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DESIGN AND EVALUATION OF A NONDESTRUCTIVE
FISSILE ASSAY DEVICE FOR HTGR FUEL SAMPLES

S.R.McNeany* R.W.Knolll  J.D. Jenkins*

ABSTRACT

Nondestructive assay of fissile material plays an important role in nuclear fuel processing facilities.
Information for product quality control, plant criticality safety, and nuclear materials accountability
can be obtained from assay devices. All of this is necessary for a safe, efficient, and orderly operation
of a production plant. Presented here is a design description and an operational evaluation of a device
developed to nondestructively assay small samples of High-Temperature Gas-Cooled Reactor (HTGR)
fuel.

The measurement technique employed consists in thermal-neutron irradiation of a sample fol-
lowed by pneumatic transfer to a high-efficiency neutron detector where delayed neutrons are
counted. In general, samples undergo several irradiation and count cycles during a measurement. The
total number of delayed-neutron counts accumulated is translated into grams of fissile mass through
comparison with the counts accumulated in an identical irradiation and count sequence of calibration
standards.

Successful operation of the device through many experiments over a one-year period indicates high
operational reliability. Tests of assay precision show this to be better than 0.25% for measurements of
10 min. Assay biases may be encountered if calibration standards are not representative of unknown
samples, but reasonable care in construction and control of standards should lead to no more than
0.2% bias in the measurements.

Nondestructive fissile assay of HTGR fuel samples by thermal-neutron irradiation and delayed-
neutron detection has been demonstrated to be a rapid and accurate analysis technique. However,
careful attention and control must be given to calibration standards to see that they remain representa-
tive of unknown sampies.

1. INTRODUCTION

The conceptual design of the special nuclear material assay and accountability system for an HTGR fuel
refabrication plant includes an off-line sample inspection station, which contains a fissile uranium non-
destructive assay device.! This device will provide material accountability information for the sample
inspection station and will serve as a quality control instrument by performing measurements on samples of
HTGR fuel in various stages of production. In addition, the device will serve as a standards calibration
facility and will be used to supply calibrated unfired fuel rods to an on-line nondestructive assay machine.

In its accountability and quality control capacities, the device will be required to perform measure-
ments on mixed 223U/?33U fuel in a variety of forms, ranging from hydrogenous dried resin particles to
carbonized fuel rods. The assay device must have sufficient throughput capacity to provide one measure-
ment approximately every 13 min. Furthermore, in its function of calibrating secondary standards, the
device should be capable of accuracy in the *0.3% range for a single measurement with a 95% level of
confidence.

Several different nondestructive assay techniques are being evaluated for use in the sample inspection
station, one of which is delayed-neutron counting. The theory behind the technique is quite simple. Nuclear
fuel samples undergo fission when exposed to a thermal-neutron flux and generate fission products which
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decay by neutron emission with half-lives up to 1 min. Examination of samples after irradiation reveals that
the average rate of delayed-neutron emission is maximum immediately after the fission process and that the
rate decreases exponentially with time. Rapid transfer of an irradiated sample to a neutron detector results
in the detection of some fraction of the delayed neutrons. Consequently, samples with higher fissile content
will undergo a greater number of fissions, resulting in the detection of a greater number of delayed
neutrons. The same principles apply whether the sample is irradiated once and counted once or whether it
experiences multiple irradiation and count cycles.

To apply this technique to a quantitative determination of fissile content in unknown samples, it is first
necessary to fabricate calibration standards of known fissile content and measure the device response (i.e.,
number of counts accumulated during an irradiation and detection series) to these known samples. Sub-
sequent measures of response to unknowns can then be translated into fissile content through the use of the
calibration data.

The remainder of this report discusses all the major considerations that went into the design and
evaluation of this device as a precision measurement instrument. The next section details the design and
selection of the four major components of the device. These are the 252Cf neutron irradiator, the delayed-
neutron detector, the pneumatic transfer system, and the programmable logic controller. Each of these is
examined with respect to their nuclear, mechanical, and electrical features. Following this in Sect. 3,
attention is turned toward the accuracy and precision of measurements made with the device. Many factors
can potentially bias results and reduce precision, and the magnitude of these effects is discussed. Also
included in this section is a description of the calibration of the device. Finally, the appendixes present
modifications made to the commercially available pneumatic transfer system, details of the programmable
logic controller, and an operating procedure.

2. ASSAY DEVICE DESCRIPTION

Four main components comprise the delayed-neutron assay device. The first is a thermal-neutron
irradiator that uses a removable 22 Cf neutron source. Samples are activated in the irradiator, then counted
in the second component, a neutron detector assembly, the heart of which is an array of eight > He detector
tubes. A pneumatic transfer system containing 15 m of polyethylene transport tubing shuttles the samples
between the irradiator and the detector. The transport system also hasa branch for loading and unloading
samples. The sequence of events necessary to automatically cycle the sample through the irradiation,
transfer, decay, and counting stages is controlled by the fourth component, a programmable logic controller
(PLC). In this section, each of these components is described in detail, and factors that contributed to their
design are discussed.

The assay device is located in the Thorium-Uranium Recycle Facility (TURF) at Oak Ridge National
Laboratory, and the components are arranged as shown in Fig. 2.1. In order to protect personnel from the
neutron and gamma radiation produced by the unshielded 2*2Cf source when experiments are being
conducted, the irradiator is situated in a shielded hot cell (cell B). The remainder of the device is located
just outside of cell B. This arrangement allows ready access to these components, and the cell wall shields
the detector assembly from the neutron background produced by the source.

2.1 22(f Irradiator

2.1.1 Irradiation chamber design

The irradiation chamber is shown in detail in Fig. 2.2. Basically it is a series of concentric cylindrical
annuli that surround the sample and moderate the high-energy neutrons emitted by the 2*?Cf source. The
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innermost moderator is an 11.75-cm-OD by 50.8-cm-long annulus of machined, high-density polyethylene,
whose central hole is 4.13 c¢cm in diameter. Through this hole the aluminum irradiator end of the pneumatic
transfer tube is inserted. The annulus also contains a blind axial hole (1.63 c¢m in diameter by 35.4 cm
deep) that lies 3.51 cm off center and contains the **2Cf source tube.

To ensure uniform irradiation of the sample (about the vertical axis of the sample), the inner poly-
ethylene annulus and the source it contains are rotated about the pneumatic tube end at about 15 rpm. The
annulus is mounted in bearings at either end and is attached at the top by a rubber belt drive to a small ac
motor. Since the 2*2Cf is essentially a point source, rotating it about the sample during irradiation gives the
time-averaged effect of a ring-shaped source.

The bearings on which the inner moderator is mounted are seated in a high-density, machined poly-
ethylene shell that has a wall thickness of 1.2 cm. At the bottom, the shell closes to a 3.81-cm-diam hole in
which the bottom of the aluminum pneumatic tube end is fixed. The polyethylene shell is encased in a
0.318-cm-thick 6061 aluminum housing suspended from its top in a water-filled 30-gal (114-liter) stainless
steel drum. To prevent corrosion of the aluminum housing, its outside surface is coated with a thick layer
of epoxy paint. The water in the drum helps moderate the source neutrons and reflects them back into the
sample region.

The ?*2Cf source is contained within a 1.59-cm-OD by 37.5-cm-long stainless steel tube that can be
removed from the irradiator when not in use and stored in a biologically shielded tank within cell B. The
source itself is sealed in a small metal capsule screwed to the end of a polyethylene rod. The rod is then
sealed in the stainless steel source tube. As of July 1, 1978, the source had an activity of 1.4 X 10°
neutrons/sec. The half-life of the 252Cf isotope is 2.63 years, and its specific activity is ~2.3 X 10°
neutrons/sec » mg.

2.1.2 Selection of the moderating material and the source-to-sample distance

In order to obtain uranium assays of maximum precision from the device, the thermal-neutron flux in
the sample region must be as intense as can be obtained from the given source (see Sect. 3.2.1). The
intensity of the flux in the sample region depends on the source-to-sample distance and on the type of
moderating material used. In the design of the irradiator, both of these factors were determined with the
help of the XSDRNPM computer code.? Since this code calculates in one dimension only, the irradiator
was modeled as a series of concentric cylindrical annuli of infinite length. The source was treated as a
cylindrical sheet surrounding the fuel rod, which was located at the center. A number of cases were then
run, varying the type of moderating material and the source-to-sample distance. The fission activity in an
HTGR fuel sample containing 2%°U was calculated and compared from case to case.

Four different moderating materials were considered: D, 0, high-density polyethylene, carbon (graph-
ite), and beryllium. Their performance was in the above order, with D, O providing the greatest number of
fissions in the ***U.However, polyethylene was selected as the moderating material because of its superior
engineering properties. The optimum source-to-sample distance, r, was determined by varying the radius of
the source material from 2.5 to 4.5 cm. The ?* U activity was highest with = 2.5 ¢m but decreased by
only 2.6% with r = 3.5 cm. For ease in fabrication of the moderator (drilling of the source tube hole), » was
chosen as 3.51 cm. As shown in Sect. 3.2.2.5, the fast-neutron flux obtained with this configuration is low
enough that the number of fissions induced in fertile isotopes such as 232 Th is small compared with those
induced in the fissile isotopes.

2.2 Delayed-Neutron Detector System

The overall design of the detector system is indicated in Fig. 2.1. It consists of an *He proportional
counter array, neutron and gamma-ray shielding, and electronic equipment. The structure of the detector









2. Considering the inner ring only, doubling the number of tubes from 6 to 12 increased the detection
efficiency of the assembly by only 24%.

3. Increasing the active length of the tubes (in both rings) from 25.4 cm to 30.5 cm did not significantly
increase the efficiency of either ring.

Based on these results and the high cost of *He tubes, the present design of a single ring of eight
25 .4-cm-long tubes was selected.

2.2.2 Design of detector shielding

The lead annulus that surrounds the sample shields the *He tubes from gamma radiation emitted by
233y/ 2% U fission products and by 2*U and its daughter products, which would be present in HTGR
recycle fuel samples.’ If not screened out, some of this radiation would be detected along with the delayed
neutrons. The 2.0-cm lead thickness was calculated to reduce the dose to the He tubes to ~100 mR/hr
from a “‘worst-case” sample containing 1 g 2¥U with 1200 ppm **U, whose daughter products had
accumulated for one year. This level of background gamma radiation can be readily discriminated from the
delayed-neutron signal.

To shield out neutron radiation originating outside the detector (background radiation), the counter
tube-moderator assembly is encased in a 4.8-cm-thick high-density polyethylene shell. Between this shell
and the inner moderator is a 0.079-cm-thick layer of cadmium. Background neutrons originating outside
the detector assembly are thermalized in the shell and absorbed in the cadmium layer before they can reach
the counter tubes.

Because large quantities of 22Cf are stored in an adjacent hot cell at TURF, the neutron background
in the vicinity of the detector is greater than can be adequately shielded by the polyethylene shell. Thus,
additional shielding was added by placing the detector assembly in a water-filled 91 X 61 X 61 cm
rectangular tank. This provided a minimum of 12 cm of water around the detector and reduced the typical
background from V9 counts/sec to less than 2 counts/sec, an acceptable value.

2.2.3 Detector electronics

The electronic components used in the detector system to amplify and count the signals from the *He
tubes consist of a Tennelec TC164 preamplifier, a TC203BLR amplifier, a TC441 single-channel analyzer,
and a TCS46P scaler. A Tennelec TC940 high-voltage power supply provides the 1000-V dc operating
voltage to the counter tubes. The configuration of these components is indicated schematically in Fig. 2.1.
A Tracor Northern model TN-1700 multichannel analyzer located near cell B and a PDP 11/40 computer
system are also available for use, although they are not integrated into the system.

2.3 Pneumatic Transfer System

2.3.1 Overall description

With the exception of a pair of photoelectric sensors and a sample load-unload station, the pneumatic
transfer system was purchased as a whole from Reactor Experiments, Inc. However, a number of modifica-
tions were made to the original system to adapt it to the assay device; primarily, changes were made that
allow rapid transfer of the sample without damaging it or the polyethylene rabbit that encapsulated it. Asa
matter of interest, these modifications are described in Appendix A.

The system as it stands is shown schematically in Fig. 2.6. It consists of an irradiator end and a detector
end linked together by 15 m of 2.86-cm-ID polyethylene transport tubing. As indicated in Fig. 2.1, this
tube follows a roller-coaster-like path in going from the irradiator to the detector. From the irradiator, the
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Fig. 2.6. Schematic diagram of pneumatic transfer system.

tube loops down through a hatch in the floor of cell B, passes through a vertical chute, and then travels up
to the neutron detector that is approximately at the same elevation as the irradiator. Although this is not an
ideal path, it takes advantage of the most accessible entryway to the cell, given the present location of the
irradiator and detector.

The sample, which is enclosed in a 2.6-cm-OD by 6.2-cm-long polyethylene rabbit, is propelled through
the tube by compressed air regulated to V10 psi (6.9 X10* N/m?). Compressed air at 85 psi (5.9 X 10°
N/m?) is provided to the ballast tanks by TURF air supply lines. The flow of air through the pneumatic
system is controlled by pilot-air-assisted solenoid valves. Photoelectric sensors are attached to the pneu-
matic transfer tube near the detector end and the irradiator end. They detect the rabbit as it passes and
provide control signals, as explained below. The detector and irradiator ends of the transfer tube consist of
two concentric aluminum tubes (0.16-cm wall thickness), of which the inner tube is a continuation of the
polyethylene transfer line. The propellent and the exhaust air flow through an annular gap between the
inner and outer tubes.

The air supply system at the detector end contains a “bleed-air”” provision to supply a constant flow of
low-pressure air to the irradiator end during irradiation of the sample. This provision was included in the
pneumatic system because, in the original plans for the assay device, the irradiator end was to have been in
a horizontal rather than a vertical position. Thus the low-pressure air flow would push the rabbit against the
stop bar in the irradiator end, keeping the sample in a fixed position during irradiation. Since the final
design has the irradiator end in a vertical position, use of the bleed-air supply for this purpose is unneces-
sary. Instead, the bleed-air system is used to shoot an air pulse against the rabbit as it enters the detector
end, slowing the rabbit down.



The remote sample loader-unloader is the final component of the pneumatic transfer system and gives
the system complete remote operation capability. The load-unload station operates on a turntable principle.
A central, motor-driven cylinder with a receptacle for receiving rabbits can be positioned in three locations.
The first location sets the receptacle in a verticle orientation to allow a new sample to be dropped into the
loader. From here, the central cylinder can be rotated to align with a branch of the transport tube through
which the sample can be transported to the detector. The loader-unloader remains in this position until the
sample is ready for unloading, at which time the rabbit is directed back to the unloader. After the rabbit
arrives in the central receptacle, the central cylinder is rotated again. This time it moves to a downward
passage through which the sample is removed from the system. At this point the central cylinder is returned
to the upper vertical location to receive a new sample.

2.3.2 Operation of transfer system

Referring to Fig. 2.6, the sequence of events that occur during sample loading or unloading and transfer
between the detector and irradiator is as follows. After a sample has been dropped into the loader, its
central cylinder is rotated by a small ac motor until the rabbit is aligned with the load-unload branch of the
pneumatic transfer tube. The rotation of the motor is interrupted at this point by a limit switch installed in
the loader housing. The rabbit diverter valve is set to connect the loading branch with the main section of
the pneumatic transfer tube. A 120-V ac signal is applied to solenoid valve E to allow compressed air to
flow through the loader and exhaust out through the detector end and valves A and B. When the rabbit
passes photoelectric sensor 2, solenoid valves E and B are closed and solenoid valve C is opened supplying a
pulse of bleed air to slow the rabbit down as it enters the detector.

To begin a series of irradiation and count cycles, the rabbit diverter valve is switched to connect the
main section of the transfer tube to the irradiation end. A signal is applied simultaneously to solenoid valves
A and F, which allows regulated compressed air to flow through the detector end, into the transfer tube,
and out through the solenoid F exhaust. When the rabbit passes photoelectric sensor 1, a signal is produced
that is used to turn off solenoid A, allowing the rabbit to decelerate as it falls into the irradiator end.
Because the air exhausts through the tee above the irradiator end, a dead-air space is created that cushions
the rabbit’s fall.

The rabbit is propelled back to the detector by a signal that opens solenoid valve D. Compressed air
then passes through the irradiator end, into the transfer tube, and into the detector end. It exhausts
through solenoid valves A and B. A signal from photoelectric sensor 2 (triggered when the rabbit passes)
closes solenoid valve D and exhaust valve B, allowing the rabbit to fall into the detector end. This signal also
opens the bleed-air solenoid valve C that supplies a pulse of air to slow the rabbit down.

The rabbit continues to be shuttled between the detector and the irradiator until a preset number of
cycles has been reached. At this point the rabbit is left in the detector and is ready for unloading. The
rabbit diverter valve is now set to connect the transfer tube with the unloading branch. As in the case of
transfer to the irradiator end, solenoid valves A and F are opened. When the rabbit passes photoelectric
sensor 1, they are closed and the rabbit falls through a dead-air space into the unloading receptacle. The ac
motor attached to the central cylinder of the unloader is activated, rotating the rabbit to the unload
position and on around to the verticle load position, where it is stopped by limit switches. A new sample
can then be loaded into the system.

2.4 Programmable Logic Controller and Control Panel

The programmable logic controller is the focal point of the assay device, in that all of the main
components of the device are coupled to and/or controlled by it. The PLC system used here is a Texas
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3. EVALUATION OF ASSAY SYSTEM

The evaluation of the assay system was based primarily on an investigation of the accuracy and
precision of its measurements. In performing this evaluation, many experiments were run which were
augmented by several analytic studies. A sufficient amount of operating experience was accumulated to
state that the device has a very high probability of reliable operation. No major operational problems were
encountered during one year of experimental assay measurements. This high reliability can be attributed
primarily to the simplicity of the system design.

3.1 Calibration Procedure and Data Analysis

Before discussing the evaluation of accuracy and precision it is necessary to make a few introductory
remarks about the calibration procedure and method of data analysis. Fundamentally, the device only
measures delayed-neutron yields from nuclear fuel samples. To translate these data into fissile content of
unknown samples, a functional relationship (i.e., calibration curve) between delayed-neutron counts and
fissile mass must be obtained. Different calibration curves will correspond to different fissile isotopes or
different mixtures of fissile isotopes. Other factors may also affect calibration curves. For example, HTGR
fuel rods composed of particles with high-density kernels require a different calibration curve than rods
composed of low-density particles. For another example, different calibration curves would be required for
samples of uncoated fuel kernels and samples of fully coated particles. Figure 3.1 shows a sample calibra-
tion curve obtained from HTGR fuel rods composed of low-density fuel particles.

ORNL-DWG 78-16176
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Typical calibration curves are approximated quite well by Eq. (3.1):

C=A(1-eBY) (3.1)

where

C is the number of counts accumulated,
A and B are constants,

X is the fissile mass.
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The constants 4 and B are determined by a least-squares fit of calibration data collected on standards of
known fissile content. Fabrication of standards and measurement of the response must be performed very
carefully to prevent biases in future assays.

From the above equation it is apparent that the counts accumulated during an assay approach an upper
limit as the fissile mass increases. Consequently, the assay system becomes less sensitive to changes in mass
as fissile mass increases. However, the maximum fissile mass expected for assay by this device is 0.5 g, and
as seen from Fig. 3.1 the system sensitivity over this range does not decrease significantly.

Since X in Eq. (3.1) is the desired result of an assay, and C is the directly measured quantity, a more
useful form of the equation for measurement purposes is its inverted form:

1 A
X=—1n <A C> : (3.2)

Measured counts from unknown samples can be inserted into Eq. (3.2) to obtain the desired fissile content.

One additional point is noted before proceeding with the details on evaluation of precision and
accuracy. Using Eq. (3.2), another equation can be derived that describes the sensitivity of changes or
variations in the observed count on the resulting fissile content. For small changes in the count, the
corresponding change in the fissile content can be approximated by Eq. (3.3):

A~ A0, (3.3)

where the delta notation indicates change in the bracketed variable. From Eq. (3.2),

ax__ 1. (3.4)
dC B4 - O)
1
A(X) ~ BA_O AC). (3.5)
On a fractional basis,
AX) _ A(C) (3.6)

(A»C)ln<AAC>

Since A4 is usually four to ten times larger than C,* a final approximation can be applied to Eqg. (3.6) to
arrive at Eq. (3.7):

AX/X = AC/C. (3.7)
Hence, a percentage change or uncertainty in a fissile mass determination is approximately equal to the

percentage change or uncertainty in the measured delayed-neutron counts. This relationship is used often in
the following sections for precision and accuracy evaluations.

*Ten irradiation and count cycles were made for each measurement.
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3.2 Accuracy and Precision of Assays

In this evaluation a distinction is made between accuracy and precision. The following are definitions of
the terms as they are used in this report:

Precision — the degree to which the results of an assay are repeatable.

Accuracy — the degree to which the results of an assay agree with the true amount of fissile material in
samples.

Accordingly, a measurement may be highly precise and yet it may be totally inaccurate. The reverse
statement is not true. Accuracy is limited by the precision of the measurement.

3.2.1 Assay precision

The precision of assays made with the device is composed of two components. First, uncertainties are
introduced due to the limited control capability of the programmable logic controller and the limited
response ability of the pneumatic transfer system. Due to these limitations, run-to-run variations may be
observed in specified irradiation times, counting times, and transport times. These will result in different
responses from a sample undergoing repeated measurements with identical test conditions. Of these varia-
tions, the factor of greatest concern is the degree of variation in the time lapse between the end of
irradiation and the start of the counting period. To minimize the potential uncertainties in this phase of the
measurement cycle, a time interval of 4.5 sec is allowed for transfer. In this way, assurance is given that the
sample has had sufficient time to travel from the irradiator to the detector (2.0 sec is the maximum
observed time). Also, this interval allows the very-short-lived delayed-neutron precursors of high activity to
decay so that any variations in the transfer time will have minimal impact on the total count.

The inherent randomness of the nuclear decay process is the second component of assay precision
which leads to variation in the measured counts. That is, even if the sample transport and control opera-
tions had absolute precision, repeated measurements of a given sample would still yield different results.
This effect is unavoidable but can be minimized through selection of optimum operating procedures. A
study® investigating the statistical nature of delayed-neutron counting addresses this issue. The principal
results of that study are repeated here. The most fundamental result is that counts accumulated during
multiple irradiation and count cycles are not governed by Poisson statistics as typically found in nuclear
counting situations. A correlation between counts accumulated in individual cycles leads to statistical
relationships that contain covariance effects. Consequently, statistically optimized irradiation and counting
times do not necessarily result in a maximized total count. Covariance effects are most prominent in
systems with very short time intervals between irradiation and counting intervals, but they have a slight
impact on the selection of operating parameters for the HTGR system. Table 3.1 lists optimum operating
conditions for various-length measurements on 23U and 23U, the two fissile nuclides in HTGR fuel. It is
interesting to note that when covariance effects are accounted for, the optimum number of irradiation and
count cycles for a fixed measurement time is generally less than those based on maximization of the count,
Thus, although improvements in statistical precision are small, less wear and tear on the system results when
the parameters selected by this detailed analysis are used. As expected, the study also indicates that
statistical precision is improved as thermal-neutron flux increases and as detector efficiency increases.

To experimentally determine the overall assay precision of the device, a series of repeated measure-
ments of fuel samples was conducted. A wide variety of operating parameters was investigated. In Table
3.2, data collected for five separate measurements made on a sample fuel rod containing 0.15 g of highly
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Table 3.1. Statistically optimized operating conditions for the HTGR small-sample assay device

Operating parameters

Total 235U samples 233U samples
measurcment

time Coefficient of Coefficient of
. No. of _ . .4 No. of _ Y

(min) cvele R= tl/tC variation cvele R = tI/tC variation

yeles (normalized) yeles (normalized)
1 1 1.000 18.67 1 1.000 27.07

10 15 1.040 5525 12 1.041 7.997
30 45 1.045 3171 38 1.048 4.583
60 90 1.045 2.239 76 1.048 3.234

300 451 1.045 1.000 383 1.048 1.444

2The coefficient of variation is defined as the standard deviation of the measured counts divided by the mean value
of the counts and multiplicd by 100. In this case the coefficient is normalized to 1.000 for a 300-scc measurement on
235

U.

Table 3.2. Sample data of counts collected from five repeated measurements of an HTGR fuel rod

Counts accumulated per cycle? Stand
Cycle/Trial Mean '
1 2 3 4 5 Dev.
1 28,632 28,914 28,519 28,564 29,027 28,731 226
2 31,928 31,939 32,013 31,747 32,063 31,938 120
3 33,278 32,804 32,924 32,822 32,623 32,890 242
4 33,183 32,898 33,014 33,153 32,831 33,016 154
N 33,298 33,211 32,996 33,210 33,155 33,174 112
6 33,222 33,498 33,045 33,077 32,945 33,157 215
7 33,200 33,162 33,320 33,183 33,201 33,213 62
8 33,456 33,602 33,121 33,295 33,139 33,323 207
9 32,839 33,512 33,396 34,093 33,251 33,418 455
10 33,285 33,782 33,090 32,524 33,386 33,213 461
Total 326,321 327,322 325,438 325,668 325,621 326,074 773
Coefficient of variation = 73 X 100%
100 = 376,074 v
=0.24%

Operating parameters:

Total measurement time, 10 min
Irradiation time, 25.7 sec/cycle
Counting time, 25.7 sec/cycle
Number of cycles, 10
Known fissile content of sample: 0.1496 g ***U

4Counts are corrected for a small background activity.

enriched (“93%) 23U are given.* The column headings of the table correspond to the five measurements,
their mean, and their standard deviation. Listed vertically are the irradiation and count cycle numbers with
the corresponding number of counts accumulated in each cycle. At the bottom is the total number of
counts accumulated for all cycles in each measurement. Recalling Sect. 3.1, note that the coefficient of
variation in the number of counts closely approximates the coefficient of variation in the assayed fissile

*For the calibration curve of Fig. 3.1, 4 = 2.8 X 10°, while counts at calibration points ranged from 0.3 X 10° to 0.8
X 10°.
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mass. Thus the coefficient of variation of the assay results corresponding to these sample measurements is
0.24%. Other 10-min assays had variations averaging around 0.15%. Using the theory presented in ref. 5, the
calculated statistical variation of these measurements should be approximately 0.18%. It can be concluded
from these results that the precision of assays made with this device is primarily due to statistical effects
and that variations in the operation and control components are insignificant in comparison. Also, the
precision of 10-min assays is sufficient to meet the design requirement of 0.30%.

3.2.2 Assay accuracy

Assays are made by measuring the delayed-neutron yields of unknown samples and then comparing the
accumulated count with those obtained from an identical measurement of calibration standards to arrive at
a fissile content for the unknown. Hence, any differences between the calibration standards and the
unknowns with respect to fissile mass distributions or particle kernel densities may potentially bias the
results. For example, if individual fuel rods are being assayed under conditions where calibration standards
have a uniform fissile mass distribution and unknowns have a 20% higher fissile mass concentration in the
center than on the ends, then a slight bias may be introduced into the results. Other factors such as neutron
source decays changes in neutron background activity, and system sensitivity to the fertile content of
samples all may affect the results of assays. Each of these is discussed in detail below.

3.2.2.1 Fissile mass distribution. Differences between the fissile mass properties and distributions in
calibration standards and unknown samples can lead to biased assay results. Usually no correction can be
made for this effect. However, the effect can be minimized by carefully constructing calibration standards
to closely resemble the fissile distribution in the samples to be assayed. To simplify this analysis, all
measurements to be made by the assay device can be viewed as measurements on samples of fuel particles.
The samples are either in the form of loose particles restrained in a rabbit or particles dispersed throughout
the volume of a molded fuel rod. In either case, assay results are influenced by the fissile mass distribution
in the sample as a whole, as well as the fissile properties of the individual fuel particles. For additional
simplicity, assume that all samples are in the form of molded fuel rods. The same results apply to collec-
tions of loose particles.

First, consider the effects on accuracy of the fissile distribution in the sample as a whole. Uniform
fissile concentration throughout the rod is the goal of the rod production process. In practice, production
rods will approach this standard, but they will always have some nonuniform component. By assuming
calibration rods to be perfectly uniform and by examining several assumed fissile distributions in un-
knowns, an estimate can be made of the biases that will result. Below is an analysis of distribution
variations in each of the three spatial directions.

Axial effects. The system assay response can be written as the product of the irradiator flux, the
detector sensitivity function, and the fissile mass distribution integrated over the volume of the fuel rod.
For examination of axial mass distribution effects, all radial and azimuthal components of the above
functions are taken to be uniform. Neutron self-shielding effects are presently ignored but are considered
later with respect to radial effects.

The axial flux distribution in the irradiator has been determined experimentally through the use of
neutron activation analysis. The absorber selected for this experiment was '°7 Au, which forms the unstable
isotope 1*® Au upon the capture of a thermal neutron, as shown in Eq. (3.8):

197Au(” ) 198 A1 (8,7) 198 | (3.8)
2.696d ’ '
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For measurements of this type, it can be shown that the neutron flux to which the absorber was exposed is
given by

Nqo, (1 —e M0y’

39

where

¢ = thermal-neutron flux (neutrons/cm? -sec),

Ag =" Au activity at the end of irradiation (disintegrations/sec),
N, =number of *7 Au target nuclei,
0, ., = microscopic thermal-neutron absorption cross section for %7 Au (¢m?),

As = radioactive decay constant for ¥ Au (sec™!),

t = irradiation time (secj.

A gold wire 10 mils (0.0254 ¢m) in diameter was selected for activation in this experiment. The wire
was first cleaned to remove all surface contamination and then installed in a specially prepared fuel rod to
hold it during irradiation. The wire was placed through the axial center of the rod and along the rod’s outer
surface. Figure 3.2 shows a diagram of the wire-containing rod and a polyethylene transfer rabbit used to
convey the sample to the irradiator. The fuel rod is the same size as those used in the Fort St. Vrain reactor
(1.24 c¢m in diameter by 4.93 c¢m long}, and it was fabricated of ThO, -bearing particles only. No fissile
material was contained in the rod, so that the flux determination yields a result characterized by the
absence of neutron self-shielding.

The loaded rabbit was then positioned in the irradiation chamber and irraviated for 66 hr. After the
activation period, the rabbit was removed from the irradiator, and both the inner and outer gold wires were
cut into eight segments of approximately equal length. Each segment was then weighed and counted to
determine the !°® Au activity. With the weight of the wires and their activities known, Eq. (3.9) was then
solved for the absolute thermal-neutron flux.

ORNL-DWG 77-45629R
POLYETHYLENE RABBIT BODY
"0*RING

FOAM CUSHION
ThOz FSV FUEL ROD
0010 diam GOLD WIRE

FOAM CUSHION

POLYETHYLENE END CAP

Fig. 3.2. Gold wire encapsulation for thermal-neutron flux measurement.
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The results of the activation experiment are presented graphically in Fig. 3.3, where the absolute
thermal-neutron flux is shown to be a function of the height above the bottom of the irradiation chamber.
Table 3.3 gives the average values of the flux and the maximum variation from the average for the wires
located at the surface and the center of the fuel specimen. As seen from both Fig. 3.3 and Table 3.3, the
flux in the radial direction is essentially constant throughout the fuel sample. The dip in the flux observed
near the center of the outside wire is due to the presence of the neoprene O-ring on the rabbit. This was
included to improve the transport characteristics of the rabbit; however, its flux-depressing properties were
considered to be detrimental, and the ring is no longer used.
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Table 3.3. Absolute thermal-neutron flux in the delayed-
neutron nondestructive assay device?

Maximum axial variation

Radial wire Absolute flux
. 2 from average
location (neutrons/cm? +sec)
(%)
Outside 9.772 X 10° 4.7
Center 9.769 X 10° 4.4

aAt the time of this measurement, there was 762 ug of **2Cf in the source
having an activity of ~v1.75 X 10° neutrons/sec.
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For later inclusion as a component of the flux-detection mass distribution integral, the flux was

approximated by a normalized sine function of Eq. (3.10):
#(x) = 1.0301 sin (0.8416x + 1.15) . (3.10)

Figure 3.4 shows how the function fits the measured Jata points.
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Fig. 3.4. Measured neutron flux and approximating sine function.

The relative sensitivity of the detector with respect to the axial position of the sample was also
measured. A small vial containing 1 ug 2°Cf in solution was suspended at a number of vertical positions
(on the central axis) in the detector and counted to determine the relative detection efficiency with respect
to axial sample position. A 100-sec count was taken at each of 11 positions, and the relative counts/sec
were plotted (Fig. 3.5). As evident from the plot, the detector response is quite flat over the normal sample
counting position (within *2.5 cm of the horizontal midplane). Similarly to the flux measurement above, a
normalized sine function was fit to the measured data. The resulting detector efficiency function is given by
Eq. (3.11):

e(X) = 1.0065 sin (0.3947X + 1.3734) , (3.11)

where X is the fractional height above the bottom of the detector sample chamber (i.e., 0 at the bottom, 1
at the top) and €(X) is the relative detector efficiency at height X.

Six hypothetical fissile distributions, shown in Fig. 3.6, were selected to determine the magnitude of
the variations in the device response. These distributions range from a uniform case corresponding to
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Iig. 3.6.(cont.) Hypothetical fissite mass distributions used to study the effects of axial fuel heterogeneities.

calibration rods to several worst-case estimates of production foul-ups. Note that each of the mass distribu-
tion functions has been normalized to a unit mass in each rod. Each mass distribution was multiplied by the
flux function and the detector function. The product was integrated over the length of the fuel rod to get
six values proportional to the device response for those distributions. The results (see Table 3.4) show that
large variations in mass concentrations (+15%) have only a small effect ("0.4%) on assay accuracy. Cases 4
and 5 have the largest effect on accuracy, but the probability of ever encountering these distribution types

is very small.

Table 3.4. Effect of variations in axial fissile concentration
On assay response

Uranium distribution [ X)) e (XOM(X) dx
M(x)=1.00 1.0000
M(x)=1.15-0.3x 1.0000

1.15,x < 0.5
M(x)= 1.
)= 085,x 505 0000
Mx)=-1.2(x - 0.5)* +1.1 1.0029

1. . .
Mix) = 15,0.25 <x <0.75
0.85,0.25 <x;x > 0.75
M(x) = 1.159¢ ~0-3023x 1.0002

1.0041
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Radial effects. As in the case of axial fuel concentration differences between calibration standards and
unknowns, radial differences also have a potential effect on assay accuracy. In general, variations in the
irradiator flux, the detector efficiency, and the mass distributions are responsible for potential assay biases.
However, in this case, the detector efficiency does not play a significant role. Since delayed neutrons are
emitted from precursors with relatively high energy (200 to 600 keV), the neutrons can easily escape from
a fuel sample whether they are born in the center or on the surface of the fuel. Thus, detector sensitivity is
independent of radial position and is eliminated from this consideration.

The thermal-neutron radial flux profile in the vicinity of the sample chamber is the major contributor
to radial assay biases. Here, neutron self-shielding effects cannot be ignored. The magnitude of these biases
has been estimated through the use of a one-dimensional calculational model of the irradiator. The
geometry of the model was based on infinite-height concentric cylinders. The center region was composed
of nuclear fuel material having a diameter equal to that of a typical fuel sample (~v1.27 cm). This region
was surrounded by multiple annular regions of polyethylene and water. A very thin annular region was used
to simulate the rotating neutron source. It was located 3.5 cm from the central axis. A 123-energy group,
transport theory calculation was used to determine the neutron flux. The XSDRNPM module of the
AMPX? computer code system performed the calculation. Neutron interaction cross sections were taken
from the ENDF/B-1V data file.

Three fissile concentration gradients typical of calibration standards and worst-case production speci-
mens were studied. On a unit-length basis, each fuel sample had the same total amount of fissile material. In
the first case, the fissile material was given a uniform radial concentration. The second case corresponded to
a 14% increase, linear with radius, in fissile concentration from the center to the surface of the fuel sample.
The third case was the inverse of the second. It contained a 14% radial decrease in fissile concentration
from center to edge. For each case, the total number of counts accumulated during a fixed measurement
was calculated. It was found that a 0.36% lower assay response was associated with both gradients com-
pared with the uniform case. Thus, radial assay biases are approximately equal to axial effects. Large fissile
concentration differences between standards and unknowns generate small assay biases.

Azimuthal effects. The last whole-sample spatial effect on accuracy is due to fissile concentration
variations in the azimuthal direction. Measurements were made on three specimens exhibiting extreme
azimuthal heterogeneities. Figure 3.7 shows the location of fissile material in a cross-sectional view of the
three specimens. Each specimen contained the same total mass of fissile material. However, the assay
system response to the three specimens varied by 5%, with specimen 1 giving the highest response and
specimen 2 the lowest response. Specimen 3 gave a response 1.7% higher than specimen 2. Fortunately,
production variations in azimuthal fissile concentration are not expected to be nearly as severe as those
illustrated in Fig. 3.7. Consequently, it is believed that these effects will not be greater than a few tenths of
a percent.

3.2.2.2 Fissile particle characteristics. The response of the assay system can be biased by differences
between the fissile particle characteristics of calibration standards and unknown samples. The primary
factors influencing the system response are the density and volume of individual fissile particle kernels. The
impact of variations in each of these variables is described below.

Kernel density effects. An experiment was conducted to determine the effect of fuel particle kernel
density on the assay device response. Calibrated fuel rod standards were fabricated with particles of
high-density kernels (3 U density, 8.34 g/cm?®). The standard rods covered a range of fissile contents up to
0.5 g 2¥U. These rods were measured and compared with measurements made on rods composed of
low-density kernel particles (33U density, 2.23 g/cm?®). The resulting calibration curves are shown in Fig.
3.8. As expected, the assay device exhibits a lower response to the standards composed of high-density
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Fig. 3.8. Calibration curves for fuel rods composed of high- and low-density fuel kernels.

kernels in comparison with standards of the same uranium content in low-density kernels. This is due to the
higher neutron self-shielding property of the high-density kernels. Specifically, the high-density kernels gave
a response 5 to 8% lower than did the low-density kernels over a range of uranium loadings from 0.1 to 0.5
g. This leads to the conclusion that different calibration curves are required for widely different fuel kernel
densities. For production, in which variations of the 2% U density in the kernels are not expected to exceed
5%, biases in assay results will be less than 0.1%.
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Kernel volume effects. Another experiment was conducted to investigate the effects of fuel kernel size
on assay response. Fissile kernels of two different size ranges were fabricated. The first group had a mean
kernel diameter of 375 um, with minimum diameters of 370 um and maximum diameters of 380 um. The
second group had a mean diameter of 440 um, with minimum kernel diameters of 430 um and maximum
diameters of 450 um. The density of each kernel batch was held constant at 1.63 g/em® 2*U. Each group
of kernels was processed separately through a coating operation and a fabrication process into fuel rods.
Again, a range of rod fissile contents up to 0.5 ¢ 2% U was examined. Measurement of the rods revealed
that net counts per gram of fissile material were approximately 1% lower for fuel rods composed of the
larger particles. Thus a 17% change in average fissile kernel diameter causes a 1% effect on assay accuracy if
calibration curves remain unchanged. Production variations in mean kernel diameters are again expected to
be small, and assay biases are not expected to exceed 0.1%.

3.2.2.3 Background activity. To minimize the potential biasing effects of changes in detector back-
ground count rates, measurements must be corrected for counts attributable to sources other than delayed
neutrons. Fortunately, background counts for this device are small compared with delayed-neutron counts
from samples in the 0.1- to 0.5-g fissile content range. Nevertheless, the corrections must be made.

The background activity originates from two neutron sources. The first of these is the fuel sample itself.
Neutrons are released from unirradiated samples due to naturally occurring () reactions in the fuel
matrix. This source is only observed in ***U samples, which unavoidably include the highly alpha-active
22y decay chain. The level of this background component is directly proportional to the 2*U content of
the sample, and it is also dependent on the age of the material, since the activity of the 2**U decay chain
increases with time. Peak activity of the chain is approached in an exponential fashion and is reached after
ten years of undisturbed decay of an initially pure 2**U sample. Measurements have been made of the ()
background count rates in samples of uncarbonized fuel kernels. These indicate a 1-count/sec background
from 0.5 g ?%U having V7 ppm 23U that is two years old. Reactor-grade ***U may contain ~1000 ppm
2327, with assays being made up to six months after removal of *?U decay products. Here, (o) count
rates may be as high as 70 counts/sec and constitute 5% of the total sample count. Using a 2-min
measurement, count rates of this magnitude can be estimated to within 2% with 95% confidence. Thus, if
not corrected for, changes in material age or differences in the 2*?U content of calibration standards and
unknowns could lead to an assay bias of a few percent. However, subtraction of this background from the
gross count eliminates any possible bias. Perhaps 0.1% in precision uncertainty could be accounted for by
this factor.

The second component of background activity results from minor detector sensitivity to the neutron
source used in the system’s irradiator and to other quantities of californium in use at TURF. As mentioned
in Sec. 2.2.2, this activity leads to a detector count rate of 2 counts/sec. Again, as in the case of the (an)
background, correction for this leads to no assay bias. Assay precision is not significantly affected by this
low background.

During operation, no distinction is made between the (a) background and the TURF environmental
background. These are measured simultaneously by taking a total background count with the sample in the
detector just prior to the first irradiation. In this way, only a single background correction is made to the
measured gross count.

3.2.2.4 Source decay. The source used for neutron irradiation of fuel samples consists of ~1 mg 2 Cf.
This isotope has a half-life of 2.64 years. Since system response is directly proportional to the neutron flux
in the irradiator, which in turn is directly proportional to the neutron source strength, corrections must be
made to measured net counts so that all measured counts will be on an equal flux basis. Failure to correct
for source decay could lead to significant biases. If the correction is not made, ten days after the date of
calibration a 0.7% bias will exist in all assays, and 100 days later a 7.5% bias will result.
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3.2.2.5 Sensitivity to fertile materials. Large quantities of fertile isotopes such as ?**Th and 2®U are
often present in nuclear fuel materials. This is true in the case of HTGR fuel, where **2Th is the primary
fertile isotope. These isotopes are an important concern in the design of fissile assay systems because they
will undergo fission if exposed to a high-energy neutron flux. In the case of the HTGR sample assay device,
the sample irradiation flux is relatively well thermalized, but it also contains a fast component. Hence the
device response will contain some small sensitivity to fertile materials, and assay results may be slighﬂy
biased due to variations in sample fertile content.

An experiment was conducted to determine the system’s response to samples containing large amounts
of fertile isotopes and no fissile material. These measurements could then be compared with identical
measurements on samples containing both fissile and fertile material. The results of this study indicate that
the ratio of the system’s response to 1 g 232 Th relative to that from 1 g 23U is ~3.7 X 10 ™. On the basis
of 1 g 23U, the ratio is ~1.0 X 1073 Since the highest expected ratio of fertile-to-fissile mass in HTGR
fuel samples is 25, system sensitivity to 23 Th will account for no more than 1.0% of the total response in
25U samples and no more than 2.5% of the total response in 23*U samples.

System sensitivity to fertile isotopes can be adjusted for in two possible ways. First, if the amount of
*2Th is known in both calibration standards and unknown samples to within a few percent, the fertile
component of the system response can be subtracted out of the total signal in a fashion similar to
background corrections. This procedure could result in assay biases of 0.1 to 0.2% in some cases. The
second approach would require calibration standards to contain approximately the same amount of fertile
material as in unknowns. In this case the response to 2*Th would be approximately equal in both
calibrated standards and unknowns, and consequently very little bias would occur in assay results. While the
second approach may be more accurate, it must also be pointed out that this procedure would require
many more calibration standards than does the first method.

3.3 Miscellaneous Investigations
3.3.1 System response to mixtures of **Uand 2* U

As part of another investigation for determining the individual masses of 2*U and 2*U in mixed
systems, calibration data were collected on samples having a wide range of ***Uand **U contents. It was
found that in dual fissile samples, the device response could be closely approximated (i.e., *1%) by the
function below:

< A, X A, X%
C= +

_ 23 25
X® +RX* X23+RX25>{16 R (3.12)

where

C is the number of counts accumulated by the detector,
A;,A,,B,and R are constants,
X?® and X* are the fissile masses of >**U and * U respectively.
Constants were found for the above function such that measurements of 11 samples having total fissile

contents from 0.3 to 0.5 g and having *3U fractions of 100, 75, 50, 25, and 0% agreed with the
correlation to within +1%.
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3.3.2 Detector response to neutron energy

The MORSE computer code was used to calculate the relative efficiency of the detector assembly with
respect to the energy of neutrons uniformly emitted throughout the volume of a typical fuel sample.
Calculations were done at seven different neutron energies ranging from 0.025 to 4 MeV. The results of this
study are plotted in Fig. 3.9. The purpose of this work was to determine neutron detection efficiencies for
different groups of delayed neutrons. These were then used in calculations to determine optimum assay
operating procedures as reported in Sect. 3.2.1. The energies of delayed-neutron groups produced in >*U
fission range from 250 to 560 keV and result in a detection efficiency for the high-energy group that is 13%
lower than for the low-energy group.
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Fig. 3.9. Relative detector efficiency vs energy of neutrons emitted by sample.

4. CONCLUSIONS AND RECOMMENDATIONS

A nondestructive fissile assay system has been designed, constructed, and tested as part of the HTGR
Fuel Recycle Development Program. The purpose of this device has been to demonstrate a technology that
allows rapid (10 min/assay) nondestructive measurement of the fissile content of HTGR fuel samples.
Although the system was designed for operation with HTGR fuel samples, it would be well suited for
measurements on small samples of most any nuclear fuel that is not highly gamma-active (e.g., spent fuel).
The device is intended to serve as a quality-control instrument in a sample inspection station and also as one
component of an integrated nuclear safeguards system for an entire fuel recycle facility. Overall, the assay
system is considered to be of engineering scale; however, two main components (i.e., neutron irradiator and
delayed-neutron detector) are very nearly prototypic in design.
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Tests of the device focused primarily on evaluations of the system’s precision and accuracy in measure-
ments on fuel samples containing 23U and ?*U. In performing the many measurements required to
evaluate precision and accuracy, it was found that the system exhibits highly reliable operation. Results of
evaluative testing indicate that the device is easily capable of producing the required precision of +0.3%
when using 10-min measurements. Careful control of calibration procedures must be maintained to elimi-
nate possible biases in assay results. It is believed that biases of less than 0.2% can be achieved with a
well-calibrated assay device operating in a well-controlled fuel production environment.

Recommendations for upgrading the device to a prototypic scale are as follows:

1. Replace the existing pneumatic transfer components with new equipment meeting the proposed design
requirements’ for fuel sample transfer in the HTGR Fuel Recycle Facility.

2. Automate the data analysis task to have a computer generate immediate assay results at the end of an
irradiation and count series.

3. Install an automatic sample loading mechanism that would allow an operator to prepare 20 samples for
assay and then return several hours later to examine the results.
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APPENDIX A

MODIFICATIONS MADE TO PNEUMATIC TRANSFER SYSTEM

The following changes were made to the pneumatic transfer system as supplied by the vendor.

The loader-receiver was replaced by an ORNL-designed load-unload station.

A foam-rubber cushion (0.7 cm thick) was installed at the detector end to cushion the fall of the rabbit.
A copper tee was added near the irradiator to create a dead-air space in the irradiator end.

The exhaust port of solenoid D was plugged.
Solenoid F was added with a globe valve on its exhaust to adjust the orifice.

Photoelectric sensors were added to detect the passage of rabbits and signal propulsion valves to close.
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APPENDIX B
PROGRAMMABLE LOGIC CONTROLLER PROGRAM

The PLC program used to operate the assay device is represented in ladder diagram form in Fig. B.1.
Each program step is represented by a rung in the ladder, bracketed by the two sides of the 120-V ac poWer
line. The elements that are controlled (outputs) are located on the right-hand side of the rungs (in circles).
The output state is determined by the state of the elements on the left-hand side, which are combinations
of timers, counters, and input switches. Table B.1 lists the components to which each input and output
module is connected. As an example, in step F of the program, output Y2 is energized if contact X8 is
closed and Y3 is open (so Y3 is closed). In other words, if photoelectric sensor 1 (input module 8) is
triggered by the rabbit as it travels toward the irradiator (in which case solenoid valve D, wired to Y3, is
off), then the panel display light wired to output module Y2 will light up.

A complete listing of the assay program is supplied in Table B.2. For a detailed discussion of PLC
programming and use of the various elements such as timers, counters, and control relays, the reader is
referred to the 5TT 2000 Operator’s Manual.®
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Fig. B.1. Ladder diagram representation of PLC program for control of the delayed-neutron-type assay device.
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Table B.1. Programmable logic controller input-output designations

PLC /O number

Function?

<

Input

Nolio TR e N I e N

el

Qutput

[NoRNo I B o RS R R T S

10

ENABLE

DISABLE

SERIES-START

SERIES-RESET

MANUAL OVERIDE? (TRANSFER RABBIT TOWARD IRRADIATOR)
MANUAL OVERIDE? (TRANSIER RABBIT TOWARD DETECTOR)
LOAD?

UNLOAD?

PHOTOELECTRIC CONTROL SIGNAL 1 (IRRADIATOR END)
PHOTOELECTRIC CONTROL SIGNAL 2 (DETECTOR END)

LIGHT.” IRRADIATOR

LIGHT, DELAYED NEUTRON DETECTOR

LIGHT, PHOTOELECTRIC SENSOR NUMBER 1

LIGHT, IRRADIATOR END AIR INPUT VALVE: SOLENOID D
LIGHT, IRRADIATOR END AIR EXHAUST VALVE: SOLENOID I
LIGHT, DETECTOR END EXHAUST VALVE: SOLENOID B
LIGHT, DETECTOR END AIR INPUT VALVE: SOLENOID A
LIGHT, BLEED-AIR SUPPLY: SOLENOIDS B & C

LIGHT, IRRADIATION IN PROGRESS

LIGHT, DECAY PERIOD

LIGHT, COUNTING PERIOD: EXTERNAL GATE ON SCALER
LIGHT, END OF CYCLE

LIGHT, END OF SERILS

LOAD/UNLOAD STATION AIR INPUT VALVE: SOLENOID E

4ENPUTS 0—7 correspond to control panel switches.
PExccute button must be pressed to accomplish this tunction.
“LIGHTS indicated in this column are control panel display lights.

Table B.2. PLC program steps for delayed-neutron

assay device operation

Ladder Storage Element
component location description
A 0 STR X1
1 AND X6
2 OR CR11
3 AND NOT X9
4 OUT CR11
B 5 STR CR11
6 AND NOT X9
7 OuUT Y13
C 8 STR X1
9 AND X7
10 OR CR12
11 AND NOT X8
12 OUT CR12
D 13 STR X2
14 STR X2
15 TMR3
16 ty
17
18 OUT CR16
E 19 STR X2
20 AND NOT CR16
21 OR CR10
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Table B.2 (continued)

Ladder Storage Element
component location description
22 OR CR1
23 AND NOT X8
24 AND X0
25 AND NOT X3
26 OUT CR1
I 27 STR X8
28 AND NOT Y3
29 OUT Y2
G 30 STR X8
31 AND Y6
32 AND NOT Y3
33 AND X0
34 OR CR2
35 AND NOT CR3
36 OUT CR2
37 OUT Y8
38 OUT YO
H 39 STR CR12
40 OR CR1
41 OR X4
42 AND NOT X8
43 OUT CR13
I 44 STR NOT CR13
45 STR NOT CR13
46 TMR?2
47 t,
48
49 OUT NOT Y6
J 50 STR NOT CR13
51 STR NOT CR13
52 TMR4
53 t,
54
55 OUT NOT Y4
K 56 STR CR2
57 STR CR2
58 TMR
59 t
60
61 OUT CR3
L 62 STR CR3
63 OR CR4
64 AND NOT X9
65 OUT CR4
M 66 STR X9
67 AND NOT Y6
68 OUT Y7
N 69 STR CR11
70 OR CR4
71 OR X5
72 AND NOT X9
73 OUT Y5
(€] 74 STR CR4
75 OR X5
76 AND NOT X9
77 OouUT Y3
P 78 STR CR3
79 OR (RS
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Table B.2 (continued)

Ladder Storage Element
component location description
80 AND NOT CR6
81 OUT CRS
82 ouT Y9
Q 83 STR CR5
84 STR CR5
85 TMR7
86 ty
87
88 OUT CRé6
R 89 STR CR6
90 OR CR7
91 AND NOT CRS8
92 OUT CR7
S 93 STR CR7
94 OUT Y10
95 OuUT Y1
T 96 STR CR7
97 STR CR7
98 TMR
99 t.
100
101 OUT CR8
u 102 STR (RS
103 OR CR9
104 AND NOT CR10
10S AND NOT CR1
106 OUT CR9
\Y 107 STR CR9
108 OUT Y11
w 109 STR CR9
110 STR NOT X3
111 CTR2
112 C,
113
114 OouUT Yi2
X 115 STR CR9
116 AND NOT Y12
117 STR CR9
118 AND NOT Y12
119 TMRSE
120 4y
121
122 OUT CR10

NOTE: Operator-set parameters

Storage
Location

59
86

99
112
120

Definition

Irradiation time

Time between end of
irradiation and start
ot counting

Counting time

Total number of cycles

Time between end of
counting and start of
next cycele
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APPENDIX C

OPERATING PROCEDURE
C.1 Preliminary Preparation of Assay Device

Pneumatic system. Usually the pneumatic transfer system does not need adjustment. However, if the
current rabbit design is changed or if sample weights change significantly, changes in system pressure may
be required to push the rabbit over the hills in the transfer tube. Changes in system pressure are made by
adjusting the pressure regulators located on the air input lines to the detector, the irradiator, and the sample
loader-unloader.

Detector system. The electronic components should be set as follows:

TC940 H.V. supply 1000 V dc
TC203BLR linear amp Coarse gain =200
Fine gain = 0.8

Time constant = 2 usec
Output: direct

Rate: high
TC441 single-channel Mode: E
analyzer E=10V
TC546P scaler Reset counts to zero

Control panel — PLC system. If changes are to be made to the assay system’s operating parameters (i.e.,
irradiation time, counting time, or number of irradiation and count cycles), these can be easily and quickly
made through the timer-counter access module. This unit is mounted in the control rack next to the PLC
sequencer. The push-button controls on the front of the access module allow the operator to set any times
or number of counts into the existing program. Detailed instructions on the use of this module are supplied
in the unit’s owner’s manual.

After completing any changes in the operating parameters, the two switches that activate the photo-
electric sensors must be turned on. Also, the master control relay at the top of the control rack must be in
the “delayed-neutron assay” position.

Before proceeding with the insertion of the 2$?Cf neutron source into the irradiator, the operator
should test the operation by loading a dummy sample into the system (see steps below) and performing a
test run.

Irradiator. Remotely remove the 252Cf source from its storage tank in cell B. Unscrew the source tube
handle and insert source tube into irradiator. Turn on the motor that rotates the source.

C.2 Assay Procedure

To perform an assay, the following steps must be followed:
1. Insert rabbit with encapsulated sample into sample loader.

2. Activate the controls of the loader to rotate the rabbit into alignment with the loading branch of the
transfer tube.

3. Check the rabbit diverter valve to be sure that it connects the loading branch with the main transfer
tube. Reposition it if necessary.
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11.
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Set the LOAD/UNLOAD switch to the LOAD position and press EXECUTE. This should transfer the
rabbit into the detector. If it does not, check to see that the ENABLE/DISABLE switch is in the
DISABLE position and the START/RESET switch is in the RESET position. Adjust accordingly and
press EXECUTE again.

. Measure the background count rate and record.

Position the rabbit diverter valve in the position to transfer the rabbit into the irradiator.

. Switch to ENABLE. Switch to START. This should start the automatic sequence of irradiation and

count cycles. At its completion, the light labeled END OF SERIES will be lit, and the unloading
operation can begin.

Switch the rabbit diverter valve to direct the rabbit to the unload station.

. Switch to DISABLE. Switch to RESET. Switch to UNLOAD. Press EXECUTE. The rabbit should be

transferred to the unloader.

Activate the controls of the unloader to rotate the sample to the dump position and around to the
verticle load position in preparation to receive a new sample.

Record the number of counts accumulated on the scaler and the operating parameters used for the
measurement.

Reset scaler.

NOTE: If it is necessary to prematurely terminate a cycle, push ABORT, flip to DISABLE and RESET, and
cancel ABORT. Use manual override to return rabbit to detector end.
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