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MODELS FOR GAMMA-RAY HOLDUP MEASUREMENTS AT DUCT CONTAC1”

P. A. Russo, T. R. Wenz,

M. C. Miller, and E. C. Piquette
Los Alamos National Lahoratory
Los Alamos, New Mexico 87545 USA

ABS (RACT

The use of gamma-ray measurements to nondestructively
assay special nuclear material holdup in DOE processing
facilides has increased recently. A measurement approach
that is relatively insensitive to deposit geometry involves
withdrawing the detector from the holdup-bearing equipment
far enough to validaic an assumed point-, line-, or area-
source deposit geometry. Because of facility; constraints,
these generalized gcometry procedures are not always fol-
lowed, and some ducts are measured at contact. Quantitative
interpretation of contact measurements requires knowledge
of the width of the deposit ransverse to the duct axis.
Rocky Flats personnel have introduced a method to obtain
dau which this width can be deduced. Itinvolves k-
ing measurements in pairs, with the detector viewing the
holdup depcsit at contact from above and below the duct.
The interpretation of the top and bottom measurements to
give the deposit width at each location requires a model for
the detector's response 10 radial source position and a model
for the deposit geometry. We have derived a relationship
between the top-10-bottom count rate ratio and the deposit
width that approximates the detector response and mod«ls
the deposit geometry as a uniform strip. The model was
validated in controlled experiments that used thin foils of
high-enriched uranium metwal to simu'ate duct deposits.

INTRODUCTION

The use of gamma-ray measurements to nondestructively
assay special nuciear material holdup in the exhaust duct-
work in DOE processing facilities has increased recently.
Generalized (point, line, or area) deposit geometries wi
the detector's c{‘lci,ndﬁcdly collimated field of view are rec-
ommended for holdup assays.l'3 The genenlized geomety
approach requires wi wing the detecior from the holdup-
bearing equipment far enough to validawe the assumed point-,
line-, or area-source geometry. Assays of point, line, and
area deposits viewed by cylindrically collimased detectors are
based on calibrations obiained with point reference sources
of the special nuclear material. In the calibration procedure,
the detector mgonu is the weighting factor that multiplies
the incremental length or area in the sum that is used to com-
Fum the “effective width" or “effectve area.” respectively,

or the fleld viewed by the detector. These effective geo-
metric parameters are used with the measured count rate for
the point reference source centered in the detector field of
view to give the assay calibradons for line and area sources.
The assay resuits commesponding to the point, line, and area
deposit geometries are given in mass, mass per unit length,
and mass per unit area, respectively. For the line and area
deposits, the assay 1.sults must be multiplied by a deposit
length and area, respectively, to obtain the net up assay.
This analysis assumes that the deposits lie primarily along
the bottom surfaces of the ducts and that the deposit thick-
nesses are uniform and thin enough that the effects of
gamma-ray self-attenuation can be neglected.
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Although many aspects of the generalized geometry
methodology are used in holdup measurements within the
DOE comglex. other procedures arc not always performed
because of facility constraints. Certain procedures estab-
lished az the Rocky Flats Plent, for instance, required that the
ducts be measured at contact. The ducts at Rocky Flats vary
in dian.cter from 4 to 15 in. Piping and other plutonium-
bearing process fixtures are closely sfpmed or interwoven
with the ductwork. The advantages of measuring the ducts
at contact using well-collimated detectors are improved sig-
nal-to-background ratios and fixed detector-to-duct (but not
necessarily detecor-to-source) geometries. However, con-
tact measurements suffer large uncertainties from local varia-
tions in the mass of the deposit. Therefore, a larger number
of contact measurements is required to achieve the sampling
equivalent to that cbiained with a wider field of view at a
greater distance. Furthermore, quantitative interpretation of
contact measurements requires knowledge of the width of
the deposit transverse to the duct axis. This is because the
detector is not sufficiently distant to neglect the deposit width
and validate the line source assumption, as in the generalized
geometry approach.

Rocky Flats personnel have introduced a method* to
obtain the width information required for quantitative inter-
pretation of contact measurement data. The technique
involves taking measurements in pairs, with the detector
viewing the holdup deposit at contact from above and below
the duct. The detector collimator was designed 5o that, ata
distance of one duct diameter, the diameter of the detector’s
field of view was ﬂhdy larger than the diameter of the
duct. Figures 1(a) 1(b) illustrate the actual ﬁmtry of
the detectors relative 10 the duct and its deposil. it
:.l' depicted as a condnuous ribbon along the bottom of the

uct.

Because the duct diameter is significantly larger than the
collimator apurture, the deposit for a contact mea-
surement from the bottom of the duct is described as an
“area” source. The holdup mass per unit area (areal density)
for this measurement is zulnod by multplying the bottom
count rate by the area source calilration constant. If the
deroclt is thin enough that self-absorption is negligible, this
value is a good estirnate of the areal holdup dens lr within
the detector's limited fleld of view. Uniess there is confl-
dence that the deposit is uniform along the duct, the .mail

Jze of the led area requires a large number of samples
w l;?hpnm the entire deposit

When the detector is positioned on top of the duct look-
in, down, it views a larger, and therefore mure representa.
tive, deposit sample. However, the deposit from this view
is unlikely o fill the detector fleld of view. Applicaton of
the generalized-area- leads to an under-
estimae of the areal ty in this case.

DETERMINATION OF DEPOSIT WIDTH

The interpretation of the op and bottom measurements to
give the deposit width at each location requires a model for
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the detector's response to radial source position and a model
for the deposit geometry. Once a Jeposit width has been
deduced, it can be multiplied by the area-source assay result
to yield a mass per unit length at that duct location. Then the
holdup mass between each pair of adjacent locarions is com-
puted by multiplying the distan-: hetween them by the aver-
age of their mass-per-unit-length assay results. The total
1sotope mass in the duct is obtained by summing the holdup
masses between all adjacent pairs of measurement locations.

Rocky Flats Approach

Rocky Flats personnel have interpreted their :op and
bottom contact measurements by assurmung the following:

(1)  The deposit is on the bottom half of the inside surface
of the duct.

(2)  The detector field of view is filled by the deposirt for
the measurement from the botiom.

(3) The detector field of view may not be filled by the
deposit for the measurement from the top.

(4) Viewed from the top, the deposit is a uniform disk
concentric with the detector field of view.

(5) For a given distance from the detector, the detector
response is constant for all radial locations within the
detector field of view.

With these assumptions, it is simple to derive the relation-
ship berween the deposit half-width, r4, the radius, r;, of the
top detector’s field of view a! the bottom of the duct, and the
measured net count rates, Cg and Cr, for the bottom and top
measurements, respectively:

u.(Qr."’
o \Cp ()

This relationship was used in the Rocky Flats method to
determine the deposit width, 274, This width was multiplied
by the area-source assay result (isolope mass per unit area)
determined from the top count rate to obtain the isotpe mas,
per unit length at the measurement location.

Alternative Approach

Given that the detector/collimator dimensions are small
com to the duct diameters and that the diameters of the
fields of view for the top measurements are slightly larger
than the duct diameters, assumptions (2) and (3) in the above
approach are reasonable. However, realistic deposits should
tend to be continuous along the length of a duct rather than
sppearing as disk-shaped Eou of variable diameter concen-
tric with the detector fleld of view. Furthermore, the as-
sumption of s constant detector response across the detector
fleld of view depars significantly the true response as
indicated in Fig. 2. The following simple alternatives to as-
sumptions (4) and (5) are proposed:

(4') The depotit is & uniform strip running along the duct's
length through the center of the detector fleld of view.
The deposit length spans the detector fleld of view and
its width ls less than the duct diameer.
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Fig. 2. Response of cylindrically collimuited sodium iodide detector
(254-cm diameter and 1.27 cm thick) to che radial position of a highly
enrichad uranium point source. Collimaior is 1 .90 cm in diametar and
3.81 cm deep and Ry = 40 cm. Solid lines and squares indicaie mea-
sured response. The dashed curve is ihe flat detecior response assumed
in the original Rocky Fla:s widih model. The doted curve is the trian-
gular response assiwmgd by the new Los Alamos widih modal.

(5') The detector response is miangular, with unit response
at 7 = C and zero response at r = r,. Thus, the
normalized response function for positive values of 7
s

m].L
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Assumptions (1), (2), (3}, (4'), and (5') can be used to
obtain an improved expression that relatee the measured
count rates, Cg and Cy, to the deposit half-width, r,. First,
determine Ap, the "eﬂrecdve" deposit area viewed by the top
detector, by Tmegndng over the aeposit surface weighted by

dewctor response:

Ar-4fr‘| -;’;)rmouff‘:‘; (1- E)rarde

)
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sinl x + 2x“ _12)"] +x) ‘n[ul;—x:)ﬁ“

where x = r4/r,. Second, determ'ne Ag in a similar manner
for the bottom detector-
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The ratio A7/Ag is equal to the count-rate ratio, C/Cp.

Ar _Cr_2
Ag Cp =«

sinlx + 2(1 - x2)2 4 13 In[ul—-;x—zﬂ]}
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The results of this model are plotted in Fig. 3, along with the
results of the Rocky Flats model. The model predictions
agree when Cp/Cpg = 1. This is the case when the deposit
width viewed from the top is equal to the diameter of the
detector field of view. As the count rate ratio decreases,
however, a large deviation is observed between the two
models, with the Rocky Flats model giving the larger deposit
width for a given top-to-bottom count rate ratio.

TESTING THE WIDTH MODELS
Preparation of Measurement Standards

Holdup deposits were mocked up using a set of uranium
foils enriched to 93.15% in 235U, The foils, nominally
46 cm long and cither 3.8 or 7.6 cm wide, range in thick-
ness from 0.027 g/cm? 10 0.056 g/cm? (see Table I). They
were laminated between sheets of 0.008-cm-thick plastic to
protect them and to control contamination. The foil thick-
nesses were characterized by measuring the wransmitted
intensity of a well-collimated gum of 122-keV gamma rays
from a 37Co source. Transmission measurements on the
7.6-cm-wide foils were made at 216 equally spaced loca-
tions. The 3.8-cm-wide foils were measured in 108 places.
Table 1 includes the mean thickness and standard deviation
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Fig. 3. Plot of ikt count rase rasio vs. the widih resio (deposis widih to
diamater of detecior field of view) for the Loz Alemos width modal
{new) and the Rocky Flaiz widih model (original). The originel model
azsumes o fla desscior response and a circuler deposit concentric with
the Astecior fleld of view. The new model assumes a irianguler detecior
respunse and a consiant-widih deposls across ihe desecior fleid of view.

Table [. HEU Foil Specificadons

Identification Thickness Effective” 235U
Number (g/em?+ 1 0) Thickness (g/cm?)
1 0.03588 + (032 0.03256
2 0.02743 £ .0020 0.02504
3 0.02726 £ .0018 0.02490
4 0.J3534 £ .0026 0.03209
5 0.04844 £ .0019 0.04356
6 0.05047 £ .0020 0.04532
7 0.05114 £ .0018 0.04590
8 0.04781 £ .0024 0.04302
9 0.05093 £ .0016 0.04572
10 0.05006 + .0017 0.04497 .

*Corrected for self-attenuation of the 186-keV gamma ray.

for each foil, along with te effective 235U thickness. The
latter is the mean thickness multiplied by the enrichment and
corrected for self-attenuatdon at 186 keV.

Measurement System Calibration

The gamma-ray spectrometry system was calibrated in
the manner ibed for generalized geometry holdup mea-
surements.! Measurements were made using a sodium
iodide detector 2.54 cm in diameter and 1.27 cm thick. A
cylindrical lead shield around the detector reduced back-
ground radiation, and a tungsten collimator 1.9 cm in diame-
ter and 3.8 cm deep restricted the detector's field of view to
the same solid angle viewed by the bismuth germanate detec-
tors used at Rocky Flats. A le multichannel analyzer
was set up to acquire a 0 to ~300 keV spectrum in 512 chen-
nels of memory. Regions of interest were set around the
60 keV peak from a “!Am reference source, the 186-keV
g:nk from the decay of 235U, and a backgrosnd region

tween 227 and 27 kgV. Before measuring the detector's
radial response to & 233U siandard, we mace a 1000-s
background measurement. We made 300-s radial response
measurements at 2-cm intervals along & ndicular to the
delector axis, 40 cm from the detector. The normalized
radial responsc curve is shown in Fig. 2. The calculated
effective length and area were 17.37 cm and 30 cm?,
reamtively. m area-source calibration constant was
0. 248 g-s/cmé,

Simulated Holdup Deposit Measurements

Pipes 14, 20, 24, and 27 cm in diameter were selected to
simulate exhaust ducts. Foils were laid in the bottoms of the
pipes parallel to their axes. By l%ing the foils adjacent to
each other, holdup dmdu up to 30 cm wide (depending on
gise diameter) were simulated. The detector was positioned

08 cm from the bottom of the plmooking vertically
upward for a bottom measurement, back -sub-
tracted count rate in the 186-keV region of interest was
recorded. Then a spectrum was acquired with the detector

sitioned diametrically o“ome to the first position, also

08 cm from the pipe. The paired measurements were
repeated for as many different foil combinations as could be
accommodaied in each pipe.



In addition, data were taken with foils held flat by a
Lexan cover plate. Measurements from 5.08 cm above the
foils were made 1o simulate bottom measurements, and
specaa were acquired from 21 to 34 cm above the foils to
simulate top measurements. Care was taken to assure that
the foil(s) filled the detector field of view during the simu-
lated bottom measurements and that they did not fil! the field
of view during the *‘top” measurements.

Results and Discussion

The top-to-bottom count rate ratios were computed for
each measurement pair. The ratio of the corresponding
acrual deposit width and geometric field of view is plotted as
a function of count rate ratio in Fig. 4. The width mtio
predicted in equation (3) typicdly errs from the actual ratio
of deposit width 1o fizld-of-view radius by less than 10%.
Note the relative insensitivity to deposit curvature: the model
reliably predicts deposit width regardless of pipe diameter
and even if the deposit is flat.

Having demonstrated that the new width model ade-
quately predicts the width of relatdvely uniform deposits, it is
useful to determine the accuracy with which holdup mass per
unit length can be estimated. This is done Jy computing the
mass per unit area using the bottom count rate and the area
calibrution conswant, and multiplying by the deposit width
determined by solvin{E.q. (3) iteratively at the correspond-
ing count rate ratio. Results are shown in Fig. 5. For pur-
poses of comparison in Fig. 5, the same date are in
using the original Rocky Flats approach, whlch predicts
deposit width from Eq. (1) and computes an area’s density
using the top count rate. Note that the large overestimate of
deposit width evident in Fig. 3 is partisily cifset by the
underestimate of areal density that results from using Crto
tt:_’lcuhte it, even when the detector's field of view is not

illed.
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Fig. 4. Plot of the count reis ratio vs. the widih ratio for the Los
Alamos widih model. Deta were taken wiuh 9I%-enriched wanium
foils arvayed in pipus of three differens diameters and also laid on o flm
swfece. The dissence of ihe detecior 10 "deposls” in "dicis” way the
pipe's ouiside diamaser plug 2 (A. less one pipe-wall thickness. Dis-
tance of desector to folls laid flas wes 2] cm for "siab | 33" dass
25 cm for "slal 2.4,6" . and 34 cm for “slab 1 1 5.7

Db

~
> P

.
g

CALCULATED g 2By -etem
( { o
®

a
0.8
| >
0.41 g
02{ .7 A Original Model
A New Mode!
oo ————— e
) 02 064 08 08 10 12 14 18
ACTUAL g BU-+vigm
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the bottom count rate. The presence of multiple data poimis at each
actual 233U mass per unit length is auribusable to differen: pipe
diamesers.

Because the foils are not all the same thickness, it is dif-
ficult to configure a simulated deposit thas has a uniform
thickness across it. The g detector is relatvely insensitive
10 this problem because it soes & larger area and tends to
register an “average™ count rate from the entire foil amay. If
an unusuluaxmor thick foil is in the center of the army,
where the detector” views it, then g biased estimate
of either the deposit width or the areal density can result.
The anomalous poinus in Fig. S are probably attributable
to this phenomenon.

Further tests of the effects of nonuniform deposit thick-
ness were perforned by stacking foils on top of each other.
When the t was down the center than along its
edges, the 1op-to-botiom count rate ratio was observed to be
greater than one. Neiwer width model is applicable in this
case. Applying either model with the assurnption that C7/Cp
-lmululnulup negatdve bias in the holdup estimate.
Inverting the geometry to postulate that the deposit is in the
top of the duct makes the count rao a fraction of unity, but
gives even results.

When the foil astay was thicker in the center than it was
on the edges, C1/Cp was observed 10 be a fraction of unity.
Application of Alamos modsl| resulted in a 20% low
bias in the holdup estimate. The Rocky Flats method gave
holdup estimates that were 10% to 13% high.

CONCLUSIONS

For holdup deposits that reside as uniform strips in the
mo‘ mm‘ﬁnmm%l&u uk:\d i oon.
sare at con-

tact using the Rocky Flats strase g the detector
at the top and bottom of the uct umldvky of this



technique to nonuniform deposit thicknesses, however, lim-
its its applicaton to those cases in which reasonable assur-
ance of deposit uniformity exists. Where Cp/Cg 2 |, or
where there is evidence of a nonuniform deposit geomerry. it
is preferable to v/ithdraw the detector from contact with the
duct to assure a line-source geometry.

REFERENCES

1. N. Ensslin and H. A. Smith, Jr., *Artributes and Semi-
quantitative Measurements,” Chapter 20 in Passive Non-
destructive Assay of Nuclear Materials, NUREG/CR-
5550, T. D. Reilly. N. Ensslin, and H. A. Smith, Jr.,
Eds., Los Alamos Natonal Laboratory document LA-
UR-90-732 (1991).

2. P. A. Russo, J. K. Sprinkle, Jr., and T. H. Elmont,
“Holdup Measurements of the Rocky Flats Plant, 371
Precipitator Canyons,” Los Alamos National Laboratory
report LA-10967-MS (April 1987).

3. P. A. Russo, R. Siebelist, J. A. Painter. and J. E.

Gilmer, “Evaluation of High-Resnlution Gamma-Ray
Methods for Determination of Solid Plutonium Holdup
in High-Throughput Bulk-Processing Equipment,” Los
Alamos National Laboratory report LA-11729-MS$S
(January 1990).

. J. B. Glick, F. X. Haas, A. G. Garrett, G. A,

Sheppard, M. C. Miller, and P. A. Russo, “A New Ap-
proach to Performing Holdup Measurements on Glove
Box Exhausts,” 10 be presented at the Institute of
Nuclear Materials Management 32nd Annual Mecting,
New Oricans, Louisiana, July 28-31, 1991.



