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ABSTRACT

High-bumup-plutonium holdup has been assayed%:‘mti-
tatively by low-rescluton gamma-ray specrometry. : as-
say was calibrated with four plutonium standards represent-
ing a range of fue! burnup and 24'Am content. Selection of
a calibraton standard based on its qualicative spectral timi-
larity 10 gamma-ray spectra of the process material is par-
tally responsible for the success of these holdup measure-
ments. spectral analysis method is based on the deter-
mination of net counts in a single spectral region of interest
(RCI). However, the low-resolut on gamma-ray assay sig-
nal for the high-burmnup plutonium includes unknown
amounts of contaminaton from 2 !Am. For most needs, the
range of calibraton standards required for this selecdon
procedure is not available. A new low-resolution gamma-
ray spectral analysis procedure for assay of 239Pu has been
developed. The procedure uses the calculated isotope: activ-
iy ratios and the measured net counts in three spectral ROls
10 evaluate and remove the 24'Am conaminanon from the
239Py assay signai on a spectrum-by-specunm basis. The
calibraton for the new procedure requires only a single
plutonium standard.  The procedure also provides a measure
of the burnup and age attributes of holdup deposits. The
new procedure has been demonstruted using portable
gamma-ray specmoscopy equipment for a wide range of
plutonium standards and has also been applied to the assay
of 23%Pu holdup in a mixed oxide fuel fabrication facility.

I, INTRODUCTION

Quantides of low-bumup plutonium as holdup in the
process equipment of US production facilitles have been
measured by simple procedures that use low-resolution
gaumma-ray detectors, typically Nal(T1) scintllators, coupled
to photomultipllier rubes and portable multichanne! analyz-
ers.! The timely assay of holdup quantities has important
safety consequences in connection with criticality limits for
special nuclear material (SNM) deposll masses, as well as
accountability benefits in providing inventory quantities, and
process control benefits with respect to equipment cleanout
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requirements. The low-br.nup plutonium spectra are rela-
tively easy to interpret because of the isotopic uniformity and
low americium content of most materials of this type.

Similar measurements of high-burnup plutonium holdup
are of interest to the operators of oxide conversion and fuel
fabrication facilides, for the reasons stated above, and to
international inspection agencies, for verificaion of operator
declaratons. Because of high bumup, however, significant
americium ing;gwth is typical of fuel cycle materials. Inter-
ferences from 237U and 44'Am gamma rays in the plutgnivm
assay region, usually chosen to include the intense Bpy
gamma rays at 375 and 414 keV, can give rise 10 biases of
100% of n.ore [depending on the 237U and 241 Am fractions
and on the chosen en region-of-interest (ROI)] in holdup
assays derived from celibranons performed with a low-bum-
up plutonium source. The 237U content, in equilibrium with
its 241Pu parent, is a function of fuel bumup. The 24!Am
fraction is a funcdon of both the burnup and age of the
material. Typical holdup deposits for high-throughput
prucesses would consist of uniknown admixtures of materi-
als representing a wide range of both variables. The biases
resulting from interferences can be avoided by performng
the same holdup measurements with solid state, high-resolu-
tion hyperpure germanium (HPGe) detectors? instead of
Nal(T1), but not without sacrificing convenience, portability,
simplicity, and economy.

A recent calibration of the new, polyethylene-moderated
3He slab detection systems for assay, by neutron coinci-
dence counting, of high-burnup plutonium holdup in the
glove boxes of a fuel fabrication facility provided an oppor-
tunity to simultaneously test the low-resoludon gamma-ray
holdup assay methods applied to this material type. Because
of the unknown and variable effects of Interferences on the
assays obtalned from Nal(T1) spectra using a single RCI
technique, the calibradon of the gamma-ray holdup assay for
these glove-box measurements was pe ormed with four
plutonium reference standards representing a range of bumn-
up and age. The calibration that was finally used to quantfy
the holdip was chosen based on a visual companson
between yoectra froon sctual holdup deposits and those
obtained wi’h the variab.e-burnup and -age reference slan-
dards used in he calibre jon measurements.

The gamma-ray haldup measurements appeared to be
successful In that the re wilts a reasonably well with the
neutron coincidence ass.ys. However, It Is ime consuming



and impractical for most users to perform the holdup calibra-
tion with multiple plutonium standards that cover a range of
burnup and age and to subsequently choose the calibration
bascd on qualiative companisons of spectra. Therefore, a
new approach to analyzing low-resolution gamma-ray spec-
tra of high-bumup plutonium has been de-'¢loped and tested.
The goal of this approach is to provide a calibration for assay
of pluronium holdup thai requires only one plutonium refer-
ence standard but retains the ability 10 correcs for interfer-
ences. The ability to determine atmributes that verify burnup
and age using this new analysis approach was also tested.

Section I of this paper describes the gamma-ray mea-
surements of holdup in the g'ove boxes and the comparison
of these results with the neuron coincidence measurements.
Section 11l discusses the new analysis method and tests the
method on variable burnup plulonium reference standards.
Secton |V presents the results of re-analysis of the glove-
box holdup spectra using the new analysis technique.

11. DESCPIPTION OF HOLDUP MEASURE-
MENTS OF HIGH-BURNUP PLUTONIUM

A. Holdup Measurement Purposes and Method

The new glove-box assay systems (GBASs) quantify
holdup of high-burmup plutonium as mixed oxide (MOX) in
the automated bulk processing equipment of the Power
Reactor and Nuclear Fuel Development Corpcration’s
(PNC'’s) Plutonium Fuel Production Facility (PFPF) in
Jlapan. The assay for GBAS is based on counting coincident
neutrons from spontaneous fission of the effactive 240Py
mass to give the total plutonirm mass, as described else-
where.3 Each GBAS assay gives the quantity of pluton.um
in an cntire (3-m-tall by 3- or 6-m-wide) glove box in the
PFPF process. The GBAS calivrations were pertormed in
situ by placing MOX reference materials inside each process
glove box and performing the neuron measurements as pre-
scribed for an assay. The background count rates for these
calibration measurements, produced by the plutonium
holdup within each glove box, were determined by perform-
ing the same GBAS measurements on each glove box with
the MOX reference materials removed. Once determined,
the GBAS calibrations were ne}alied (0 the calibration back-
ground measurements to quantify the plutonium holdup.

Holdup assays usi.g poriable gamma-ray equipment
were pertonmed on most of the PFPF glove boxes in
advance of the neutron calibration measurements 10 provide
an independent venfication of the new GBAS results. The
garima-ray assays are inl,ierently less accurate than the neu-
tron assay: in this particular holdup situation, primanly
because of the uncenainties in esiimated corrections for
attenuation of measured gamma rays by the bulk processing
equipment. However, the neasurements provided a first
op[)onuuixy 10 test the generalized-geomewy method for
holdup assay!-2 in particuler, and low-resolution garmina-ray
quanutative and attributes tneasurements in general, on high-
burnnp plutonium in a prucessing fucility.

The generallzed-geometry holdup assay method uses
yammi.ia-ray detectory with cylindrical collimators. The assay
sigral is the net count rate for @ gnmma-ray peuk. Each cho-
sr.n peak corresponds to the radioactlve aecay of a specific
wotope. The net peak uctivity is a measure of the isotope

quantity. The method requires the selection of measurement
geometries to establish the holdup deposit as either a rela-
tively small, centered point (point source), a long and rela-
tvely narrow, centered line (line source), or a relanvely large
area (area source) in the large and circular dezector field of
view. By spacing adjacent measuremenis (performed on a
line or area source) 2 distance equal to the full width at the
half maximum of the radial detection response at the deposit
surface, uniform coverage of the entit= length or surface is
assured. The line or area source assay gives isotope mass
per unit length or arca, respectively, at the measurement
location. The average assay result for all locations on the
line or area multiplied by the length of the line or by the sur-
face area, respectively, gives the total isotope mass. Knowl-
edge of the fraction of the assay isotone is required 10 obtain
the element mass. The assay result 1s corrected for attenua-
tion of the gamma rays (of well-defined energies) by the
cquipment.

The generalized-geomerry holdup assay is calibrated in
two steps, One step measures the radial detection response
at the assay energy to obtain the appropriate geometric fac-
tors for the calibration. This requires a point source, nol
necessarily a standard, of the assay gamma ray. The second
step measures a point-source standard of the appropriate
material to obtain the attenuation-corrected absolute point
response per unit mass of isotope at a known distasice rg.

The holdup assay uses the equipment-attenuation-cor-
rected net peak count rate from a holdup deposit measured at
the distance r. This count rate is divided by the absolute
response per unit mass and by the appropriate geometric
factor (unity for point source assays) and multiplied by
(r/rg)?, where A is 2, 1, or O for point, line, or area sources,
respectively.

B. Holdup Measurement Equlpment and
Callbratlon

The generalized-geometry holdup assays at the PFPF
were calibrated at Los Alamos. A 2.5-cm-diam by 5-cm-
thick, shielded, cylindrically collimated Nal(T1) detector with
a 1.6-mm-thick cadmium filter and a portable multichannel
analyzer (PMCA) were used. Two energy ROls were set up
in the PMCA 10 obuain the calibration data, These were the
assay (375 1o 430 ke V) and the continuum background (473
to 330 keV) ROls. Thls conservative choice for the assay
RO! ellminates half of the activity from the intense 23%Pu
gamma ray at 375 keV to minimize the relative interference
effects on the assay. An ROl set on the relatively intense
208-keV gamma-ray peak from 237U decay was used 1o
monitor the gain for the possibility of dnift.

The radial detection response was measured with a stan-
dard point source uf low-burnup nluionium, The absolute
response was measured with four different siandard point
sources represen’ing a large burnup range, including the
low-burnup source. The spectra obtained with these four
standards are shown in Fig. 1(a)}-(d), with the assay and
continuum background ROIls shaded. The tsotopic compo-
sitions and plutonlum masses of the four calibration stan-
dards are included In Table 1 . The dramatic differences
umong the four spectrw, particularly near and below the
assay ROV, are primarily the results of the 24!Pu fraction
variability with bumup and the 4! Am variatllity with bum-
up and age.
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Fig. 1(a)-(d). Low-resolution gamyma-ray spectra of fowr plulomum siandards, P1. P4, PS, and P5 (a. b. c. and d. respectively), where Pl is a low-burn-
up standard and burnup increases with siandard number. These fowr siandards were wsed for the calibranon of the oniginal assays of hi;h-buwrnup-pluo-
nium holdup, T'u assays were performed using tha P6 calibration. based on the simulariry berween d and the process maierial specira. The assay ROI!
(ROla) for the onriginal holdup maasw ements was the 375 1o 450-keV shaded ROI. lis continuwn backgrouad ROI is also shaded, Tha two lower.
energy ROIs (ROI2 a1 181-235 kaV and ROI3 at 3J00~375 kaV ) used in the new three-ROI) analysis procedure are shaded as well.

C., Holdup Measurement Procedures and Results

Before holdup measurements were performed at the
PFPF, iwo MOX process reference samples, each ¢ontain-
ing approximately $ g of plutoiium, were measured as point
sourres. anu{ on a visual ingpection of the spectra
obtained from these samples, the calibraiion obtained with
the highest bumup standard pcint source of the foiu cabb,a-
tion standards was selected (or assaying the process samples
ggr verification purposes. The point source assay results for

9Pu were within 5% of the reference values for these pro-
cess samples. Subseauemly. the holdup assays were per-
formed ulsli:: the verified calibration (based on the highest-
burnup standard),

The gamrna-ra‘y holdup measurements were performed at
the glove ports ot the 3- by 3-m (36-port) and 3- by 6-m
(72-pont) glove boxes at the PFPF facility. ‘The measure-
ments were performed at one surface (front or back) of each
glove box. (The automated 'process equipment was centered
and generally symmetric. froni-to-back, within the glove
boxes.) The detector wns positivned at the glove-port cen-
rers, S7 ¢m from the lengthwise venical plane through the
cener nf the glove box. A calciner extension to one of the
glove boxcs was also measured. The spacing between adj::-
cent ineasnremen?s (in adjacent glove ports) corresponded to
the full width at half maximum of the radial detection
response in this vertical plane, fulfilling the crite aou tor unl-
form coverage. The spectra were digitized intc 512 channels



TABLE I. Reference Sample Isotopic Composition and Plutonium Mass

wi%

Sample | Updatedto | ¢ Pu -SPy | -YPu | -WPu | TPy [ 3°py | FTAm
pla 425/1 0.397 | 0.011 [93.795 | 5989 | 0.170 | 0.035 | 0.256
P2 42501 0.397 ] 0.023 ([89.398 | 10.103 | 0.381 | 0.095 | 0.330
P3 4725/1 0.396 | 0.046 |84.707 | 14.163 | 0.851 | 0.233 | 0.766
p4a 412501 0.396 | 0.105 |[77.933 |19.819 | 1.572 | 0.569 | 1.834
psa 472591 0.396 | 0.128 |76.118 |21.282 | 1.766 | 0.705 | 2.04!
P6a 4725/91 0.394 | 0913 |66.883 | 24.076 | 4.541 3.587 | 4.455
P7 472501 0.393 1.235 162.602 125.846 | 5.592 | 4.726 | 4.439
C8 2191 5.856 | 0.011 93460 | 6.314 | 0.175 | 0.040 | 0.152
Cc9 12191 5846 | 0.068 [84.532 |14.234 | 0.808 | 0.359 | 0.437

C.0 2191 5788 | 0.823 [74.223 | 18.513 | 4338 | 2.103 | 2.364

Cll 12181 5771 1.168 [63.475 |25.782 | 5.318 | 4.257 | 2.913

2Used in calibration of original holdup measurements

and were acquired in 50- to 100-s counting periods. All
speca were stored .1 PMCA magnetic tape.

Tor each glove box, the net count rates for the assay ROI
were averaged for all glove-port localions, and room back-
grourd was subtracted from the average. The correction
factors for equipment anenuation were applied to the average
net count rates. These were calculated from the known
wansmission of 400-keV gamma rays through steel. Each
glove box was assigned an effective (estimated) attenuating
thickness of 3, 6, or 10 mm of sieel, corresponding to cor-
rection faciors of 1.23, 1.51, or 2.00, respectively, based on
a visual inspection of thr. equipment within the box and on
the assumpiion that the holdup is deposited within the
equipment in the glove box. The correction factor of 3 for
attenuation of gamma rays by the calciner equipment was
based on an estimated steel thickness of 16 mm.

The area-source calibraiion was applied 10 the average,
attenuation-corrected net count rate for each glove box. The
assay result, in g 239Py/cm?, for a given glove box was
multiplied by the total deposit surface area (typically
9 x 104 cm?) to give the mass (in grams) of 239Pu holdup
in the glove box. The line source calibration was applied to
the calciner average (attenuation-rorrected net) count rate.
The assay result, in g 239Pu/cm. was multiplied by the total
calciner length (200 cm) 10 give the mass (in grams) of
239pu holdup in the calciner. The 239Pu mass for each glove
box (and for the calciner) was divided by the operator-
declared stream-average weight fraction of the 239Pu isolope
to vield the gamma-ray assay of plutonium holdup for each
tlove box.

D, Comparlson of Neutron and Gamma-Ray
Holdup Results

Table 11 gives the average, attenuation-correcied net
count rate in the ussay ROI (R, 5°1) and ity relative uncer-
1inty (deilermined fromi counting statistics) for each glove

box. The sieel anenuation correction factors for the assay
ROl and the operator-declared 239Pu weight fractions are
also given. The plutonium holdup assays obtained with
these R, values were compared with the holdup assays
obtained from neutron coincidence counting. The neuzon
assays were obtained for combined (wall and aisle) halves of
the double-width glove boxes. These results were compared
with the combined gamma-ray assays for the two halves.
The comparison results are given in Table Il. The average
assay ratio (gamma to neutron) is 1.17. The relative stan-
dard deviation in the assay ratio is 28%. The relative uncer-
tainty in the neutron holdup assay is estimated to be approx-
imately 10%. Thus, the observed relatve standard deviation
is attributed to the uncertainty in the gamma-ray holdup
assay.

The major contributor to the uncertainty in the gamma-
ray holdup assay is the uncenainty (~25 %) in the correction
factors for equipment attenuation. The assumption that the
holdup is deposited at the center of the process equipment
could also result in a systematic component (a positive bias,
in this case, resulting from an overestimate of equipment
attenuation effects) in this uncerainty. lgnonng self-auen-
uation effects is an obvious source of a systematic effect
(negative bias in this case), but the measured deposit thick-
nesses indicate that this is small relative to the uncenainties
in the equipment artenuation. The calibration uncertainty that
results from variations in the isotopic distributions (varying
inierference effecis) is estimated to be approximately 10%.
Measurement preci'ion is negligible in this discussion.
Other uncentainties (in room backgrounds, detector position-
ing, and nonuniform deposit geometries) are also expected to
be relatively small. The use of high-resolution gamma-ray
spectroscopy would eliminate the 10% calibration uncer-
tainty, However, only an improved knowledge of the
equipment attenuation =ffects, which would certainly be
achieved with gamma-ray holdup mecasurements of ducts or
piping, would lead ;o0 a sig:tificant improvement in the assay
uncertainty.



TABLE II. Original Analysis of Glove-Box Data
Average 139py CF Sieel Assay Ratio

Glove Box Ry lo (%) | WtFraction | (300 keV) | (Gamma/Neutron)
UCPO! 17.5 3 0.63 1.5 2.73
UCPO3-w 1.9 7 0.63 15
UCPO3-a 23.6 3 0.63 1.2 1.30
CCPO4 343 L 0.61 1.2
UCP0O4-2 161.4 ] 0.61 3.0 0.90
UFPO1 24.1 2 0.63 1.2 1.4
UFPO2-w 58.3 1 0.63 1.5
UFP02-a 16.5 4 0.63 1.5 1.57
UFPO3 21.7 3 0.62 15 1.46
UFPOS-w 7.6 16 0.63 20
UFPOS-a 30.6 3 0.63 2.0 1.56
UFP12-w 64.8 2 - 0.62 2.0
UFP12-a 43.4 2 0.62 1.2 1.05
UPE1) 3.9 13 0.63 12 0.74
w~-Glove-box section adjacent 10 wall Av = 1.17
a—Glove-box section adjacent to aisle 10 (%) = 28

These low-resolution gamma-ray holdup measurements
of high-burnup plutonium were successful because they
agreed within expectarions with the neuwron holdup assays.
However. this success is largely the result of the runge of
standards available for the calibration. The major drawback
10 ihe appmach is the dependence of the calibration on the
evaluation of spectra produced by process samnples because
the signature for 239Pu assay contains a variable 24'Am
interference. A new analysis method is required that elimi-
nates the interference from the assay signature and requires
only one standard for calibration.

111, A NEW LOW-RESOLUTION PLUTONIUM
SPECTRAL ANALYSIS METHOD
A. lIntroduction

Tte assay ROI for the low-resoluiion garma-ray assay
of 23%Py is dominated ly activity from 239Puy, but alsv con-
tains significant activity from 24'Am as the sample burnup
and age increase. The new analysis procedure corrects the
measured activity in the assay region For the 24! Am interfer-
ence on a spectrum by spectrum basis. The procedure com-
bines measured activities from energy regions bclow the
assay ROl (ROla) with theoretica! acuviiy ratios to obiain a
unique 24tAm correction for each spectrum.

Two new energy ROls are defined below ROla, at 300
10 377 keV and at ?gl 10 235 keV. These two new ROls are
highlighted in the four spectra in Fi(.l. 1. The continuum
background for ROI3 (300 ro 375 keV) is the same as thai
used for ROla. Continuur, background for ROI2 (181 to
235 ke V) was obtained from two narrow (6- to 7-keV-wire)
ROIs, not highlighted in Fig. 1, set on either side of ROI2.

A set of seven, physically identical reference standards,?
Pl through P7, were used to develop and test the theoretical
basis of the new analysis procedure. These and an addi-
tional set of four physically identical standards,3 C8 through
Cl1, were used 10 evaluate the new analysis procedure.
Table | gives the isotopic compositions and {;lulonium
masses for the standards. In both sets, burnup (*4!Pu con-
tent) increases with standard number.

B. Derivation of Theoretical Actlvity Ratlos

Theorelical gamma-ray isotopic activines were calculated
for ROI2, RO%B. and ROla (181 to 235 heV, 30C to
375 keV, and 375 t0 450 keV, respectively) for the stan-
dards, P! through P7. The activity (ins'!) for a gamma ray
of a given isotope is given by

ALYy Jysy M
where
N = 6,023 x 1023 atoms/mole,
A = isotope decay constant (s'1),
a = isotope atomic weight (g/mole),
B = gamma-ray branching rutio (gamma rays/
disintegraton), and
m = isotope mass (g).

The isotopes that contribute to the activities in the three
energy regions are 23/Pu, 241Am, and 237U, The 37U is in
secular equilibrium with 24!Pu for the standards as well as
for the process material holdup. “The masses of 239Pu,
241py, and 24! Am in the standards can be computed from
Table | as the product of plutonium mass and the respeciive



isotope weight fractions. The 237U mass is computed from
the 23'Pu mass as follows:

Axgq * aayy
may, = =L 237 237« g, 2)

day7 * gy

where the subscripts 237 and 241 refer to the 237U and
341py isotopes, respectively, and the 24!Pu decay constant is
the partial decay constant for the alpha decay branch.

The total theoretical activity in a region was computed for
each isotope by summing the activities of all gamma rays
within the region separately for cach isotope. The summed
activities are plotied vs standard number for the three iso-
topes (along with the total for all three) in Fig. 2(a), (b), and
(c) for ROL2, RO13, aud ROIa, respectively. Assuming that
vaniations in detecton efficiency within a region and the par-
tial overlap of some of the low-resolutior. (finite-width)
peaks with the energy region can be ignored to first order,
these plots show the theoretical relzuve contributions of the
isotopes to the low-resolution gai.ma-ray spectra of the
standards for the three energy regions.

Figure 2(c) shows the increase in 24'Am interference
with increasing burnup for the assay ROIL. This effect
becomes larger still as the samples age. Figure 2(b) shows
that ROI3 includes significant components of all three iso-
loges at most bumups. However, ROI12 is dominated by
237U activity at all burnups, as shown in Fig. 2(a). The new
procedure uses the measured activity in ROI2 10 determine
and remove the 24!Pu-<37U activity from ROIJ. Only
UtAm and 239Pu activities remain in RO!3 and ROIa.

The theoretical ratio of 24!Pu—237U gamma-ray activities
between ROI2 and ROI3 for the Nal(T1) holdup detector is

T Bi+(1-Tysg)e Ty
Xxa B T —

— )
b3 B, *(1-Tz08)° Tz.og
]

where

?B" = 241py-237U branching ratio sum from 300 o
375 keV,

1B, . wpy,-237y branching ratio sum from 181 to

235 keV,

Ta a  a-keV-gamma-ray transmission through 5 cm of
Nal, and

T, = nr-keV-gamma-ray ransmission through 1.6 cm
of cadmium,

The gamma-ray transmission expression is
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Fig. 2ta)c). Theoretical Isoiopic components of the RO! gamma-ray
actiwises for the standards P1-P7 plus the 1otal RO! gumma-ray aciiv-
ity, plotted vs standard number, for (a) ROI2, (b) ROI3. and (c) the
ussay ROl ROla.



where p and ¢ are the density (g/cm?) and thickness (cm),
respectively, of the material and u is the mass attenuation
coefficient 1cm2/g) of the matenal at the energy of the gamma
ray. The energies, n, are the mean energies (corresponding
to the approximate centroids of the distributions of net
counts) within the ROls.

The theoretical ratios, analogous 10 Eq. (3), of S4!Am
and 239Pu gamma-ray activities berween ROI3 and ROla for
the Nal(T1) holdup detector are

T BAme(l- TJJ&)'T;';,

y = ” (5)
T B/ e(l- Tao) e Ty
y)

;B.“’ (1 - Tage) * Ty

» =
- =

— 6)
T 8P +(1- Tyqo)* Ty,
]

respectively, where

8™ . 24tAm branching ratio sum from 300 to
' 375 keV,

- g Am
}BI = 24'Am branching ratio sum from 375 to

450 keV,

23239
) =

139py branching ratio sum from 300 to

375 keV, and

239
FB/ = 239Py branching raio sum from 375 to
450 ke V.

The coefficients x, v, and z are used to derive the 24! Pu-
237, 241Am and 239Pu components of_the net counts in
ROI3 and ROla of each specrum. The 239Pu component of
ROIa is the 239Pu assay signal, independent of 24'Am
interference. The ratio of the 24 !Pu-237U component to the
2Py component is a measure of the burnup atribute, The
ratio of the 22! Am component to the 24!Pu-237U component
is 2 measure of the age atrribute.

C. Evaluation of New Analysis Method with
Standards

Gamma-ray spectra were obtained with the Nal(Tl)
holdup detector for the standards, Pl1- P7 and C8-C11,
described in Table I. (Figure | shows these spectra for P|
and P4-P6.) The isotopic components of ROI3 and ROla
were evaluated for each of these spectra.

As a [irst step in this procedure, the measured net count
rates in RO!2, ROI3, and ROla are inultiplied by correction
factors tor source self-attenuation and att¢nuation by the

source cladding. The auenuaiior corrections are performed
at the ROI mean energies, 208, 336, and 410 keV. respec-
tively. The self-attenuation correction factor for the 11 pel-
let-shaped standards, viewed end-on at a large distance com-
pared to the pellet dimensions, is

CFear=INT5/(T5- 1), 7N
where
TA = n-keV-gamma-ray transmission through the source.

The cladding atenuation correction factor is

CFeiaa= \IT | (8)
where
T% = p-keV-gamma-ray transmission through the cladding.
Equation (4) gives the form of T3 and T5.

In the second step, the 241Pu-237U component is
submracted from the RO13 net count rate to give

Ry=Ry-x*Ry , )
where

Ry = measured, attenuation-corrected ROIk net count rate

and

R; = adjusted ROIk net count rate.

Two more equations can now be written:

Ry = R4™ + RPY (10)
and
Ra=RA™ +R2Y | (an

where the superscripts, Am and 239, label the 24'Am and
239py components of the net count rates in RO!3 and ROla.
The isotopic components represent four unknowns in the
two Egs., (10) and (1 1).

The third and final step is to reduce the number of un-
knowns in Eqgs. (10) and (11) to two and_to subsequently
solve the equations to give the 21Am and 23%Pu components
of the net count rates in ROI3 and ROla. Rewriting the
Eq. (10) unknown components in terms of the Eq. (1)
unknown components gives

R{™ myeR)m (12)

RPP=zeR (13)



where y and ¢ are defined in Egs. (5) and (6), respecdvely.
Substrutng Eqgs. (12) and (13) inte Eq. (10) and solving for
the two independent ROla compcaenis gives

RAm=(R) - 2RIy - ) (14)

RPP=R,- R, (15)

where RA™ is defined by Eq. (14).

Equations (14) and (15) give the Z#'Am and 23%Pu count
rate components of the anenuation-corrected net count rate in
ROhELhe assay region. These are proportior:al to the 24'Am
and 239Pu masses, respectively. The original analysis used
the count rate, Rﬂ" including the 24'Am cor1ponent, as the
signal for the 239Pu assay. Figures 3(a), (b) and 4(a), (b)
are plots of the 23%Pu assay signal for the original and new
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Fig. 3(a). (b). Net count rate in the assay R(OI. ROla, dewermined by
the single-RO! method vs 239Pu mass for ihe siandwrds (a) P17 and
C8-Cli and for (b) P1 P7 only, The seraighi line s a linear fit 10 the
data. The relazive average absolwe deviation of the fit is shown.
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Fig. 4(a), (b). Net 39Pu count raie in the assay ROI. ROla. calculated
by the three-ROI method vs 23%p, mass for the siandards (a) Pl -P7
and C8-Cl] and for (b) P1-P7 only. The sraighi line is a linear fit
to the «aia. Tha relad se average absoluwe deviation of the fit is shown.

analysis methods, respectively, vs the reference 239Pu mass
for a'l of the standards. The gepanures from linearity in the
original analysis are most evident for the lowest-239Pu-mass
(highest burnup) standards in each set.

‘Tr.e quantity R3, the attenuation-corrected net count rate
in RC.12, is proportional to the 24'Pu mass. Therefore, the
ratio of R 10 Eq. (15), which is proportional to the 24 Pu-
t0-239Pu isotope ratio, is a signal for the burnup aitribute.
The ratio ¢f Eq. (14) to R3, which is proportional to the
241Am-10-241Pu isotope ratio, is a signal for the age
atribute. Figure J is a plot of the experimental 24}Py-to-
239Pu isotope ratio vs the reference value for the 11 stan-
dards. The average, absolute deviadon of the linear fit from
the data is 7%, including the two low-burmup (Pl and C8)
standards and 5% excluding them. These experimenial data
for the lowest buml‘x): standards are positively biased
because of the 203-keV 239Pu interference (of ~25%) in the
RO!2 net rate. This effect is much smaller at higher
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Fig. 5. The reference values for the 24! Pu.10-239Pu mass ranos are
plotied vs the 24! Pu-10-H9Pu count rate ratios determined by the three-
ROI methad for ihe siandards P1-P7 and C8~Cll. The straight line is
a linear fi 10 the data. The relative average absoluse deviaiion of the fit
is Shown. with and without (in pareniheses) the lowest buraup (Pl and
C8) resuts included.

burnups. A similar comparison of the experimental 24!'Am-
10-24TPu ratios with reference values gives 2 large (45%)
average absolute deviation, primarily because the 24'Am
activity is derived from ROls dominated by other activities.

D. Summary of New Analysis Procedure

Only a single point-source standard is required to obtain
the calibradon of the generalized-geomerry holdup assay of
D9py, independent of 24!Am interference  The point-source
standard with 239Pu mass, mo (g), is measured at the
distance, ro (cm), on the detector axis. The value of
REY (R for the standard) is obtained by solving Egs. (9),
(14), and (15) using the theoretically derived x, y, and z val-
ues for the detector/spectral analysis system and the mea-
sured, attenuaton-corrected net counts in ROI2, RO13, and
ROla. The absolute calibration response per unit mass of
?_39Pu at rg,

k = R2P/mo (stgt), (16

is used 10 obtain the specific 239Pu holdup masses in the
respecuve point, line, or area deposit geometries, measured
at the distance, r (cm), as follows:

Mpom = (REY k) (riroP (g2%Pu), (17

Miina = (REVIL + k) (r/ro) (g B%Pwem) ,  (18)

and

Marea =\REY/A + k) (g M9Py/em?) . (19)

The detector-specific geometric factors, L (cm) and A (cm?),
for line- and area-source measurements, respectively, are
defined elsewhere.!.2.9 Equations (16) through (19),
including all 1erms, are the same cquadons used to calibrate
the assay and quantify the results for the original PFPF
holdup measurements except that R, and R, from Eq. (11)
were used for the calibration and assay signals instead of

RZY and RPY, respectively.

IV. NEW ANALYSIS APPLIED TO HOLDUP
MEASUREMENT SPECTRA

The stored low-resolution gamma-ray spectra from the
generalized-geometry holdup calibradon and the glove-box
holdup measurements were re-analyzed using the new anal-
ysis procedure. The results of the re-analysis are given in
Table III. These include the average 24! Am-corrected net
count rate in ROIa (R23, s°1), iis relative uncenainty, and

the ratio of gamma-ray 10 neurron assays for each glove box.

The notable decreases in the gamma-ray (0 neuron assay
ratos for UCPO3, UCPO4, UFPO!, UFPOS, and UFPI2 in
Table 1II compared to the results in Table 1 are likely to be
the effects of differences in the americium weight fractions
of the holdup deposits. For glove boxes in which the
americium fraction of the holdup deposits is greatest, the
original gamma-ray assay based on the single RO! analysis
will be positively biased relative to assays for glove boxes
with lower americium fractions in the holdup deposits. The
assay based on the new analysis will be unbiased as a result
of this difference. Another possible cause of decreased
§amma-ray 10 neutron assay ratos is a significant excess of

3TNp in the holdup deposits for these glove boxcs relatve
to the others. Because the 237Np activity is concentrated in
the ROIJ energy range, its presence at levels above 1000
parts per million (by weight, relative to plutonium) results in
a significant oversubmraction of the 24! Am activity from the
measured ROIa acuvity.

The measured net count rates in all three ROls, including
the two new ROls (ROI2 and ROI3), were corrected for
equipment attenuation effects in the new analysis procedure.
This correction, which was performed in the original analy-
sis only for the ROla net count rate, is significanty larger at
the lower energies, especially at 208 keV. The steel atienua-
tion correction factors at the mean ROI2 and RUIJ energies
are gtven in Table 1[I Because the average stee!l artenuating
thickness is only an estimate for automated equipment of this
type, and because some of the estimated thicknesses are
quite large (16 mm for the calciner, UCP04.2), additional
systematic effects resulting from larger uncertainges in the
cquipment attenuation correction factors are expected. How-
ever, agreement with the neutron holdup assays remains rea-
sonable (within 10% with a 35% relative standard devia-
tion), as shown by the average gamma-ray-10 neutron assay
ratio in Table 1.



TABLE lIl. Reanalvsis of Glove-Box Data
CF Sieel
Average Assay Ratio
Glove Box | R23¥9(s-!) [ 10(%)| (208 keV) | (336 keV) | (Gamma/Neutron)
LUCPO! 8.8 7 1.9 1.6 0.70
UCPO3-w 5.1 11 1.9 1.6
UCPO3-a 9.0 6 1.4 1.3 1.06
UCPO4 12.5 2 1.4 1.3
UCP04.2 32.1 4 47 3.2 0.52
UFPOL 9.2 5 1.4 1.3 0.89
UFPO2-w | Soectral data we ailable for reanalysi
UFP02-a pec re not available for reanalysis
UFPO3 12.1 6 1.9 1.6 1.53
UFPO5-w 30 30 2.8 2.2
UFP0OS5-a 11.8 8 2.8 2.2 1.14
UFPl2-w 22.4 4 28 2.2
UFPI12-a 19.1 3 14 1.3 0.72
UPF15 2.0 22 1.4 1.3 0.73
w—Glove-box section adjacent to wall Av= 091
a—Glove-box section adjacent 1o aisle 10 (%) = 35

V., CONCLUSIONS AND RECOMMENDATIONS

The quantitative assay of high-bumup plutonium roldup
by low-reso.ution gamma-ray specoometry with a single
assay ROI has been achieved by calibrating the assay with
four&lulonium standards represenring a range of fuel bumup
and “'Am content. A new procedure that requires only one
plutonium calibration standard and uscs three ROls has been
developed and tested with standards and with spectra
obtained from high burnup-plutonium holdup deposits. The
new procedure uses calculated theoretical isotope activity
ratios for the three energy ROIs. The total 239Pu mass, as
well as the burnup auribute of the high-bumup material, are
obained with the new procedure.

Improvemenss 10 the calcu.ated theoretical isolope activ-
ity ratios include folding finite specaal widths into the
branching ratio summations and incorporating the detectun
efficiency ecfects on a (gamma-ray) line-by-line basis, rather
than applying gross factors to the energy-region branching-
ratio summaton. The addition of higher-amerncium stan-
dands (requiring interference corrections in excess of 30%)
to the test materials for the new procedures would be useful
for sensitive evaluation of these improvements. An iterative
correction or the 2Y9Pu 203-keV interference with the 24!Pu
208-keV actvity would improve the accuracy of experimen-
tally determined isotope ratios for low-bumup materials.

The application of these gamma-ray holdup assay proce-
dures for process matcrisls consistuag of high-burnup plu-
tonium is best suited to equipment such as pipes, ducts, and
tanks, for which thicknesses of attenuating equipment are
relatively well known and uniform. In these cases, the
small, collimated, shielded gamma-ray detector is also a
better choice than the large neutron slab detectors because

measurements of this type of equipment often involve access
difficulties, high equipment densities and low signals in
high-background areas. Testing of the new scintillator-
photodiode detectors in these applications is recommended
tor increased portability and simplicity.

The new procedure has been applied to gamma-ray
sgeclra from reference marerials and holdup deposits with
231 Am components near 5% by weight. The subtaction of
the 24! Am interference results in losses in assay precision.
For this reason, the procedure is not recommended fc~ assay

of materials for which the 24tAtn component exc: 0%
by weight. Because of the potenual for bias, the pr  .ure
is not recommended for assay of materials in w... . the

23INp weight fraction exceeds 1000 parts per million.
Assay of high-bumup plutonium holdup deposits for which
either of these limits is exceeded can be accomplished by
using the 208-keV 241Pyu-237U gamma-ray peak as the
assay signal. The two shortcomings of this approach are the
larger uncertainty in the 24!Pu weight fraction (compared to
that for 239Pu) of the holdup deposits and the significantly
larger effects of uncertainties in equipment attenuation cor-
recaon factors. For holdup measurements of process pip-
ing, ducts, or tanks, the latter problem is minimal, even for
the lower energy assay.

The new procedure is simple 10 implement, despile
requirements for analyzing additional energy ROls. The
sensitiviry w imerference effects for both (new and oriFinal)
procedures is minimized by a conservative choice of limiis
for the assay ROl. However, this choice also increases the
sensidvity of the assa. . the effects of gain drift. There-
fore, these low-resolution methods applied to high-bumup
plutonium derive a particular benefit from zulomated gain
drift compensation. Automation is particularly desirable for



the new procedure in the real-time reduction and ¢ “alysis of
multiple spectral regions of interest.

The extension of the low-resolution gamma-ray spectral
analysis for determination ¢! high-burnup plutonium quanii-
ties and atmributes to multiple energy regions of interest gen-
eralizes the calibraton for plutonium of any burnup or age.
A further extension of this analysis by application of pattern-
recognition techniques!? to the low-resolution spectra may
offer more precise results using the same gamma-ray spec-
ma. These efforts are in progress.
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