0.95211
Mass Spec. 1.007 62.095 25.231 8.128 3.539
Assay (1) 1.177 60.835 25.025 9.115 3.848
5 |PUF290 Assay (2) 1.176 60.561 25.298 9.117 3.918
HRGS Av. 1.1765 60.698 100540 25.1265 0.99068 9.116 L 00410 3.883
Mass Spec. 0.999 1.17768 60.372 ' 25.363 ' 9.078 ' 4.188 0.92711
Assay (1) 1.243 59.353 25.677 9.432 4.295
6 PUF291 Assay (2) 1.244 59.616 25.492 9.424 4.224
HRGS Av. 1.2435 59.4845 25.5845 9.428 4.2595
1.10044 1.00581 0.99717 0.99672 0.92337
Mass Spec. 1.130 59,141 25.657 9.459 4.613 '
Assay (1) 1.276 58.738 25.800 9.668 4,518
. PUF292 Assay (2) 1.270 58.930 25.785 9.574 4.441
HRGS Av. 1.273 58.834 25.7925 , 9.621 4.4795
0.95071 1.00274 1.00372 1.00649 0.94664
Mass Spec. 1.339 58.673 25.697 9.559 4.732
Assay (1) 1.266 59.236 25.511 9.618 4.369
g |PUF293 Assay (2) 1.275 59.136 25.401 9.759 4.429
HRGS Av. 1.2705 0.97957 59.186 | 00840 25.456 0.99244 9.6885 L 00764 4.399 0.92708
Mass Spec. 1.297 ' 58.693 ‘ 25.650 ' 9.615 ' 4.745 '




PNC ZNB8410 88038

(2) 86-2 Campaign: Fresh Sample No._ 2/4
Isotope Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
No. | Sample 1.D.
\ HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass
Assay (1} 1.292 58.609 25.971 9.596 4,532
9 PUF294 Assay (2) 1.298 58.646 25.912 9.617 4.527
HRGS Av. 1.295 58.6275 25.9415 9.6065 4.5295
0.96570 1.00588 1.00226 0.99694 0.93296
Mass Spec. 1.341 58.285 25.883 9.636 4.855
Assay (1) 1.296 58.540 26.087 9.540 4,537
10 PUF295 Assay (2) 1.299 58.080 26.434 9.523 4.664
HRGS Av. 1.2995 58.310 26.2605 100231 9.6315 100649 4.6005 0.95071
Mass Spec. 1.374 094432 58117 1.00332 ™58 900 ‘ 9.470 ' 4.839 '
Assay (1) 1.289 58.949 25,693 9.623 4.446
11 PUF296 Assay (2) 1.295 58.922 25714 9.618 4,451
HRGS Av. 1.292 58.9355 : 25.7035 9.6205 4.4485
v 0.98476 1.00770 0.99364 1.00633 0.93162
Mass Spec. 1.312 58.48h 25,868 9.560 4.775
Assay (1) 1.250 59,782 24 .893 9.888 4,187
12 PUF297 Assay (2) 1.253 59.701 25.013 9.837 4.196
HRGS Av. 1.2515 59.7415 24.953 9.8625 4,1915
’ 1.07888 1.00528 0.99621 1.00433 0.92243
Mass Spec. 1.160 59.428 ' 25.048 9.820 4,544
Assay (1) 1.186 60.050 24.923 9.828 4.013
i3 PUF298 Assay (2) 1.186 59.958 25.018 9.807 4,031
HRGS Av. 1.186 60.004 1.00671 249705 0.99994 9.8175 0.99559 4.022
Mass Spec. 1.002 1.18363 59.604 ' 25.148 ' 9.861 ' 4.385 0.91722
Assay (1) 1.092 60.189 24.483 10.206 4.030
14 PUF299 Assay (2) 1.092 60.337 24.334 10.239 3.998
HRGS Av. 1.092 60.263 24,4085 10.2225 4.014
1.00460 1.00428 0.98069 1.04237 0.95322
Mass Spec. 1.087 60.006 24.889 9.807 4.211
. Assay (1) 1.211 59.205 25.20b 10.044 4.335
PUF300 Assay (2) 1.205 59.468 25.109 9.971 4.247
15 HRGS Av. 1.208 59.3365 25.157 10.0075 4,291
1.31162 1.00414 - 0.99016 0.99448 0.94997
Mass Spec. 0.921 59.092 ' 25.407 10.063 4,517
Assay (1) 1.227 59.206 25.085 10.213 4.269
i6 PUF302 Assay (2) 1.228 59.349 24961 10.228 4.427
HRGS Av. 1.2275 59.2775 25.023 10.2205 4.2515
0.98436 0.99866 1.00928 0.99917 0.97199
Mass Spec. 1.247 59.357 24.793 10.229 4.374




PNC ZNB8410 88—038

(2) 86-2 Campaign: Fresh Sample No. 3/4
Isotope Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
No. | Sample LD.
HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass
Assay (1) 1.084 60.644 24.150 ' 10.175 3.947
17 PUF303 Assay (2) 1.087 60.617 24,253 10.104 3.939
HRGS Av. 1.0855 ' 60.6305 ' 24,2015 10.1395 3.943
0.95303 1.00506 0.98564 1.02306 0.96856
Mass Spec. 1.139 60.326 24.554 9.911 4.701
Assay (1) 1.119 60.300 24.740 9.904 3.937
18 PUF304 Assay (2) 1.118 60.483 24.668 9.851 3.880
HRGS Av. 1.1185 60.3915 24,704 9.8775 3.9085
Mass Spec. 0971 1.15191 50.068 1.00539 94872 0.99325 9.908 0.99692 1161 0.93482
Assay (1) 0.933 62.502 24.057 9.150 3.358
19 PUF305 Assay (2) 0.932 62.462 24,115 9.128 3.363
HRGS Av. 0.9325 1.17001 62.482 1.00366 24.086 0.99356 9.139 1.00351 3.3605 0.93347
Mass Spec. 0.797 62.254 24.242 9.107 3.600
Assay (1) 0.884 63.045 23.796 9.047 3.228
20 PUF306- Assay (2) 0.887 _ 63.113 23.758 9.032 3.210
HRGS Av. 0.8855 1.10549 63.079 1.00460 23.777 0.99058 . 9.0395 1.01068 3.219 0.92981
Mass Spec. 0.801 62.790 24.003 8.944 3.462
Assay (1) 0.742 59.280 27.506 8.478 3.994
o1 PUF307 Assay (2) 0.741 59.087 27.665 8.469 4.038
HRGS Av. 0.7415 59.1835 27.5855 8.4735 4.016 ATR
Mass Spec. | 0.713 1.03997 159 589 099820 o 099572 8.435 1.00456 3559 | (1128417
Assay (1) 0.575 54,402 31.727 7.691 5.605
99 PUF308 Assay (2) 0.575 54.533 31.584 7.728 | 5.580
HRGS Av. 0.575 toslas | L4675 1 ososg | SL6955 ) 05163 7.7095 0.57623 55925 [ATR
Mass Spec. 0.586 55.551 e 32.248 7.873 3.742 (1.49452)*
Assay (1) 0.532 53.467 _ 32.599 7.521 5,881
PUF3092 Assay (2) 0.532 . 53.530 o 32.515 7.549 5.874
23 HRGS Av. 0.532 0.96727 53.4985 | 0.98017 32.557 0.97561 7.535 0.97667 58775 | ATR
Mass Spec. 0.550 ' 54.581 R 33.371 7.715 ' 3.783 (1.55366)*
Assay (1) 0.527 53.054 32.931 7.548 5.940
04 PUF310 Assay (2) 0.526 -1 53.018. _ 32.942 7.557 5.957
HRGS Av. 0.5265 1.00.862 53.036 0.97697 32.9365 0.97769 7.5525 0.98135 5.9485 1%%‘]55{6211)*
Mass Spec. 0.522 54.286 33.688 7.696 3.808 )




PNC ZN8410 88—-038

(2) 86-2 Campaign: Fresh Sample No. 4/4
Isotope Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
No. | Sample I.D.
HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass
Assay (1) 0.573 51.967 33.007 7.800 6.653
25 PUF311 Assay (2) 0.572 52.064 32.934 7.808 6.622
HRGS Av. 0.5725 52.0155 32.9705 7.804 6.6375 ATR
1.02232 0.97464 0.96946 0.96728 (1.66187)%
Mass Spec. 0.560 ‘ 53.369 34.009 8.068 3.994 :
Assay (1) 0.588 51,884 32.856 7.923 6.749
56 PUF312 Assay (2) 0.589 51.441 33.187 7.882 6.901
HRGS Av. 0.5885 51.6625 33.0215 007074 7.9025 0 97345 6.825 ATR
Mass Spec. 0.584 100771 53934 097048 ™54 017 ’ 8.118 ‘ 4.047 (1.68643)*
Assay (1) 0.628 51.230 33.172 7.953 7.017
o7 PUF313 Assay (2) 0.628 . 51.023 33.185 3.024 7.140
HRGS Av. 0.628 51.1265 33.1785 71.9885 7.0785
1.13357 0.97376 0.96702 0.96561 %’11‘1;2388)*
Mass Spec. 0.554 52.504 34.310 8.273 4,359 .
Average| 1.04120 0.99785 0.99014 0.99906 0.9419%
CV% 9.204% 1.233% 1.089% 1.697% 1.708%
*  Calculated except ATRIResults
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(3) 881 Campaign: Fresh Sample No. 1/5
Isotope Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
No. | Sample I.D.
HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass
Assay (1) 1.152 62.462 21.871 10.885 3.630
. PUF373 Assay (2) 1.157 62.609 21.854 10.799 3.581
HRGS Av. 1.1545 0.95809 62.5355 L 00604 21.8625 0.90971 10.842 0.99095 3.8055 0.98916
Mass Spec. 1.205 . 62.160 22.023 10.941 3.671
Assay (1) 1.165 62.518 22.037 10.693 3.587
PUF374 Assay (2) 1.156 62.788 21.903 10.637 3.516
2 HRGS Av. 1.1605 62.653 21.970 10.665 3.5515
Mass Spec. 168 0.99358 55132 1.00839 59071 0.99542 10017 0.97692 5713 0.95676
Assay (1) 1.192 62.176 21.988 10.942 3.702
5 |PUF375 Assay (2) 1.193 62.127 22.059 10.911 3.710
HRGS Av. 1.1925 100126 62.1515 1 00484 22.0235 0.99943 10.9265 0.98995 3.706 0.97603
Mass Spec. 1.191 161.852 : 22.036 11.124 3.797
Assay (1) 1.202 62.182 21.931 10.980 3.705
4 |FUF376 Assay (2) 1.204 62.230 21.915 10.961 3.690
HRGS Av. 1.203 62.206 21.923 10.9705 3.6975
0.99834 1.00833 0.99320 0.97907 0.96667
Mass Spec. 1.205 61.692 22.073 11.205 3.825
Assay (1) 1.215 61.981 21.977 11.062 3.765
5 |EUFSTT Assay (2) 1.214 62.088 22.015 10.960 3.723
HRGS Av. 1.2145 62.0345 21.996 11.011 3.744 ,
Mass Spec. 1.219 0.99631 61.542 100800 22.128 089408 11.263 0.97763 3.848 0.97297
Assay (1) 1.173 62.274 21.948 10.927 3.678
PUF378 Assay (2) 1.170 62.750 21.722 10.810 3.548
6 HRGS Av. 1.1715 0.99448 62.512 L0077 21.835 0.99475 10.8685 0.97765 3.613 0.97015
Mass Spec. 1.178 62.030 21.951 11.117 3.724
Assay (1) 1.118 62.779 21.888 10.685 3.530
PUF379 Assay (2) 1.119 62.943 21.915 10.551 3.472
' HRGS Av. 11185 1.00134 ?2'861 0.99984 21.9015 1.00604 10618 0.99401 3501 0.98343
Mass Spec. 1.117 ; | 62.871 21.770 10.682 3.560
Assay (1) 0.946 64.315 21.626 10.010 3.103
o PU¥F380 Assay (2) 0.949 64.152 21.787 9.979 3.133
HRGS Av. 0.9475 - 64.2335 21.7065 9.9945 3.118
Mass Spec. 0.950 09913 I 63793 00691 21.768 0oomT 10.223 O-9Tre 3.266 0-95468




PNC ZN8410 88-038

Fresh

(3) 881 No. 2/5
Tsotope Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
No. | Sample I.D.
HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass
Assay (1) 0.801 64.035 21.983 10.034 3.147
o PUF381 Assay (2) 0.803 64.140 21.973 9.969 3.115
HRGS Av. 0.802 64.0875 21.978 10.0015 3.131
0.99627 1.00342 0.99823 0.98363 0.99682
Mass Spec. 0.805 63.869 22.017 10.168 3.141
Assay (1) 0.716 64.972 21.608 9.776 2.928
1o |PUF382 Assay (2) 0.717 64.977 21.704 9.688 2.914
HRGS Av. 0.7165 64.9745 21.656 0.99505 9.732 098154 2.921 B
Mass Spee. | 0.719 0.99652 41675 1.00463 ™51 744 ' 9.915 ' 2.947 0.99118
Assay (1) 0.696 65.465 21.529 9.514 2.796
11 |PUF383 Assay (2) 0.698 - 65.480 21.538 9.494 2.790
HRGS Av. 0.697 ‘ 65.477125 21.5335 9.504 2.793
Y 0.97893 1.00563 0.99558 0.97687 0.98902
Mass Spec. 0.712 - 65.106 21.629 9.729 2.824
Assay (1) 0.695 65.320 21.525 9.621 2.839
L, |PUF384 Assay (2) 0.699 65.008 21.571 9.666 2.906
HRGS Av. 0.697 65.164 21.623 9.6435 2.8725
- 0.97756 1.00350 0.99751 0.98203 1.00683
Mass Spec. 0.713 64.937 21.677 9.820 2.853
Assay (1) 0.681 65.830 21.316 8.760 3.413
15 |PUF385 Assay (2) 0.681 66.094 21.265 8.631 3.329
HRGS Av. 0.681 65.962 0.99900 21.2905 0.98883 8.6955 096540 3.371
Mass Spec. 0.686 0.99271 66.022 ' 21.531 ’ 8.970 ' 2.791 1.20781
Assay (1) 0.672 66.640 21.392 8.176 3.120
.4 |PUF386 Assay (2) 0.673 66.772 21.240 8.215 3.100
HRGS Av. 0.6725 , 66.706 21.316 8.1955 3.110
0.98897 1.00125 0.99057 , 0.97345 1.12722
Mass Spec. 0.680 66.623 21.519 8.419 2.759
Assay (1) 0.676 66.525 21.957 9.011 2.531
1 PUF387 Assay (2) 0.680 66.238 21.392 9.095 2.595
5
HRGS Av. 0.678  0.99268 66.3815 {01028 21.3245 0.99098 9.053 097063 2.563 052604
Mass Spec. 10.683 ’ 65.706 ' 21.519 ' 9.327 : 2.765 2
Assay (1) 0.873 65.628 20.645 10.161 2.693
6 PUF389 Assay (2) 0.878 65.683 20.659 10.105 2.675
HRGS Av. 0.8755 65.6555 20.652 10.133 2.684
0.99715 1.00782 0.99365 0.97330 0.96512
Mass Spec. 0.878 65.146 20.784 10.411 2.781




PNC ZN8410 88—-038

(3) 88-1 Fresh No. 3/6
Isotope Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
No. | Sample I.D.
HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass
Assay (1) 1.140 62.113 93.149 9.925 3.673
. PUF390 Assay (2) 1.140 61.974 93.226 9.949 3.711
HRGS Av. 1.140 62.0435 23.1975 9.937 3.692
1.00088 1.00485 1.00050 0.97776 0.97724
Mass Spec. 1.139 81.744 23.176 10.163 3.778
Assay (1) 1.261 60.286 24,934 9.454 4.065
" PUF391 Assay (2) 1.260 60.199 25.065 9.402 4.074
HRGS Av. 1.2605 60.2425 24.9995 0.99196 9.428 058547 4.0695 01738
Mass Spec. 1.267 099487 ™59 528 1.01200  ™og 060 ' 9.567 ' 4.436 0.
Assay (1) 1.320 59.512 925.598 9.340 4.230
19 |PUF392 Assay (2) - 1.825 59.596 25.601 9.284 4.194
HRGS Av. | 1.3225 59.554 25.5995 9.312 4.212 -
v 0.99138 1.01296 0.99535 0.98269 0.90019
Mass Spec. 1.334 58.792 95.719 9.476 4.679 :
Assay (1) 1.339 59.267 25.973 9.172 4.249
o0 |FUF393 Assay (2) 1.338 59.169 26.033 9.182 4.278
HRGS Av. 1.3385 59.218 26.003 - 9.177 4.2635
0.99963 1.01229 0.99564 0.98402 0.90348
Mass Spec. 1.339 58.499 26,117 9.326 4.719
Assay (1) 1.352 58.856 26.267 9.169 4.356
5, |PUF394 Assay (2) 1.338 59.259 26.134 9.049 4.220
HRGS Av. 1.345 59.0575 L 01991 26.2005 0.99660 9.109 0.98231 4.288
Mass Spec. 1.349 0.99703 58.345 ' 26.290 ' 9.273 ' 4.743 0.90407
Assay (1) - 1.356 59.256 26.145 9.167 4.076
05 PUF395 Assay (2) 1.350 59.423 26.000 9.187 4.040
HRGS Av. 1.353 59.3395 26.0725 | 9.177 4.058 .
T 1.00000 1.01402 0.99883 0.98508 0.86175
Mass Spec. 1.353 58.519 26.103 9.316 ' 4.709
Assay (1) 1.340 59.485 25.946 9.064 4.165
o5 PUF396 Assay (2) 1.339 59.362 25.999 9.094 4.206
HRGS Av. 1.3395 , 59.4235 25.9725 9.079 4.1855 - ‘
— - 0.99888 1.01426 0.99523 0.97729 10.89357
Mass Spec. |  1.341 | 58.588 26.097 9.290 - 4.684 o
Assay (1) - 1.235. 59.936 95.484 8.629 4.716
o PUF397  |Assay(2) 1.242 59,942 25.547 8.573 4.696
HRGS Av. 1.2385 0.08843 59.939 L 00845 25.5155 0.98186 8.601 0.97143 4.706 L 05303
Mass Spec. 1.253 ' 59.437 ’ 95.987 ' 8.854 ' 4.469 05

-56-—




PNC ZN8410 88—038

(3) 88-1 Fresh No. 4/5
Isotope Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
No. | Sample I.D.
HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass
Assay (1) 0.883 64.161 24.911 6.851 3.194
- PUF398 Assay (2) 0.881 64.408 24.826 6.766 3.119
HRGS Av. 0.882 64.2845 24.8685 6.8085 3.1565
0.98109 1.00835 0.98728 0.98703 0.96766
Mass Spec. 0.899 63.752 25.189 6.898 3.262
_ Assay (1) 0.846 64.799 25.005 6.410 2.940
0 PUF399 Assay (2) 0.849 64.627 95.187 6.414 2.973
HRGS Av. 0.8475 64.713 25.071 0.9895 6.412 0.98118 2.9565 0.92918
Mass Spec. 0.853 0.99355 g4 071 101002 ™5 335 ' 6.535 ' 3.206 '
Assay (1) 0.819 64.531 25.488 6.226 2.936
g7 |PUF400 - |Assay(2) 0.815 64.785 25.339 6.185  2.876
- HRGS Aw. 0.817 64.658 25.4135 6.2055 2.906
v 0.99271 1.01015 0.99039 0.97648 0.92137
‘Mass Spec. 0.823 64.008 25.660 6.355 3.154
Assay (1) 0.790 65.207 25.185 6.055 2.763
og |PUF401 Assay (2) 0.800 64.911 25.371 6.092 2.826
HRGS Av. 0.795 65.059 25.278 6.0735 2.7945
' 0.99127 1.01196 0.98843 0.97269 0.90437
Mass Spec. 0.802 64.290 25.574 6.244 3.090
Assay (1) 0.762 65.690 95.046 5.983 2.519
0 PUF402 Assay (2) 0.765 65.692 25.069 5.961 2.513
HRGS Av. 0.7635 65.691 L 01914 25.0575 0.98952 5.972 0.97854 2.516
Mass Spec. 0.769 0.99285 64.903 ' 25.323 ' 6.103 ) 2.902 0.86699
Assay (1) 0.950 64.054 24.945 7.184 2.867
30 PUF403 Assay (2) 0.951 64.183 24.906 7.130 2.830
~ HRGS Av. 0.9505 64.1185 24.9255 7.157 2.8485
0.99633 1.01418 0.99420 0.98500 0.81689
Mass Spec. 0.954 63.222 25.071 7.266 © 3.487
Assay (1) 0.951 63.922 24.237 7.909 2.981
a1 PUF404 Assay (2) 0.948 64.157 24.014 7.938 2.943
'HRGS Av. 0.9495 64.0395 24.1255 7.9235 2.962
: 0.99842 1.01208 0.99536 0.97857 —— 0.86130
~ Mass Spec. 0.951 63.275 24.238 8.097 - 3.439
Assay (1) 1.009 62.895 23.551 9.125 3.420
29 PUF405 Assay (2) 1.017 62.571 23.710 9.196 3.506
HRGS Av. 1.013 62.733 23.6305 9.1605 3.463
0.91757 1.00928 0.98243 1.03205 0.90869
Mass Spec. 1.104 62.156 24.053 8.876 3.811




PNC ZN8410 88-038

(3) 88-1 Fresh No. 5/5
Isotope Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
No. | Sample I.D.
HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass
Average 0.99051 1.00828 0.99366 0.98139 0.95481
CV% 1.604 % 0.409 % 0.500% 1.103 % 7.958 %




PNC ZN8410 88-038

(40 85-2 Campaign: Aged Sample No. 1/3
_ Isotope Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
No. | Sample 1.D.
HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass
Assay (1) 1.296 63.258 22,704 9.154
PUA251 Assay (2) 1.363 63.119 22.450 9.084
1 Assay (3) 1.327 63.142 22.321 9.224
HRGS Av. 1.329 63.173 22.492 9.1564
Mass Spec. 1.222 1.08756 ™42 165 0.99540 92.488 1.00018 8.839 1.03564 3862 1.
Assay (1) 1.278 63.473 22.514 8.830
PUA253 Assay (2) 1.266 63.820 22.269 8.740
2 ' Assay (3) 1.193 63.864 22.298 8.738
HRGS Av. 1.246 100080 63.719 0.99899 22.360 100260 8.769 100126 (5.506) )
Mass Spec. 1.245 ' 63.788 22.302 ' 8.758 ‘ S :
Assay (1) 1.308 62.861 22,843 8.940
PUA254 Assay (2) 1.296 63.233 22.583 8.841
3 Assay (3) 1.213 63.458 22.491 8.789
HRGS Av. 1.272 100236 63.184 0.99902 22.639 100124 8.857 1.00363 (4.048) L
Mass Spec. 1.269 63.246 22.611 8.825
Assay (1) 1.289 61.834 23.744 9.135
PUA255 Assay (2) 1.280 62.186 23.506 9.027
4 Assay (3) 1.196 62.434 23.404 8.968
HRGS Av. 1.255 62.151 23.651 9.043
1.02533 0.98194 1.04028 1.02239 £3.999) 1,
Mass Spec. 1.224 63.294 22.639 8.845
Assay (1) 1.310 62.361 23.002 9.278
PUA256 Assay (2) 1.299 62,712 22.760 9.182
5 Assay (3) 1.210 63.138 22.564 9.039
HRGS Av, 1.273 62.737 227175 9.167
1.01922 0.99771 1.00463 1.00175 £4.048) 1.
Mass Spec. 1.249 62.881 22.670 9.151
Assay (1) 1.336 62.448 22,691 9.547
PUA257 Assay (2) 1.324 62.821 22.437 9.441
6 Assay (3) 1.231 63.442 22.068 9.282
HRGS Av. 1.297 62,903 22.399 9.423
1.04850 0.99903 0.99653 1.00845 (3998 1.
Mass Spec. 1.237 62.964 22477 9.344




PNC ZN8410 88-038

(4) 85-2 Aged No. /3
Isotope Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
No. | Sample I.D.
HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass
Assay (1) 1.347 61.996 23.047 9.555
PUA258 Assay (2) 1.335 62.341 292.811 9.459
7 Assay (3) 1.256 62.158 23.110 9.421
HRGS Av. 1.313 62.165 22.989 9.478
Yo—— o8 1.02020 =5 680 1.00116 57600 1.01721 537 1.01077 4-055) 1.
Assay (1) 1.346 61.365 23.451 9.422
PUA259 Assay (2) 1.331 61.812 23,142 9,299
8 Assay (3) 1.247 62.162 22.933 9.242
HRGS Av. 1.308 61.780 23.175 9.321
Mass Spec. 1.201 1.01317 61.608 1.00279 23.330 099336 9.355 0.99637 HA16) 1
Assay (1) 1.357 61.425 23.416 9.469
PUA260 Assay (2) 1.344 61.808 23.153 9.363
9 Assay (3) 1.266 61.107 22.976 9.318
HRGS Av. 1.322 L 03768 61.780 0.99867 23.182 100000 9.383 | 00364 4333, L
Mass Spec. 1.274 61.862 23.182 9.349
Assay (1) 1.404 60.076 24.449 9.777
PUA261 Assay (2) 1.395 60.353 24.256 9.703
10 Assay (3) 1.313 60.695 24.054 9.644
HRGS Av, 1.371 60.375 24.253 9.708
1.04577 0.97470 1.04665 1.04601 —{4-293— 1.
Mass Spec. 1.311 61.942 23.172 9.281
Assay (1) 1.303 62.644 292.846 9.156
267V10 Assay (2) 1.300 62.654 22.867 9.127
11 Assay (3) 1.214 62.910 22.790 9.034
HRGS Av. 1.272 62.736 22.834 9.106
1.11189 0.99624 1.00325 1.00386 {4-052) 1.
Mass Spec. 1.144 62.973 22.760 9.071 a
Assay (1) 1.207 64.799 22.539 8.098
267V11 Assay (2) 1.195 65.174 992.273 8.001
12 Assay (3) 1.120 65.386 22.180 7.957
HRGS Av. 1.174 0.98943 65.120 100911 22.330 0.98115 8.019 0.98308 | e )
Mass Spee. 1.195 ' 64.532 22.759 N 8.157 N e ‘




PNC ZN8410 88-038

(4) 85-2 Aged No. _ 3/3
Isotope Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
No. | Sample I.D.
HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass
Assay (1) 1.299 61.070 24,548 3.814
267V12 Assay (2) 1.291 61.268 24.449 8.724
13 Assay (3) 1.211 61.542 24.303 8.676
| HRGS Av. 1.267 61.293 94.433 8.738
Mass Spec. 1147 1.10462 61,349 0.99920 94498 0.99735 8744 0.99931 4269 1.
Assay (1) 0.995 65.858 21,963 8.078
267V13 Assay (2) 0.987 66.105 21.807 7.996
14 Assay (3) 0.926 66.141 21.883 7.945
HRGS Av. 0.969 66.035 21.884 8.006
Mass Spec. 0.929 1.04306 66.072 0.99944 21.944 0.99727 7.949 1.00717 (8:396) 1
Assay (1) 0.831 66.642 21.991 8.011
267V14 Assay (2) 0.826 66.830 21.780 7.958
15 Assay (3) 0.770 67.175 21.587 7.862
HRlGS Av, 0.809 100000 66.882 0.98929 21.760 1.02530 7.944 1.02494 (2.608) 1
Mass Spec. 0.809 67.606 21.223 7.756
Assay (1) 1.365 66.124 21.467 7.905
267V15 Assay (2) 1.358 66.206 21.368 7.931
16 Assay (3) 1.277 66.465 21.239 7.880
HRGS Av. 1.333 119194 66.265 100487 21.358 0.98112 7.905 0.98443 (3139 L
Mass Spec. 1.119 65.944 21.769 8.030
Average 1.04586 0.99672 1.00551 1.00824 1.
CV% 5.159% 0.848% 1.829% 1.662% -




PNC ZN8410 88—-038

(5) 86-1 Campaign: Aged Sample No. 1/1
Isotope Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
No. | Sample I.D. _ _
HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass
Assay (1) 0.975 65.389 20.411 10.150
PUA263 Assay (2) 0.979 64.971 20.772 10.192
1 HRGS Av. 0.977 65.180 20.592 10.171 |
1.06469 1.00391 0.98498 0.99892 (3.074) 1
Mass Spec. 0.912 64.926 20.906 10.181
Assay (1) 0.960 | 65.296 20.556 10.206
PUA264 Assay (2) 0.964 65.539 20.319 10.195
2 HRGS Av. 0.962 65.418 20.438 0.98463 10.201 00
, : 00049 —2.089—
Mass Spec. | 0.943 1.02015 o199 1.00455  I™o5757 10.196 049 1
Assay (1) 0.946 65.119 20.629 10.377
5 |PUA266 Assay (2) 0.944 65.567 20.273 10.287
HRGS Av. 0.945 65.343 20.451 | 10.332
M 1.06659 1.00107 0.99596 0.99557 9.999) 1
Mass Spec. 0.886 65.273 20.534 10.378 -
Assay (1) 0.997 64.579 20.708 10.628
. PUA267 Assay (2) 0.995 64.625 20.814 10.478
HRGS Av. 0.996 . 64.602 20.761 10.553
0.98810 1.00102 0.99765 0.99943 (3-087 1
Mass Spec. 1.008 64.536 20.810 10.559
Average| 1.03488 1.00264 0.99080 0.99860 1
CV%| 8.658% 0.184% 0.703% 0.213% ]




PNC ZN8410 88-038

(6) 86-2 Campaign: Aged Sample No. 1/3
Isotope Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
No. | Sample LD,
HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass
Assay (1) 0.661 64.700 21.417 10.392
. PUA269 Assay (2) 0.657 64.716 21.426 10.371
HRGS Av. 0.659 64.708 ' 21.422 10.382
0.94413 1.00049 1.00115 0.99832 (2.830) 1
Mass Spec. 0.698 64.676 21.397 10.399
Assay (1) 0.653 64.294 21.676 10.488
0 PUA270 Assay (2) 0.651 64.038 21.938 10.484
HRGS Av. 0.652 64.166 21.807 L 01178 10.486 L 00172 .
Mass Spec. 0.698 0.93410 ™, 392 0.99649 1™ 51 553 ' 10.468
Assay (1) 0.824 64.331 21.144 10.672
5 |PUA2T71 Assay (2) 0.840 64.280 21.105 | 10.747.
HRGS Av. 0.832 64.306 21.125 10.710 '
Y 0.92239 1.00631 0.99171 0.98560 (3-029) 1
Mass Spec. 0.902 63.902 21.301 10.866 :
Assay (1) 0.977 64.198 - 20.726 11.059
4 |FUA272 Assay (2) 0.954 64.835 20.392 10.780
HRGS Av. 0.966 64.516 20.559 10.920
0.97525 1.00637 0.98623 0.99115 (3.039) 1
Mass Spec. 0.990 64.108 20.846 11.017
Assay (1) 1.052 63.355 21.131 11.287
5 PUA273 Assay (2) 1.038 63.534 21.068 11.184
HRGS Av. 1.045 63.445 21.100 11.236
0.98030 0.99757 1.00723 1.00210 3175} 1
Mass Spec. 1.066 63.599 20.948 11.212
Assay (1) 1.084 65.452 20.196 10.424
. PUA274 Assay (2) 1.059 66.068 19.739 10.290
HRGS Av. 1.072 65.760 19.968 10.357
0.95244 1.00724 0.98449 0.98996 (2.844) 1
Mass Spec. 1.125 65.287 20.282 10.462
_ Assay (1) 1.123 66.536 19.932 9.770
: PUA275 Assay (2) 1.109 66.878 19.700 9.674
HRGS Av. 1.116 L 00450 66.707 00597 19.816 0.98981 9.722 058471 e .
Mass Spec. 1.111 ‘ 66.357 ' 20.020 ' 9.873 . ‘ R
Assay (1) 1.066 65.088 21.293 9.737
. PUA277 Assay (2) 1.055 65.156 21.297 9.677
HRGS Av. 1.061 65.122 21.295 9.707
0.96192 0.99877 1.00524 1.00113 (2-815) 1
Mass Spec. 1.103 65.202 21,184 9.696




PNC ZN8410 88-038

(6) 86-2 Aged No. _2/3
Isotope Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
No. | Sample I.D.
HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass
Assay (1) 0.967 63.459 23.670 8.801
PUA278  |Assay (2) 0.973 63.515 23.578 8.831
) HRGS Av. 0.970 63.487 93.624 8.816
1.15752 0.99992 0.99785 0.99145 (3.163) 1
Mass Spec. 0.838 63.492 23.675 8.892
Assay (1) 0.966 63.639 23.541 8.644
Lo PUA279 Assay (2) 0.961 63.307 23.853 8.669
HRGS Av. 0.964 63.473 23.697 8.657
Mass Spec. | 0.852 1.13087 o045 1.00833 ™51 703 0.97950 8.800 0.98369  —t3:219)— 1
Assay (1) 0.989 62.781 24.140 8.763
11 |PUA280 Assay (2) 0.975 62.908 24.073 8.715
HRGS Av. 0.982 0.95340 62.845 100699 24.107 0.98449 8.739 099920 (3.328) ]
Mass Spec. 1.030 62.408 24.488 8.746
Assay (1) 1.014 62.577 24.233 8.704
1o |FUA281 Assay (2) 1.013 62.462 24.361 8.693
HRGS Av. 1.014 62.520 24.297 - 8.699
1.07819 1.00950 0.97834 0.98595 3471) 1
Mass Spec. 0.940 61.931 24.835 8.823
Assay (1) 1.024 62.853 23.778 8.759
1g |PUA282 | Assay (2) 1.040 62.216 24.295 8.863
HRGS Av. 1.032 093515 62.535 L 01492 24.037 0.97494 8.811 098074 A )
Mass Spec. 1.100 ) 61.658 24.672 8.984 R
Assay (1) 1.005 62.656 24.503 8.333
" PUA283 Assay (2) 1.016 62.328 24.709 8.444
HRGS Av. 1001 0.95330 62.492 1.01045 24,506 0.98337 8.589 0.97894 (3-563) 1
Mass Spec. 1.060 61.846 25.022 8.569 ' N
Assay (1) 1.066 62.719 24,567 8.122
s PUA284  |Assay(2) 11.068 62.571 24.686 8.148
HRGS Av. 1.067 0.92783 62.645 1.00783 24626 0.98693 5.185 0.99050 (3-527) 1
Mass Spec. 1.150 62.158 24.952 : 8.213 | '
Assay (1) 1.085 62.826 24.447 8.077
e PUA285 Assay (2) 1.086 62.781 24551 8.017
HRGS Av. 1.086 0.96747 62.804 1.01283 |- 24.499 0.97961 8.047 0.96999 (3565 1
Mass Spec. 1.122 62.008 25.009 8.296 '




PNC ZN8410 88-038

(6) 86-2 Aged No._3/3
Isotope Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
No. | Sample LD,
\‘ HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass
Assay (1) 1.051 63.061 24.441 7.976
17 PUA287 Assay (2) 1.053 62.753 24.624 8.099
HRGS Av. 1.052 62.907 24.533 8.038
0.94097 1.00771 0.98997 0.97971 +—@BA47D— 1
Mass Spec. 1.118 62.426 24781 8.204
Average| 0.98369 1.00567 0.99011 0.98911 1.
CV%| 7.174% 0.522% 1.107% 0.935% ]




PNC ZNB8410 88-038

(7) __88-1 Campaign: Aged Sample No. 1/3
Isotope Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
No. | Sample I.D.
HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass
Assay (1)
1 PUA373 Assay (2)
HRGS Av. 1.128 61.305 22.602 11.295
0.93610 0.98625 1.02629 1.03236 (3.671) 1.
Mass Spec. 1.205 62.160 22.023 10.941
Assay (1)
0 PUA374 Assay (2)
HRGS Av. 1.128 62.087 21.888 0.99171 11.186 102464 .
Mass Spec. 1.168 096575 140132 099928 ™5 071 10.917
Assay (1)
3 |PUA3T5 Assay (2)
HRGS Av. 1.127 62.033 21.868 11.176
Y 0.94626 1.00293 ' 0.99238 1.00467 (3-797) 1.
Mass Spec. 1.191 61.852 22.036 11.124
Assay (1)
4 PUA376 Assay (2)
-HRGS Av. 1.144 61.245 22.495 11.291
0.94938 0.99275 1.01912 1.00768 |—(3.825) 1
Mass Spec. 1.205 61.692 22.073 11.205
Assay (1)
5 PUA377 Assay (2)
HRGS Av. 1.160 61.365 22,229 11.398
0.95242 0.99712 1.00456 1.01199 (3.848) 1.
Mass Spec. 1.219 61.542 22.128 11.263
Assay (1)
o PUA378 Assay (2)
HRGS Av. 1.132 61.395 22.372 - 11.377
0.96350 0.98976 1.01918 1.02339 5724 1.
Mass Spec. 1.178 62.030 21.951 11.117
Assay (1)
. PUA379 Assay (2) _
HRGS Av. 1.071 0.95882 62.168 0.98889 22.242 102168 10.959 1.02593 s 1
Mass Spec. 1.117 ' 62.871 ' 21.770 - 10.682 ' A '
Assay (1)
8 PUA380 Assay (2)
HRGS Av. 0.896 63.617 21.940 10.281
0.94316 A 0.99724 1.00790 1.00567 {32667 1.
Mass Spec. 0.950 63.793 21.768 10.223




PNC ZN8410 88—038

(7) _ 88-1 Aged No._ 2/3
Isotope Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
No. | Sample I1.D.
HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass
Assay (1)
9 PUA381 Assay (2)
HRGS Av. 0.755 - 63.971 21,993 10.145
0.93789 1.00160 0.99891 0.99774 (3.141) 1.
Masgs Spec. 0.805 63.869 22.017 10.168
Assay (1)
10 PUA382 Assay (2)
HRGS Av. 0.660 65.202 21.390 0.98372 9.801
Mass Spec. | 0.719 091794 151675 1.00815 ™91 744 9.915 0.98850 1
Assay (1)
11 PUA383 Assay (2)
HRGS Av. 0.654 65.024 - 21.739 9.758
M 0.91854 0.99879 1.00509 1.00208 | (g 894y 1.
Mass Spec. 0.712 65.106 ' 21.629 9.729
Assay (1)
19 PUAS384 Assay (2)
HRGS Av. 0.660 64.671 21.808 10.008
0.92567 0.99590 1.00604 1.01914 (2.853) 1.
Mass Spec. 0.713 64.937 21.677 9.820
Assay (1)
13 PUA385 Assay (2)
HRGS Av. 0.643 65.797 21.723 9.046
0.93732 0.99659 1.00892 1.00847 (2.791) 1
Mass Spec. 0.686 66.022 21.531 8.970 )
Assay (1)
14 PUAS386 Assay (2)
HRGS Av. 0.639 66.417 21.729 8.455
0.93971 0.99691 1.00976 1.00428 2459 1.
Mass Spec. 0.680 66.623 21.519 8.419
Assay (1)
5 PUA387 Assay (2)
HRGS Av. 0.639 0.93558 65.471 0.99642 21.761 101125 9.364 . 1
° . . . 039 fn-v-rrlr-\ .
Mass Spec. 0.683 65.706 . 21.519 9.327 00397 pe T
Assay (1)
16 PUA388 Assay (2) _
HRGS Av. 0.663 65.365 21.450 9.830
0.94310 0.99605 1.00851 1.01205 9-691) 1.
Mass Spec. 0.703 65.624 21.269 9.713




PNC ZN8410 88-038

() 881 Aged No.__3/3
Isotope Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
No. | Sample I.D.
HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass HRGS/Mass
Assay (1)
17 PUA389 Assay (2) ,
HRGS Av. 0.833 ' 65.130 20,756 10.499
0.94875 0.99975 0.99865 1.00845 (2.781) 1.-
Mass Spec. 0.878 65.146 20.784 10.411
Agsay (1)
18 PUA390 Assay (2)
HRGS Av. 1.081 61.580 23.332 1 00673 10.229 .
Mass Spec. 1.139 0.94908 61.744 0.99734 23.176 10.163 00649 1
Average| (.94272 0.99676 1.00669 1.01047 1.
CV% 1.431% 0.517% 1.091% 1.083% )




