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DESIGN AND EVALUATION OF AN ON-LINE FUEL ROD ASSAY
DEVICE FOR AN HTGR FUEL REFABRICATTION PLANT

+
J. E. Rushton® M. M. Chiles
E. J. Allen' J. D. Jenkins?

ABSTRACT

This report describes work performed in development of an
on-line assay device to be used in a high—-temperature gas—cooled
reactor (HTGR) fuel refabrication facility for HTGR fuel rods.
Refabricated HTGR fuel rods will contain from ~0.15 to 0.5 ¢
233y and/or 235U. The fuel rods are ~16 mm in diameter and 62
mm long. A typical commercial fuel refabrication facility will
have six fuel rod production lines, each producing approximately
one fuel rod every 4 sec at design capacity. One on—line assay
device will be present for each two production lines. The rela-
tive standard deviation in an individual fuel rod fissile ma-—
terial measurement must be less than 3% to satisfy process and
quality control requirements. Systematic errors must be kept
less than ~0.3% for fissile material measured in fuel rods
produced over two months to satisfy material accountability re-
quirements.,

Several nondestructive assay (NDA) methods were investi-
gated. Because the gamma-ray activity of the refabricated fuel
is relatively high due to the presence of 232y in the fuel and
because the gamma-ray activity is not directly related to total
or fissile uranium content, NDA methods employing gamma-ray de-
tection did not appear practicable. A method using thermal
neutron irradiation and fast~fission neutron detection was
selected. An experimental assay device was fabricated based on
this NDA method. Experiments were performed to determine the
precision and accuracy of the measurements and to investigate
potential interferences and systematic errors. In addition,
operating procedures were evaluated, and analysis procedures
were identified.,

Based on the results of these experiments, a conceptual
design for an on-line production assay device was prepared which
is capable of satisfying the criteria for the fuel rod assay
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device for an HTGR fuel refabrication facility. Operating and
analysis procedures useful for on-line assay are also described
in the report.

Keywords: nondestructive assay, 233y measurement , 235y
measurement, HTGR, reactors, fuel refabrication, prompt neu-—
trons, 252Cf, fissile materials, neutron sources, material
accountability, quality control, and process control.

1. TINTRODUCTION

This report describes work performed in support of the High-Tempera-
ture Gas—Cooled Reactor (HTGR) Fuel Refabrication Development Program.
The objective of this work was to develop an on-line assay machine capa-
ble of measuring the fissile content of HTGR fuel rods with sufficient
speed and accuracy to satisfy material accountability, process, and
quality control requirements for an HTGR fuel refabrication production
plant, which is described in the next section of the report.

The properties of HTGR refabricated fuel influence the selection of
the assay method, while the material flow rates of the plant determine
the assay speed required. In the following two sections, selection of an
assay method and design of an experimental assay device based on this
selection are described. Following this, results of tests performed to
evaluate the accuracy and precision of the experimental assay device are
presented. Operating procedures are also evaluated. 1In the concluding
sections of the report, a design of an on—line production assay machine
is described, based on work with the experimental device. In addition,

analysis procedures useful to on-line assay are presented.



2. DESCRIPTION OF AN HTGR FUEL REFABRICATION PLANT

In the HTGR fuel refabrication facility, 233U and 235U from spent
HTGR fuel elements are recovered and used to fabricate new elements. A
typical facility will have six fuel rod production lines, each line hav-
ing a design capacity of 20,000 fuel rods per 24 hr.! The fuel rod flow
from two production lines will be routed to one on-line assay device.
This corresponds to assaying one fuel rod every 2.2 sec. A typical com-—
mercial HTGR fuel element contains ~1600 fuel rods. Thus, at the design
capacity, the facility could produce about 73 elements daily.

Fuel rods are produced in the following manner. Coated fissile and
fertile microspheres (~660 and 800 pym in diameter, respectively) are
blended with carbon shim particles and dispensed in a rod mold. A solid
pellet of matrix material consisting of petroleum pitch, a mold lubri-
cant, coke yield additive, and graphite flakes is heated and injected into
the mold. The matrix material, which is injected into the void volume of
the packed particle bed, solidifies and binds the particles into the form
of a fuel rod. The fuel rods are then removed from the mold. Fuel rods
for the Fort St. Vrain Reactor (FSVR) have a diameter of 12.4 mm and a
length of 49.3 mm. The fuel rods for commercial HTGRs have a diameter of
15.8 mm and a length of 61.9 mm and will contain about 0.15 to 0.5 g of
fissile material, depending on their position in the reactor core. After
removal from the mold, the fuel rods are inspected for mechanical integ-
rity and fuel homogeneity and assayed before being inserted into graphite
fuel elements and carbonized in place.

The fissile material in the refabricated fuel will be primarily 233y
produced from conversion of 232Th in the reactor. Some 235U will be
present because of successive neutron captures by 233U and 23%U in the
reactor, and some will be present from unburned 235U initially in the
fuel. In addition, 235U may be used as feed material in the refabrica-—
tion plant. Therefore, a wide range in 233y/235y ratios is expected to be
encountered during operation of the refabrication plant. Assay methods
must be adaptable to either 233U or 235y fuels, and assay methods that
can discriminate between the two fissile isotopes would be particularly

useful.



The uranium isotope 232y yg produced along with 233y in the reactor
because of (n,2n) reactions with 233U and (n,2n) reactions with 232Th
followed by (n,Y) reactions with 231pa, VNeutron capture reactions with

230Th, followed by neutron captures in 231Pa,

are also responsible for
some 232y production. Due to these production methods, the uranium in a
refabrication facility may contain from 100 to 1500 ppm 232y,  The isotope
232y g important in this work because the gamma-ray activity of 232y and
its decay products is sufficiently high to influence the selection of the
assay method.

The isotope 232y has a 72-year half-1ife and decays by alpha emission
to 228Th, as shown in Fig. 1. The 22871h isotope has a l.9-year half-life
and also decays by alpha emission. Following 228Th, the nuclides in the
decay chain have relatively short half-lives and are in secular equilib-
rium with 228Th, The decay chain ends with the stable nuclide 208pp, The
nuclide 208Tl, which is in the decay chain, is particularly important be-
cause it emits highly penetrating 2.61-MeV gamma rays. Because the gamma-
ray activity of the decay chain increases as 228Th increases, the gamma-—
ray activity of uranium containing 232y jncreases with time after chemical
separation. The time dependence of this activity increase is determined
primarily by the half-life of 228Th, which is 1.9 years. For an initially
pure 0.5-g sample of 233U with 1000 ppm 232y, the dose rate from a point
source at a distance of 20 mm increases from about 1.1 rad/hr for a 60-day
decay period to about 3.7 rad/hr for a 180-day decay. Because of the high
gamma-ray activity of 233U fuels and the increase in this activity with
time after chemical processing, many conventional assay techniques are not
applicable to 233y fuels.

A more detailed description of HTGR fuel and of HTGR fuel refabrica-

tion facilities is given in Ref. 2.
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3. SELECTION OF ASSAY METHOD

A number of NDA methods were studied for fissile material measure-
ment of refabricated HTGR fuel rods.? Many techniques, especially those
using gamma-ray detection, are not applicable because of the interference
from the intense gamma-ray background originating from 232y in the fuel.
Because the gamma-ray activity of 233y fuels is primarily due to the de-
cay products of 232U, gamma-ray measurements cannot be related to fissile
content unless precise data are available on isotope ratios and on the
history of chemical processing, which may preferentially remove some 232y
decay products. The assay technique chosen, therefore, had to be rela-
tively insensitive to a high gamma-ray background. Consequently, neu-
tron-based assay methods were investigated for this application. The
spontaneous fission yields of 233y and 235y are too low to be of prac-
tical value, and the yield of (aq,n) neutrons is dependent on the concen-
tration of 232U and its decay products. Thus, neither of these passive
neutron methods was considered feasible for fuel rod assay. Additional
details on gamma~ray and neutron emissions from 233y fuels are given in
Ref. 2.

Major consideration focused on (1) methods based on interrogation
of fuel rods with neutrons or gammas and (2) detection of prompt or de-
layed neutrons from fissions induced in the fuel materials. Photofission
methods were not investigated in detail because of the complexity of the
photon sources required to distinguish fissile from fertile nuclides.

The neutron interrogation methods that were studied included techniques
based on 252Cf, photoneutron sources, and (a,n) sources. FEither fast or
thermal neutron irradiation was feasible; however, a method based on ther-

mal neutron irradiation was selected for the following reasons.

l. The fuel rods contain hydrogen, and the thermal neutron irradiation
minimizes the sensitivity of the method to variations in hydrogen con-
tent.

2. The large throughput rates required of the method lead to a need for
high count rates, which can be achieved most readily with thermal

neutron sources,



3. The method was designed to determine fissile content of 233y~ and
235y~-1oaded fuel rods. Thus, the irradiating neutrons must be below
the fission thresholds of 234U, 236U, and 238U, Thermal neutrons
satisfy this requirement.

4, There is a considerable body of experience with LWR fuel rod scanners

that are based on thermal neutron irradiation.

For thermal neutron irradiation, the detected signal could have been
either delayed or prompt neutrons. Prompt neutrons were selected because
both 233U and 235U would then vield nearly equal response and because the
prompt neutrons could be detected during the irradiation with thermal neu-
trons. Thus, a continuous neutron source could be used and the mechani-
cal complexity of the technique minimized by not requiring that the
source or sample be moved between irradiation and delayed neutron count-
ing. The method selected for experimental study was based on a moderated
252¢cf gource as the neutron irradiator and on fast-fission detection

using proportional counters.



4, EXPERIMENTAL ASSAY DEVICE

4.1 Description

4,1.1 Design

An experimental assay device, similar in structure to an assay de-—
vice developed at Los Alamos Scientific Laboratory for assay of light-
water reactor (LWR) fuel rods,3 was designed and fabricated based on
thermal neutron irradiation and prompt fission neutron detection. Sche-
matic diagrams of the experimental prompt neutron assay device are given

in Figs. 2 and 3. A 252Cf neutron source is positioned in the center of
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Fig. 2. Cross-sectional view of the HTGR fuel rod nondestructive
assay device.
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a cylindrical drum about 0.6 m in diameter and 0.6 m long. Surrounding
the neutron source are annular regions of 18.3-mm tungsten, 23.4-mm poly-—
ethylene, and 250-mm heavy water (D,0), respectively. The tungsten re-
gion shields source gammas and moderates the high—energy source neutrons
through inelastic scattering. The polyethylene and heavy water further
thermalize the source neutrons. The neutron source can be positioned
off-center to study the effect of source—sample distance. Figure 4 is a
photograph of the assay device.

A polyethylene shell at the drum surface contains holes for the de-

tector tubes and fuel rod samples. The arrangement of these holes is
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shown in detail in Fig. 5. In the experimental assay device, only one

set of such holes was used, except during experiments to study interfer-
ence effects between fuel rod holes. A production device will have a
series of such channels at equal angular spacings around the drum for mul-
tiple fuel rod assays. Based on results of multiple, simultaneous, fuel
rod assay experiments (to be described later), estimates are that 10 to

12 fuel rods could be assayed simultaneously with only small corrections
to be applied for interferences between adjacent channels. Thus, chan-
nels will be spaced about 30 to 36° apart on a production on—line assay
device.

Operation of the experimental prompt neutron assay device is rela—
tively simple. A fuel rod sample (49.3 mm long and 12.4 mm in diameter)
is loaded into a grooved track that leads to the sample hole. A threaded
rod driven by a stepping motor advances the sample, which can be precisely
positioned (to within 25 um) at any point along the track, to the desired
position between the detectors. After the sample is located in the cor-
rect position, counts are accumulated for a specified time. The sample
is then translated through the device and the next sample loaded onto the
track. TFor a sample containing 0.45 g 235y or 233U, the number of counts
collected from detection of fission neutrons released by the sample is
approximately equal to the number of background counts collected from

252Cf source neutrons.

detection of
The experimental assay device is located in the Thorium—Uranium Re-
cycle Facility (TURF) at Oak Ridge National Laboratory (ORNL). To facil-
itate design changes and to protect personnel from the unshielded 2520¢
neutron source when experiments are being conducted, the device is situ-
ated in an uncontaminated shielded hot cell (Hot Cell B). When not in
use, the 252¢f gource can be removed from the assay device and stored in
a biologically shielded tank, thus allowing safe entrance to the hot cell.
The 252

long stainless steel tube, which can be positioned into the prompt neutron

Cf neutron source is contained within a 15.9-mm-0D by 375-mm-—

assay device. The source itself is sealed in a small metal capsule that
is screwed to the end of a polyethylene rod. The rod is sealed in the

stainless steel source tube. On July 1, 1978, the source had an activity
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of about 1.4 x 10° neutrons/sec. The half-1life of 2°2Cf is 2.63 years,

and its specific activity is about 2.3 x 1013 neutrons/sec™! kg_l.

4,1,2 Electronics

The counting instrumentation is located outside the hot cell and is
pictured in Fig. 6. A block diagram of the instrumentation is given in
Fig. 7. Signals from the discriminator can be sent to a Tracor Northern
(TN-1700) multichannel analyzer. A Data General Corporation NOVA com-
puter operates the TN-1700 and can be programmed to analyze the counting

data.

4,1.3 Detectors

The fast neutron detectors were manufactured by Reuter-Stokes. They
have an active length of 152.4 mm and a diameter of 38.1 mm and are filled
with “He gas at 1520-cm Hg absolute pressure. Detectors with anode diam—
eters of 25 and 50 ym were tested.

The two detectors at each fuel rod channel are coupled together at
the distribution box and can be operated off one high-voltage supply. In
the distribution box, the neutron pulse signals from both detectors are
connected together and ac coupled to a common preamplifier. The detec—
tors containing the 25-pym-diam anode wires were operated at 2570 V, while
the large anode detectors required a higher voltage of 3550 to achieve ap-—
proximately the same gas amplification.

Experiments were performed to determine the gamma sensitivity of the
detectors at various gamma-ray dose levels. Presented in Figs. 8 and 9
are experimental results for a radiation level of 10 rad/hr at the de-
tectors for 25- and 50-um anode detectors, respectively. The electronic
amplifier was operated with a very short resolving time constant of 0.25
psec and in a bipolar mode to reduce the gamma pulse pileup problem.

These parameters gave the best ratio of neutron pulse amplitude to gamma
pulse pileup for the detectors used. The gamma-ray source was 60Co, and

252cF, At high discriminator settings, no gamma

the neutron source was
rays are being counted. However, the count rate from neutrons is lower
when the detectors are simultaneously being irradiated with gamma rays.

This effect is caused by increased ionization in the chamber; ions tend
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Fig. 7. Block diagram of neutron detection instrumentation for the
nondestructive assay system.

to recombine before being collected, thus lowering the pulse amplitude
and, therefore, the count rate., As seen in Figs. 8 and 9, the smaller
anode detectors are more sensitive to the gamma-ray background than the
50-um anode detectors. The 50-um anode detectors appeared to be rela-
tively insensitive, even in a 10-rad/hr gamma-ray background. However,
in a 25-rad/hr gamma-ray background, the gamma-ray sensitivity of these
detectors is appreciably greater, as indicated by the curves in Fig. 10.
As stated previously, the dose rate from 0.5 g 233y with 1000 ppm
2327 at a distance of 20 mm after a 180-day decay is ~3.7 rad/hr. This
is a conservative estimate of the dose at the detectors from gamma rays
originating from the fuel rods. The production assay device will be
shielded with lead to lower the dose rate from external sources. The
total dose rate at the detectors is expected to be less than 10 rad/hr.

Based on the previous experiments, the 50-pm-diam anode “He detectors will
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apparently give satisfactory performance in this gamma-ray background
level.

The “He detectors are slightly affected by changes in temperature.
The count rate increases by about 0.27% per degree Centigrade. Rapid fluc-
tuations in detector temperature should be limited by the thermal inertia
of the neutron moderator, and analysis procedures have been developed to

correct for small drifts in count rate with time.

4.2 Precision and Accuracy

4,2,1 Precision

The relative standard deviation of a Poisson distribution is the in-
verse of the square root of the mean of the distribution. The precision
of the measurement therefore is limited by the number of counts obtained
during the counting interval. The following relationships can be applied
to analyze the counting data obtained with the assay device.

Let C equal total counts, which is fuel rod plus background counts,
and let B equal background counts; then, ¢ — B is background-corrected
counts. The standard deviation in background-corrected counts is /Ehlpﬁ;
and the relative standard deviation is /5*1*57(0'— B). With a l-mg 252¢f
source, 0.45-g fissile material in the fuel rod, and a 10-sec counting
period on the experimental assay device, C is about 20,000 counts and B
is about 10,000 counts. The relative standard deviation in the measure-
ment is 1.7%. The high background is caused by high-energy source neu-
trons that have penetrated the moderator materials and are detected by
the "He detectors.

Throughout this work, a number of experiments were performed with
various fissile particle sizes and densities, fuel rod loadings, and fis-
sile isotopic contents. For all experiments, one form of calibration
equation fits each set of count rate vs fissile content data very well.

This calibration equation is given as

C =a[l — exp-dU)] , (1)
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where
¢ = background-corrected count rate,
U = fissile content (either 233U, 235U, or a known mixture of
the two),
a and b = calibration constants (measured by means of calibration stan-

dards).

The inverse of Eq. (1) gives the fissile content as a function of

count rate.

U = ~% [l — (C/a)] . (2)

The constant a is generally much larger than (', so Eq. (27 can be

approximated by
U= Clab . (3a)
Then, because the calibration constants are fixed,

ou/U = oc/C . (3b)

The expressions Gu/U and UC/C are relative standard deviations of fissile
content and count rate, respectively. Therefore, a 1.7% relative standard
deviation in count rate introduces a 1.7% relative standard deviation in

fissile content.

4.2.2 Accuracy

The accuracy of a given measurement is influenced by random errors
(a very precise measurement has small random errors) and by systematic
errors. Reducing systematic errors to low values is important because
systematic errors do not diminish with the number of measurements. Con-
versely, random errors are less important because they tend to decrease
with the number of measurements. For example, assume that each fuel rod
is measured with a relative standard deviation of 2.17% with a 2% contri-
bution due to random errors and 0.1% due to systematic errors. If 10,000

rods are assayed, the relative standard deviation in the total fissile

content of the 10,000 rods is 0.127%. The relative standard deviation due
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to random errors has decreased by V10,000 to 0.02%, but the contribution
due to systematic errors remains unchanged (at 0.1%) by the number of
measurements. The accuracy of the total fissile content of a large num-—
ber of measurements, therefore, is limited primarily by systematic errors.

Systematic errors are mainly a result of the calibration standards
not accurately representing the samples or fuel rods. The calibration
equation is assumed to be exact and is based on measurements of the cali-
bration standards. Any systematic deviation between samples and calibra-
tion standards will result in higher or lower count rates, and use of the
calibration equation will lead to systematic errors in the measurements.

Through processing or feed material changes, small changes in the
composition of the fuel rods will likely occur. In HTGR-refabricated
fuel, the fissile particle size and density may vary slightly as feed
material changes or as fabrication processes change with time. The 233y/
235y ratio will vary, depending on feed material composition. The hydro-
gen content of the fuel rods may vary, also. 1In addition, the fissile
particles dispensed into the fuel rods may develop a regular nonuniform
fissile material distribution. To minimize systematic errors, the fis-
sile material measurements should be fairly insensitive to these small
processing changes.

Several experiments were performed to determine the sensitivity of
the measurements of the experimental assay device to the variations listed
above. Descriptions of the experiments and the experimental results are
covered in the remainder of this section.

4.2.2.1 Effect of kernel size and density. Experiments were per-—

formed to evaluate the effect of fuel kernel size and density variations
on the response of the experimental assay device. Calibrated fuel rod
standards were fabricated with kernels of various densities and diameters,
as specified in Table 1. The fuel rods had loadings ranging from 0.1 to
0.5 g 235U, TFor comparison purposes, the background-corrected counts for
fuel rods containing 0.25 g 235U are included in Table 1.

Each set of data fits the calibration equation [Eq. (1)] quite well.
For the 235U kernel density of 2,23 mg/m3 and the 235U kernel density of
8.34 mg/m3, the calibration constants a and b are 528,376 and 0.611348
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Table 1. Effect of kernel density and size on count rate

Kernel 235y kernel 235y kernel Background-corrected counts per
bateh density diameter 100 sec for a fuel gg% con—
(mg/m3) (um) taining 0.25 g U
1 2.23 352 74,887
2 8.34 203 69,483
3 1.63 375 75,008
4 1.63 440 74,161

for the low-density kernels and 440,456 and 0.686727 for the high-density
kernels. The calibration curves for these two cases are given in Fig. 11.
As expected, the standards composed of high-density kernels gave a lower
response than standards composed of low-density kernels. This is due to
the higher neutron self-shielding property of the high-density kernels.

A larger particle size has a similar effect.

Two groups of fuel rods were fabricated using 2357 kernels with a
density of 1.63 mg/m® but with diameters of ~375 and "440 ym. These are
specified in Table 1 as kermnel batches 3 and 4, respectively. The measured
net counts per gram of 235y were 1% less for fuel rods composed of the
smaller kernels. Thus a 177 change in average fissile kernel diameter
causes a 1% effect on assay accuracy for a given calibration.

However, production variations may cause diameter and density to
vary simultaneously. If density decreases and diameter increases (or
vice versa), the self-shielding effects will tend to cancel. If both
increase or decrease simultaneously, the self-shielding effects will be
additive. For the general situation, keeping the total fuel rod fissile
content constant, the count rate per gram of fissile material as a func-

tion of fissile particle diameter and density can be expressed as

C/U = A — Bod , (4)
where
A and B = constants,
C/U = count rate per gram of fissile material,
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This equation can be derived from basic physical considerations as

be expressed as

where

I

C'=CZ1U¢,

count rate per kernel,

for each fissile kernel in the fuel rod, the count rate can

fissile content per kernel,

(5)
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ajy

¢

constant,

average neutron flux in the kernel.

Using Nisle's self-shielding formula,q which assumes that the kernel is
purely absorbing and all neutrons passing through the particle traverse
the average chord length of the kernel, Eq. (6) is obtained.

%0

T = : — 6
¢ a0R_ [1 — exp(asf_ o)1 , (6)

where

a, and g3 = constants,

k)

R
av

i

neutron flux in a nonabsorbing kernel,

n

average chord length = (2/3)d.

Substituting Eq. (6) into Eq. (5) and expanding the exponential, Eq. (4)
is readily obtained. [Note that Eq. (1) can be derived in a similar man-
ner by using count rate per fuel rod and average flux in the fuel rod.]
In Eq. (4), the constant B is positive; thus, as pd increases, the
count rate decreases due to increasing self-absorption in the fuel rod
for the same uranium content of the fuel rod. Fitting the data given in
Table 1 to Eq. (4), A4 = 78,315, B = 5.1812, and the coefficient of deter-
mination is 0.97. For pd = 652, a 20% increase or decrease in pd results
in about a 1% respective decrease or increase in count rate per gram of

23515,

4.2.2.2 Effect of 233yu/235y igotopic ratio. Measured count rates

are expected to differ for fuel rods having the same fissile content but
different 233U/235y fissile isotopic ratios. The isotopes 233y and 235U
have different fission cross sections, and the number of neutrons released
per fission are different for the two isotopes. However, as part of an
experimental investigation to determine an NDA method for fissile iso-
topic measurement of 233y-235y fuels,5 the count rates obtained with the
experimental assay device were found to be fairly insensitive to the re-
lative amounts of the two fissile isotopes. A 10% variation in the 2333/
235y ratio, about a ratio of 1.0, gave a percentage variation in estimated

total fissile content of only 0.05%. Count rate data obtained for various
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fuel rod loadings and 233U/235U ratios are plotted in Fig. 12.
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for reference in Appendix A are experimental results of the investigation

into the nondestructive fissile isotopic measurement of 233U-23°U fuels.
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4.2.2.3 Effect of fuel inhomogeneity. Inaccurate assay of fissile

content in fuel rods can also occur if the fissile material, that is,

the fissile particles, are poorly distributed in the rod. The count rate
per unit length varies along the length of the fuel rod due to source-de-
tector geometry effects. The count rate per unit length dependence on

position can be closely described by a cosine function, as in Eq. (7).

C(x) = A cos ax , (7)
where
C(x) = count rate per unit length as a function of position x,
a and A = constants.

The constant ¢ was experimentally determined to be ~0.016/mm. For a
62-mm-long fuel rod, the count rate per unit length is 12% lower at the
ends than at the center. For a 57 linear increase or decrease in axial
fissile content from center to ends, the result is a 0.06% error in the
estimated fissile content of the fuel rod. A process variation of 2.5%
linear variation would produce a 0.03% error in estimated fissile content.

The magnitude of process variations in axial fissile distribution is
dependent on the particle blending method used. Several blending methods
investigated appeared to produce a homogeneous particle distribution in
the fuel rod. However, for one blending method investigated, the fissile
particles were observed to distribute themselves consistently in a par-
ticular nonuniform distribution in the fuel rod.® The particles were dis-
tributed so that the ratios of fissile density per unit length to average
fissile density per unit length from top to bottom of the fuel rod at
quarter intervals were 0.957, 0.991, 1.061, and 0.991. This fissile par-
ticle distribution will be used to estimate conservat.vely the resulting
systematic error in fissile material measurements. Using Eq. (7) with
a = 0.016/mm, the average responses for each quarter length of a 62-mm—
long fuel rod are 0.9292, 0.9898, 0.9898, and 0.9292. The relative count-
ing rates for a fuel rod having the fissile distribution described above
and a homogeneously distributed standard fuel rod are 0.9603 and 0.9595,
respectively. Thus, a maximum systematic error of 0.08% can result from

a nonhomogeneous axial fissile distribution.



27

4.2.2.4 Effect of fuel rod hydrogen content. The fuel rods each

contain *0.23 g hydrogen before being carbonized in the fuel elements.
The hydrogen content of the fuel rods during production is not expected
to vary by more than 52.7 A systematic variation in hydrogen content may
introduce a systematic error in assay results due to several effects. An
increase in hydrogen content can change the fission rate in the fuel rod
by increasing the thermalization of source neutrons and by increasing the
thermal neutron absorption rate in the fuel rod. In addition, fast-fis-
sion neutrons produced in the fuel rod have a greater probability of
scattering before leaving the fuel rod, thereby losing energy and not
being detected by the fast neutron counters.

Changes in fission rate and in nonscattering escape probabilities
were calculated for a 57 increase in hydrogen content. Based on these
calculations, the total change in count rate due to a 57 change in fuel
rod hydrogen content is estimated to be 0.10%.

4.2,2.5 Summary of effects of product variability. Specifications

on fissile kernel diameter and density for fuel refabrication are the

following.8

1. The mean kernel diameter for each fissile particle batch must be >340
but <380 um.

2. The mean density for each batch must be >3.0 but <3.6 mg/m3. The
mean density of each kernmel batch is sufficiently repeatable that the
more stringent density specifications of >3.15 but <3.45 mg/m3 probably

can be achieved easily.?

Based on this information, a summary of the different process vari-
ations and the systematic errors that may be introduced into fissile ma-
terial measurements of HTGR fuel rods is presented in Table 2. It is
estimated that the 233U/(233y + 2350) or the 235y/(233y + 2335y) ratio,
whichever is greater, may be in error by as much as 5%. Based on the
work reported in Ref. 5, this is a conservative estimate. For a 233y/23%y
ratio of 1.0, this corresponds to an error in the 233U/235y ratio of 10%.

Based on the data in Table 2, the maximum systematic error (if all
errors are positive or negative) is 1.17%. This is a rather large syste-

matic error for accountability purposes; however, it is not as serious as



28

Table 2. Process variations and maximum systematic
errors in assay results (in percent)

Maximum expected Maximum

Process variable . C s .
systematic variliation systematic error

Mean diameter of each batch of 5.9 per batch 0.48 per batch

fissile particles
(>340 but <380 um)

Mean density of each batch of 4,8 per batch 0.39 per batch
fissile particles
(>3.15 but <3.45 mg/m®)

a
Uncertainty in fissile isotopic 5 0.05
composition (i.e., 233y and
235y composition)
Inhomogeneous fissile particle 0.08
distribution in fuel rods
Fuel rod hydrogen content 5.0 0.10

The 5% uncertainty in fissile isotopic composition refers to a 5%
uncertainty in the ratio 233y/(233y + 235Y) or 235y/(233y + 235U), which-
ever is larger.

it first appears. The error given in Table 2 is for fuel rods produced
from a given batch of particles. TIn the refabrication facility, every 24
batches of particles will be blended together. Samples will be routinely
drawn from each blended batch and will then be analyzed, and values will
be determined for average kernel diameter and density, 233y/235y isotopic
ratio, and fissile content per gram. Although not considered in this re-
port, such values can be used to correct the assay results for product
variability. The mean diameters and densities of particles will vary
within the specifications from batch to batch; the mean diameter and den-
sity of particles for 24 batches blended together will be near the centers
of the respective specification ranges. An estimation of the total fis-
sile material in all the fuel rods produced from 24 batches blended to-
gether will have a much lower error than for the fissile content of fuel

rods from a given batch of particles. The error in the measured fissile
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content of fuel rods from 24 batches of particles blended together is
estimated below.

The particle diameters and densities are distributed within batches
so that for each batch the mean diameter is >340 and <380 pm and the mean
density is >3.15 and <3.45 mg/ms. Errors in assay are only systematic
for fuel rods composed of a single batch of particles. For assay of mul-
tiple batches, the systematic error in one batch appears as a random er-
ror when comparing several batches. Assume that the relative standard
deviation in this random error is 0.20% due to variations in mean parti-
cle density and 0.247% due to variations in mean particle diameter. (This
is a reasonable assumption because these values are one-half the maximum
expected systematic errors for any batch.) TFor 24 batches of particles
that are blended together, the relative standard deviations in the total
fissile material of all the fuel rods assayed are reduced by V24 . The
95% confidence interval in total fissile material is therefore *2.0

v[(0.0020)2 + (0.0024)21/24 or +0.12%. The three remaining systematic

errors listed in Table 2 are added to this, and the 95% confidence in-
terval in the total fissile material measurement of fuel rods produced
from a blend of 24 batches is *0.35%. Note that this analysis assumed
that the systematic errors are maximum and are either all positive or

all negative; thus, the resulting value of 0.35% is conservative.

4.2,2.6 Comparison of assay and chemical analysis. The ORNL staff

had an opportunity to check the accuracy of the fissile material measure-
ments through participation in an assay comparison program between ORNL
and General Atomic Company (GAC) in San Diego, California. The GAC staff
sent 36 fuel rods of 3 uranium-thorium particle blends to ORNL for compari-
son of assay and chemical analysis measurements. The approximate 235y
and 232Th compositions of the particle blends are given in Table 3. 1In
addition to the fuel rods, the GAC staff also provided particles of the
same batch from which the ORNL staff could fabricate standard rods.
Several standard (well-characterized) fuel rods were fabricated, and
these were assayed in the experimental NDA device. The results were fit

to a calibration equation similar to Eq. (1). The 36 unknown fuel rods

were then assayed in the experimental assay device — that is, a delayed
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Table 3. Approximate compositions
of particle blends (in grams)

Blend 235y content Thorium content
1 0.16 3.5
2 0.12 4.7
3 0.29 3.6

10 and, afterwards, chemically analyzed. The results

neutron assay device
are presented in Table 4.

Despite the wide range of loadings and possible errors introduced
by fuel rod handling due to particle loss from the edges of the rods, only
s5even measurements were outside the 957 confidence interval of the experi-
mental assay device in comparison with the chemical analysis results. (No
estimate of the measurement error in the chemical analysis results was
available.) If the estimated 235y contents are summed, the totals are
identical for assay and chemical analysis: 6.9127 g. No indication of
a systematic error was seen in this experiment.

Similar evaluations were performed in conjunction with the Fort St.

Vrain Early Validation Irradiation Experiment; these had similar results.!!

4.3 Operation

4.3.1 Stationary or moving scans

In the experimental assay device, fuel rods could either be placed
in a stationary position between the detectors or be moved past the de-
fectors at a constant speed. As mentioned in the previous section, the
count rate per unit fuel rod length is dependent on position between the
detectors. This has a slight effect on assay accuracy. It was thought
that, by moving the fuel rod while assaying, the count rate per unit fuel
rod length would be smoothed out to reduce or eliminate this effect on
assay accuracy.

The count rate per unit fuel rod length is described fairly accurately

by Eq. (7). The constant a in Eq. (7) was determined to be 0.016/mm.
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Table 4. Assay and chemical analysis results of 36 unknown fuel rods

235y estimate (g)

Fuel rod Blend Experimental assa
identification No. desice results wiZh Delayed neutron Chemical analysis
95% confidence interval assay results results
+0.0024
A 1 0.1647 0.1645 0.1623
B 1 0.1615 0.1622 0.1631
C 1 0.1628 0.1644 0.1651
D 1 0.1645 0.1619 0.1621
E 1 0.1606 0.1621 0.1628
F 1 0.1644 0.1627 0.1646
G 1 0.1632 0.1665 0.1645
H 1 0.1620 0.1627 0.1617
I 1 0.1632 0.1644 0.1638
J 1 0.1592 0.1607 0.1597
K 1 0.1649 0.1658 0.1666
L 1 0.1589 0.1596 0.1589
+0.0022
A 2 0.1172 0.1197 0,1195
B 2 0.1299 0.1288 0.1280
C 2 0.1208 0.1215 0.1221
D 2 0.1209 0.1221 0.1206
E 2 0.1252 0.1262 0.1272
F 2 0.1238 0.1217 0.1210
G 2 0.1292 0.1278 0,1283
H 2 0.1216 0.1224 0.1223
I 2 0.1291 0.1289 0.1289
J 2 0,1252 0.1245 0.1251
K 2 0.1303 0.1295 0.,1231
L 2 0.1227 0.1233 0.1258
+0.0015
A 3 0.2871 0.2840 0.2850
B 3 0.2960 0.2939 0,2931
C 3 0.2884 0.2859 0,2899
D 3 0.2873 0.2852 0.2867
E 3 0.2961 0.2937 0.2954
F 3 0.2878 0.2858 0.2870
G 3 0.2857 0.2871 0.2879
H 3 0.2830 0.2813 0.2873
I 3 0.2865 0.2849 0.2855
J 3 0.2864 0.2852 0.2871
K 3 0.2916 0.2904 0.2907
L 3 0.2910 0.2866 0.2900
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Therefore, for a 50-mm-long fuel rod, the counts obtained per unit length
at the ends of the rod are ~8% lower than at the center. If the fuel rod
is started somewhat before the centerline of the detectors and moved at a
uniform speed to an equal distance beyond the centerline, the result is
that the count rate per unit fuel rod length has an identical distribution
as given by Eq. (7), but the constant A is of lower magnitude. There-

fore, from this result, using a stationary scan appears advantageous.

4.3.2 Multiple fuel rod assay

Interference effects (for multiple simultaneous fuel rod assay) be-
tween fuel rod channels located along the periphery of the machine were
experimentally determined. The interferences are caused by detection of
neutrons (from fissions induced in a fuel rod in adjacent fuel rod chan-
nels) in a reference fuel rod channel. Fractional interferences are cal-
culated by dividing the number of fission neutrons detected from a fuel
rod in an adjacent channel by the number of fission neutrons detected from
the same fuel rod in the reference channel. Another source of interference
arises from fission neutrons released from adjacent channels thermalizing
and causing fissions in a fuel rod in the reference channel. However,
this source of interference was small compared with the first source of
interference mentioned, which may partly be because of the typically low
mass of fissile material assayed at any one time.

Experimentally determined values of fractional interference vs sepa-
ration angle between fuel rod holes of adjacent fuel rod channels are
plotted in Fig. 13. An interference of 17 is a reasonable design cri-
teria. In this case, if the fissile content of a fuel rod in one channel
differs by as much as 107 from the fissile contents of fuel rods in adja-
cent channels, the effect on assay results in adjacent channels will be
“0.1%. Also, such effects can appropriately be corrected numerically.

An interference of less than 17 requires that the separation between fuel
rod channels be at least 30° for polyethylene channels and at least 35°
for graphite channels. (Separation blocks composed of polyethylene are
placed between the channels to reduce interference effects. A channel
composed of either polyethylene or graphite is ~20° in arc length using

a 0.30-m-diam tank; thus, the closest approach of fuel rod holes is 20°.)
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Fig. 13. Fractional interferences between adjacent fuel rod channels.

Based on these data, a production device reasonably will have 10 or 12
channels for graphite or polyethylene channels, respectively.

Detector sample holders or channels composed of graphite experience
an increase of about 30% in detection of both source background and sam-
ple fission counts. As a result, fuel rods can be assayed more rapidly
using graphite rather than polyethylene channels, and the number of fuel
rods assayed within a given time using 10 graphite channels will be ap-
proximately the same as that using 12 polyethylene channels. In addi-
tion, the fuel rod loading mechanism will be simpler for 10 channels than
for 12 channels; however, the mechanical design and fabrication will be
more complicated for the irradiator. The decision of whether to use gra-
phite or polyethylene channels depends on the overall design of the assay

device.
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4.3.3 Long-term operation

A long-term stability experiment on the experimental assay machine
was performed. A fuel rod containing 0.3 g 235y was repeatedly assayed
almost 2000 times over a 12-day period. Stability of long-term operation
and the ability of assay analysis procedures to correct for long-term
drifts were tested. Only small long-term variations (~0.3%) in counting
rate were observed beyond that produced by source decay; the source decayed

0,8% over the 12-day period. The analysis procedure successfully cor-

rected for drifts in the counting rate.

Count rates obtained during the experiment are given in Fig. 1l4. As
can be seen, the count rates follow the source decay quite well, which in-
dicates good stability. The high-intensity hot cell lights slightly in-

creased the detector temperature, thus increasing the count rate by ~0.37%.
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Each point in the figure represents the average of 10 successive 100-sec
total fuel rod counts.

Although the source decayed 0.87 during the experiment and drifts of
0.3% due to temperature variations were observed, estimated 235U contents
using the drift-correcting analysis procedure were insensitive to count
rate changes. The analysis procedure uses the source count rate, which
is measured at regular intervals, to correct for changes in sample count
rate. The calibration equation is normalized to sample count rates at a
particular time (e.g., at time zero). However, at any time, the source
count rate is proportional to sample count rate, and the following rela-

tionship can be applied: (g = C SO/St’ where (j is the count rate cor-

t
rected to time zero, Ct is the measured count rate at time ¢, S5 is the
source count rate at time zero, and St is the measured source count rate

at time ¢. By applying this equation, count rates corrected to time zero
can be used in the calibration equation to estimate fissile content.

This equation assumes that the ratio of fuel rod counts to source
counts is constant with time. This was verified in the long-term assay
experiment. Figure 15 is a plot of this ratio vs time for the long-term
experiment., Each point represents the average ratio of ten successive
fuel rod and background counts. The standard deviation about the average
ratio was calculated using propagation-of-error techniques and assuming
that the counts were Poisson distributed. The data indicate that the
ratio is constant despite source decay and long-term drifts.

By applying this analysis procedure, count rates corrected to time
zero can be used in the calibration equation to estimate 235y content.
Average estimated 235y content for 10 successive assays using the anal-
ysis procedure to correct for drifts at times 6, 78, and 240 hr were
0.29718, 0.29742, and 0.29657 g, respectively. The measurements were
distributed with a standard deviation of ~0.002 g, and the precision was
primarily limited by count rate.

To obtain a good estimate of S,, a weighted-average method is used.

t’
At specified time intervals, the source count rate is measured. A good
estimate of the current source count rate is given by a weighted average

of all previous source count rate measurements.
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5. PRODUCTION ASSAY DEVICE

5.1 Performance Criteria

In an HTGR fuel recycle facility, the fuel rod output from two 20,000-
rod/day fuel rod molding machines will be routed to one assay device, re-
sulting in one rod being assayed every 2.2 sec. Criteria have been devel-
oped for fuel rod assay and are presented in this section.

The function of the fuel rod assay system is to measure the total
fissile content of uncarbonized HTGR fuel rods immediately after rod
fabrication for the purposes of (1) ensuring that fissile loadings meet
specifications and (2) measuring the total quantity of fissile material
that is contained in fabricated rods. The latter purpose is required to
meet material balance area accountability requirements. Specific fuel

rod assay performance criteria are given below.

1. The rod assay system will measure the total fissile content of 100%
of fabricated rods.

2. The assay system must have an average throughput of one fuel rod
every 2.16 sec (40,000/day).

3. The single measurement precision (1 o) must be 0.5% or less (random
error) for a 15-rod column or 2% or less for a single rod.

4. The systematic error in total fissile material must be less than 0.3%
over a two-month operating period.

5. The fuel rod handling must be designed so that less than 1 rod per
1000 is chipped or abraided to the extent that more than 1 fuel par-
ticle is removed from the rod.

6. The assay system must be modularized so that it can be remotely main-
tained by substitutional maintenance.

7. The assay system must be equipped with hardware for periodic calibra-
tion. Standards must be assayed after every 24 hr of operation to
recalibrate the system. These standards must be periodically re-
placed to reflect changes in the loadings of the fuel rods that are
being assayed. The calibration system must be designed so that all
standards in use at one time are stored in a magazine that can be

remotely connected and disconnected to the assay system. A subsystem
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to automatically unload rods from the magazine, move the calibration
rods to the normal rod channels, and return the standards to the maga-

zine will be provided. A temporary storage area can be included.

5.2 Design and Operation

Many designs have been studied for the on-line assay device, and
many of them appear to satisfy the criteria given in the last section.

One such design, which the authors believe offers the advantage of sim-—
plicity in fuel rod handling, is presented in this section.

The nondestructive assay system determines the fissile material load-
ing in individual HTGR fuel rods by measuring the intensity of prompt fis-
sion neutrons emitted from the rod during irradiation with thermal neu-
trons. The assay system consists of four subsystems: an irradiator, a
fuel rod positioning/translating mechanism, a neutron detector subsystem,
and a control and data acquisition subsystem. A description of each com~
ponent is given below.

The fuel rod irradiator consists of a 2°2Cf neutron source surrounded
by a moderator assembly that produces a neutron flux with a high ratio of
thermal to fast neutrons. The thermal neutrons induce fissions in fissile
materials (235U, 233U, 239Pu, 2“Pu) so that no signal is produced from
thorium, 23%U, 236y, or 238U, The moderator assembly is a Zircaloy tank
containing Dy0 that surrounds an inner moderator thimble containing poly-
ethylene, tungsten, and the 252Cf source. The irradiator tank with the
surrounding detector assemblies is shown in Fig. 16.

Fuel rod loading and unloading is relatively simple. A fuel rod
carousel has 12 fuel rod positions at 30° intervals. At 10 of these 12
fuel rod positions within the carousel, the fuel rods are being irradiated
and counted. At one of these positions, a fuel rod is being unloaded,
and, at the adjacent position, a fuel rod is being loaded. After a speci-
fied time, long enough to permit unloading and loading to occur, the
carousel rotates to allow the next fuel rods to be unloaded and loaded.
The advantage of this design is the simplicity in the fuel rod handling.

The design of the fuel rod positioning/translating system is rela-

tively straightforward. Two push rods are used — one for the unloader
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Fig. 16. Carousel fuel rod assay machine.

and the other for the loader. At the loader, a fuel rod is placed in the
track; the push rod moves forward, placing the fuel rod into the carousel;
and the push rod retracts. A similar operation occurs simultaneously at
the unloader. This unloading-loading operation should take no more than
1 sec. The rotation of the carousel through each 30° should also take

no more than 1 sec. Therefore, one rod will be loaded and unloaded ap-
proximately every 2 sec, and each rod will be irradiated and counted ap-

proximately every 10 sec.
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Ten modular detector assemblies are positioned on the surface of the
Zircaloy irradiator tank, as shown in Fig. 16. Each detector assembly
contains two *He-filled fast-neutron proportional counters. The relative
positions of the counters and fuel rods are shown in Fig. 17. These de-
tectors are relatively insensitive to gamma rays. However, to protect
them from large variations in the gamma background around the assay de-
vice, they are shielded with lead. The two detectors and a common pre-
amplifier are contained in a module that can be replaced rapidly.

The sequencing of rod-handling operations and neutron counting is
performed by a sequence controller such as a programmable logic control-
ler. The signals from the neutron detectors must be amplified, shaped,
tested, and counted relative to precise timers. The neutron ccunts must
be corrected for background and converted to fissile mass values by means
of calibration data. These data must be stored and transferred to perma-

nent records. A different sequencing, data collection, and analysis

ORNL-DWG 79-13313R
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function must be performed for periodic calibration of the system. In
addition, the subsystem must perform real-time fault detection to alert
the operator to abnormal operations or occurrences.

A schematic rod flow diagram is shown in Fig. 18 and a timing dia-
gram in Fig. 19. Fuel rod standards are removed from the standard maga-
zine and loaded into the assay machine if the system is in the calibration
mode. Reject rods are diverted to a temporary storage area for assay at
a later time. If rejected twice, the rod will be sent to a reject rod
storage area.

A detailed description of the irradiator and the detector modules

is presented in Table 5.

Table 5. Details of irradiator and detector modules

Irradiator
Zircaloy tank

Diameter = 55 cm
Length = 42 to 50 cm
Wall thickness = side walls (irradiation position} <0.64 cm

Source insert

Polyethylene (high density)
oD = 9.7 cm
ID = 5.08 cm
Length = 10.0 cm

Tungsten alloy = >947 tungsten
0D = 5.08 ecm
ID = <2 cm
Length = 5 cm

Remaider of insert filled with graphite
252¢f neutron source = >1.7 mg — replace every 2 years
D,0 moderator = <0.5% Hy0

Detector modules

Detectors = *He-filled proportional counters

20 atm “He

Stainless steel cathode

Anode diameter = 0.0025 cm

Cathode diameter = 3.81 cm

Active length = 15.2 cm
Fuel rod tube = Zircaloy

Wall thickness = <0.16 cm at assay position

Module

Should contain two detectors, preamplifier, and 1.5-cm-thick lead shield
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6. ANALYSIS PROCEDURES

The assay data are analyzed to provide estimates for the (1) fissile
content of each fuel rod and (2) average fissile content of currently
produced fuel rods.

The fissile content of each fuel rod will be measured with a random
error (relative standard deviation) of 2% and with a maximum systematic
error of less than 1%. For a given batch of fissile particles, the mea-
sured fissile contents of the fuel rods produced will be randomly distrib-
uted with a relative standard deviation of 27 about the mean which may
be in error by as much as 1%. If the fissile content of a particular
fuel rod differs by more than a certain amount from the specified fis-
sile content, that fuel rod is rejected. Such a specification has not
yet been developed. However, a rejection criterion is assumed where fuel
rods with a measured fissile content differing by more than 15% from the
required fissile content are rejected with a 99.5% probability and good
rods are rejected with a 1% probability. To satisfy this criterion, a
15% deviation must represent approximately five relative standard devia-
tions. With a 27 relative standard deviation in the measurements, this
is easily achieved. The rejected rods will be sent to a temporary stor-
age area and later assayed again. To be considered bad, a fuel rod must
be rejected twice so that only ~0.01% of the good rods and ~997% of the
bad rods are ultimately rejected.

The estimates of the average fissile content of currently produced
rods, as measured by the assay machine, will be used through appropriate
computer—controlled actions to change the fissile particle dispenser set-
ting of the fuel rod fabrication machine. A schematic of such a control
system is shown in Fig. 20. 1If the assay results indicate that the aver-
age fissile content is significantly less than or greater than the speci-
fied content, the dispensers will be changed to allow more or less fissile
particles into the fuel rod mold. An investigation of mathematical analy-
sis procedures for use in controlling fissile content of fuel rods was

undertaken. !?

One technique considered uses a weighted-average fissile
content of fuel rods for use in controlling the dispensers. A brief

mathematical description of this procedure is given below.
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The estimate of average fissile content of currently produced fuel

rods is given as

_ n n~¢ _ 1 —w noo
Xn=z X/Zw =——~—nZw X (8)
—L i—L 1 —w )i~

where
X% = Nth estimate of average fissile content,
w = weight (<1.0),
Xi = measured fissile content of Zth fuel rod since last dispenser

setting change.
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Equation (8) can be expressed as Eq. (9) for easy implementation on

a computer.

n
>
+
~
|

X
n

and €©))

N
1l
e

The variance of Xé is readily derived and is given as Eq. (10).

B 1T—w\ /1 +u"
R Gl | W KO (10)
where
V(i%) = variance of estimated average fissile content,
V(X) = variance of fissile content measurement of individual fuel rod.

As N goes to infinity, Eq. (10) reduces to

1 —w
1 +w

V) = V(X) (11)
for large N.

Therefore, from Eq. (11), the variance of the average estimated fis-
sile content for a large number of measurements decreases as the weight w
approaches 1.0. However, as the weight w increases, the influence in the
estimated average due to previous measurements increases and that due to
more current measurements decreases. To detect a relatively large step
change rapidly, a weight somewhat less than 1 (such as 0.9) would be use-
ful., To detect small drifts in fissile content, a weight closer to 1
(e.g., 0.99) may be more useful. Therefore, having two estimates of
the average fissile content may be best, one using a weight of 0.9 and
another using a weight of 0.99 for detecting step changes and small
drifts, respectively.

As an example, let w = 0.9 and ¥ = 10; thus, the estimated variance

in average fissile content is 0.11 V(X). The standard deviation in the
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average fissile content has decreased to one-third that of an individual
measurement. The percentage contributions to the estimated average from
the 10 fuel rods in their assayed order are: 5.9, 6.6, 7.3, 8.2, 9.1,
10.1, 11.2, 12.4, 13.8, and 15.4. The first measurement contributes ap-
proximately one-third as much to the average as the last measurement.

Control of the fissile content of the fuel rods can be obtained in
a manner similar to that explained in the paragraph. When the weighted-
average measured fissile content falls twice successively outside the 95%
confidence intervals of the specified fissile content, the fissile parti-
cle dispensers are appropriately adjusted. The weighted-average summation
is reset to 7=1 for the adjusted fuel rods. For example, if the relative
standard deviation is 2% for a single measurement, the relative standard
deviation in the weighted average after measuring a large number of rods
using a weight of 0.9 will be ~0.5%. Two standard deviations would be
vwl%. 1If the weighted average differs from the specified content by more
than 1% twice in a row, a control action is taken by adjusting the fissile
particle dispensers.

The fissile content of each fuel element will be known from the mea-
surements made on the fuel rods before loading the fuel rods into the
fuel elements. The random errors in the measurements tend to cancel and
the relative standard deviation of the total fissile content decreases
with the square root of the number of measurements. With a 27 relative
standard deviation in an individual fuel rod measurement, as 1600 fuel
rods are loaded into a fuel element, the relative standard deviation in
the total fissile content of the fuel element is 0.05% due to random er-
ror. The specification for uranium loadings of the fuel element is as
follows: no more than 1% of fuel elements shall have a uranium loading
which varies by more than 27 from the specified value. Based on the
above analysis, satisfaction of this specification should not present a
problem. Material accountability considerations are addressed in the
next section.

A mathematical description of an analysis procedure for assay of

HTGR fuel rods is presented in Appendix B.
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7. COMPLIANCE WITH MATERIAL ACCOUNTABILITY REQUIREMENTS

The material control and accountability aspects of a 233U/Th re-
cycle facility continue to be investigated.13 One of the material ac-
countability requirements, as given in Part 20 of Title 10 of the Code
of Federal Regulations, specifies that the limit of error (95% confidence
interval) of material unaccounted for (MUF) must be kept to within 0.5%
for total plant in-process material balance for two months. To satisfy
this requirement, the systematic errors in the measurements must be kept
as low as practicable.

The maximum systematic error in fissile material measurements for
fuel rods produced from a given batch of particles is ~1%. A large part
of this systematic error, 0.9%, appears as a random error when comparing
fissile content measurements of fuel rods produced from different batches
of particles. Only "0.27 appears as a systematic error, which is the
same for fissile material measurements from fuel rods produced from dif-
ferent batches. Because 24 batches of particles will be blended together,
the estimated 95% confidence interval for total fissile material measured
of the blended batch is less than 0.35%. Over a two-month period, several
hundred batches of particles may be produced, and the maximum systematic
error in total fissile material measured should be close to 0.27%. Based
on this result, it appears that the material accountability requirements

can be satisfied.



48

8. SUMMARY AND CONCLUSIONS

A nondestructive assay device, which uses a thermal neutron irra-
diation and fast-fission neutron detection method, was designed and fabri-
cated. FExperiments were performed with the device to determine whether
a similar device could adequately satisfy quality control and material
accountability requirements for assay of fuel rods produced in an HTGR
fuel recycle facility. In these experiments, accuracy, precision, and
operating procedures were thoroughly tested using the experimental assay
device. Based on the results of these experiments, a preliminary design
of an on-line assay machine was made, and this design is described in the
report. In addition, analysis procedures useful for on-line assay of HIGR
fuel rods were identified.

Such an NDA machine will be capable of satisfying quality control
and material accountability requirements. It is estimated that a fuel
rod can be assayed in the on-line assay machine every 2 sec. The rela-
tive standard deviation in the fissile material measurement of each fuel
rod due to random errors is 27, and the maximum systematic error due to
process variations is ~0.35%. Over a two-month period, the maximum sys-
tematic error in fissile material measurements of total fuel rod produc-

tion approaches ~0.2%.
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Appendix A

NONDESTRUCTIVE FISSTLE ISOTOPIC MEASUREMENT OF
233y-235y FUELS USING PROMPT AND DELAYED
FISSION NEUTRON COUNTING

233y-235y assay ex-—

Presented in this appendix are the results of a
periment to determine whether assay techniques employing active neutron
interrogation with prompt and delayed neutron detection could be used
successfully to determine fissile isotopic ratios as well as total fis-
sile content of fuel samples. (The number of delayed neutrons is signifi-
cantly less for 233y than for 23°5U. By measuring both the delayed and
prompt neutrons, an estimate of the fraction of 233y and 235U can be ob-
tained.) This was possibly the first experiment to use neutron interroga-
tion and neutron detection techniques for determination of fissile iso-
topic content in 2337-235y fyel samples.

Eleven aluminum test capsules were filled with specified amounts of
233y-10aded resin kernels, 235y-10aded resin kernels, and glass beads.

The glass beads were used as filler material and blended in to obtain the
same volume of mixture in each capsule. The masses of 233y and 23U in
each capsule are given in Table A.l, which also gives background-corrected
counts obtained by assaying each sample in the prompt and delayed neutron
assay machines.

An equation was derived from basic physical considerations relating

measured counts to 233U and 235U contents. This relation is as follows:

A3 x U3 A5 x U5
U3 + R x U5 U3 + R x U5

x {1 — exp[-D(U3 + R x U5)]} , (A-1)

where
C = counts (delayed or prompt),
U3 = 233y content,
Us = 235y content,
A3, A5, R, and D = constants that are different for delayed and prompt

neutron counting.
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Table A.1. Test capsule loadings and
background—-corrected counts

Content (g) Neutron counts
Capsule
233y 235y Delayed Prompt
1 0 0.3000 86,033 224,485
2 0.1500 0.1500 68,218 219,721
3 0.3000 0.0002 50,604 217,678
4 0 0.4000 110,940 287,064
5 0.1000 0.3000 98,371 281,788
6 0.2000 0.2000 89, 306 286,284
7 0.3000 0.1000 77,823 284,259
8 0.4000 0.0003 63,285 276,866
9 0 0.5000 127,491 335,350
10 0.2500 0.2500 105,960 341,024
11 0.5000 0.0004 80,055 340,286

The constants in Eq. (A-1) were determined using a nonlinear least
squares fit to the data given in Table A.l, excluding the measured counts
for capsules 5 and 7. These capsules were assumed to have unknown uranium
contents. The calculated constants are given in Table A.2.

The 233U and 235U contents in capsules 5 and 7 were calculated using
the fitted equations for the prompt and delayed neutron counts. For cap-
sule 5, the 233U and 235U calculated masses were 0.0991 and 0.2967 g,

respectively. For capsule 7, the 233U and 23%U calculated masses were

Table A.2. Constants for Eq. (A~1) obtained by
nonlinear least squares fit to data in Table
A.l, excluding data of capsules 5 and 7

Neutrons
Constant
Prompt Delayed
A3 1,388,356 380,922
A5 1,595,862 748,838
R 2.1315 2.7672

D 0.56247 0.46518
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0.3046 and 0.1000 g, respectively. Each of these values is within 1.5%
of the respective measured mass of material. These results indicate that
the 233U and 235U contents of an unknown sample can be accurately deter-
mined by neutron interrogation with prompt and delayed neutron detection
over a wide range of 233y to 2357 ratios.

More information about this work is given in Ref. 5. A detailed

description of the delayed neutron assay machine is given in Ref. 8.
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Appendix B

DATA ANALYSIS PROCEDURE FOR ASSAY
OF HTGR FUEL RODS

The analysis procedure for assay of HIGR fuel rods can be divided

into four steps:

1. from total counts, éubtract source or background counts to obtain
background—-corrected counts;

2. correct background-corrected counts to time zero (correcting for
source decay and electronic drifts);

3. calculate uranium content from the calibration equation;

4., calculate weighted-average uranium content of a series of fuel rods.

These four steps are described mathematically below. An example

follows.

Step 1. Obtaining background-corrected counts

where
Ci = total counts (fuel rod plus source counts) for the Zth fuel rod,
St = current estimated source counts,
Sy = source counts at time zero,
Cc = background-corrected counts.
m i
}E x Sj
5, = 4=
t o ?
y &
J=t
where
x = source weighting factor (v0.8),
S. = jth source count of m source measurements.
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Step 2. Correcting background-corrected counts to time zero
S0
Co = (Ci —»St) E;’ >

Cp = background-corrected counts corrected to time zero.

S0 \? 50C; \?
V(Co) ={g] V() +( " ) V(s
t s

where

t
where
V(Cy) = variance in Cy,
V(C.) = C. = variance in C.,
7 7 m 1
1—x <1 + )
V(s,) = S, = variance in 5.
¢ 1+ x 1 -xm E E
Therefore,

Sp \ 2 C, [L—a\/1+"
v =(—) |1+ = -
S, s, \1+a2/\1—4

Step 3. Calculating fissile content from calibration equation

-5

Co =a(l —e Ui) = calibration equation ,

where
a and b = calibration constants,
Cp = background-corrected counts corrected to time zero,
Ui = estimated fissile content of <th fuel rod.

Inversion of the calibration equation yields

1 Co
Ui = ——1n 1 — .
b a
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The variance of Ui can be estimated using the following equation:

SU.\? V(Cq)
vy s —2) V() = ———— .
v 8C, (ab — bCy)?

The estimated fissile content Ui with the corresponding variance
V(Ui) can be used to determine whether the fuel rod meets acceptance

criteria.

Step 4. Calculating a weighted-average fissile content

N . N .
DY VLA
=7 1=7

where
U = weighted-average fissile content,
w = 0.9 to 0.99,
N
. 1 —w\/1+uw
vy) = V({U.),
1+w/\1 =" ’
V(ﬁ) = variance of weighted-average fissile content.

For example, using a l0~-sec counting period and 1 mg 252¢f, assume

that the following counts are obtained for the hundredth fuel rod:

Cioo = 20,000

Sg = 8, = 10,000

1%
M = 100
X =10.8.

The calibration equation constants a and b are 42,262 and 0.600, re-
spectively. Estimate the 2357 content of this rod and the standard devia-
tion in this estimate. Using the appropriate equations, one obtains

Co = 10,000,

V(Cp) = 24,444,
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U].OO = 0.4500,
V(U1g0) = 6.524 x 1072,

O’(Uloo) = 0.00808.

The relative standard deviation in the hundredth measurement is
therefore 1.8%. For 100 fuel rods and using a weight w of 0.9, the rela-
tive standard deviation in the weighted-average fissile content is "0.47%.

Note that, in the above analysis procedure, corrections for inter-
ference effects between fuel rod channels and for variations in 433U-235y
composition were not included. For on-line assay, such corrections need

to be applied.
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