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RESULTS OF MODELING AND EXPERIMENTAL MEASUREMENTS FOR THE DESIGN OF
A NEUTRON SURFACE MOISTURE MEASUREMENT SENSOR (SMMS)

1.0 INTRODUCTION

A neutron-moderation-based probe has been designed to measure the
moisture concentration near the surface of the underground wastes located in
the Hanford Site tank farms. This report discusses the computer modeling and
experimental prototype testing that has been performed to determine the
baseline probe design of a neutron surface moisture measurement sensor (SMMS) .
This SMMS is designed to be placed in contact with the waste surface and to
obtain information that may be interpreted as the moisture concentration
profile in the top 10 to 15 cm of waste. Two documents that provide
substantial background and technical bases for this surface moisture
measurement effort are Design Requirements Document (DRD) for the Surface
Moisture Measurement System (Stokes et al. 1995), and Surface Moisture
Measurement of Tank Waste Engineering Work Plan (Stokes 1995).

The SMMS design work builds upon modeling and experimental development
and testing performed for the design and construction of similar probes for
application in the tank liquid observation wells (LOW) and probes designed for
deployment in a cone penetrometer (Watson et al. 1994) (SAIC 1995). LOWs are
pipes, closed on the bottom end, that are installed into the tank waste. The
cone penetrometer is a smaller closed pipe that could be temporarily deployed
in a tank. The LOW and penetrometer probes are designed to measure full depth
moisture concentration profiles of the waste from within the cylindrical
geometry of the LOW or penetrometer. Differences in the waste geometry
(relative to the probe) between the surface and the LOW or cone penetrometer
applications require a unique design for the surface probe to function as
desired. The SMMS design geometry has been optimized to obtain measurements
in a surface geometry.

The probe functions by emitting high energy neutrons that are moderated
or stowed in the surrounding waste, primarily through interactions with
hydrogen nuclei (Hearst and Carlson 1994). Thermal and epithermal neutron
detectors, located within the probe, detect fractions of the moderated
neutrons at rates related to the hydrogen concentration of the surrounding
waste. Calibrations and modeling then are used to obtain estimates of the
moisture concentration of the underlying waste.

A preliminary surface probe design has been created and a prototype of
this design has been constructed to confirm the basic response predictions of
the computer modeling. This design consists of a neutron source and three
neutron detectors arranged and shielded in a manner that enables each to
inspect different maximum depths below the waste surface. The prototype probe
was tested using a matrix of simple moisture standards containing both uniform
and stratified moisture concentrations. Comparisons of the computer modeling
predictions and the experimental prototype measurements confirm that the
design should be able to meet the requirements for the SMMS,
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2.0 EXPECTED PROBE OPERATING ENVIRONMENT

The highly radioactive waste stored in the Hanford Site tanks usually
produces a strong gamma-ray field throughout the tank volume. Measurements
with thermoluminescent dosimeters and with passive gamma-ray detectors
indicate that gamma-ray exposure rates near the waste surface typically range
from about 0.5 to 1.0 grey/h. The maximum gamma-ray exposure rate in any tank
with a LOW is estimated to be 3.8 grey/h near the bottom of a tank's waste
(Parra and Watson 1994). Few, if any, of the tank gamma ray exposure rates
are expected to exceed 2.0 grgx/h at the waste surface. The tank gamma
production is primarily from 137,

The temperature of the air or waste surface is expected to be below the
maximum temperature of the tank contents for the tanks. The highest recent
waste temperature reading of any organic or ferrocyanide watch-list tanks is
174 °F (79 °C) (Hanlon 1994). More than 95% of all Hanford Site tanks never
reach above this temperature. The tanks of interest for immediate probe
deployment have average temperatures of about 90 °F (32 °C).

The waste surface of tanks of interest are expected to be highly
caustic. Typical compounds to be encountered could include sodium nitrate,
sodium nitrite, sodium hydroxide, and sodium dichromate. These compounds are
alkaline oxidizers that potentially could corrode or react with probe
materials that contact the waste surface.

3.0 COMPUTER MODELING OF PROBE DESIGN PARAMETERS

To design a surface neutron probe that would meet the requirements of
the Design Requirements Document (DRD) for Surface Moisture Measurement {SMMS)
Stokes et al. (1995), computer modeling of many probe designs was performed.

[Note: For this discussion, a probe is an assembly of neutron
detectors, neutron shielding and moderators, a neutron source, and a
housing that contains these constituents.]

This modeling was used to predict the responses of the probe detectors to
changes in moisture for various probe design configurations. The modeled
probe design was changed in an effort to optimize probe sensitivity to changes
in moisture concentration and probe ability to provide moisture information,
as a function of waste depth, throughout the top 10 to 15 cm of waste.

The Monte Carlo N-Particle (MCNP) mathematical neutron transport
modeling code was used to predict the responses of the neutron detectors to
changes in device design or to changes in the surrounding conditions, such as
moisture concentration (LANL 1993). Quality assurance qualification
documentation for the Hanford Site implementation of this code is in existence
(Carter 1995). The arrangement and shielding of the neutron source and
neutron detectors within a probe housing were modeled for many different
configurations. The model predicted detector responses were combined with
model results for the depth of investigation to assess the suitability of a
given design for meeting measurement needs.
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Because the design of this probe builds on work done to develop nautron
moisture probes for application in LOWs and cone penetrometers, initial
surface probe design modeling began with similar probes. Westinghouse Hanford
Company (WHC) drawings of the probes developed for LOW application (WHC 1995a,
WHC 1995b), show long, cylindrical probes containing a neutron source on one
end and two neutron detectors (one next to the source and one spaced more than
10 in. (25 cm) from the source). The detector placed near the source is
referred to as a near-field detector and its response increases with
increasing moisture concentration. The detector with the large source-to-
detector spacing is a far-field detector and its response decreases with
increasing moisture concentration. The near-field detector detects neutrons
that, on average, have investigated a smaller volume and reduced depth of
surrounding waste than the far-field detector. One of the LOW probes contains
two epithermal neutron detectors and the other contains two thermal neutron
detectors. The epithermal detectors differ in performance from the thermal
detectors in primarily two ways: first, the signal is unaffected by the
presence of any thermal neutron absorbers in the waste; and second, a smaller
volume or depth of waste is investigated than with a counterpart thermal
detector. These facts are known to apply to the geometry found in the LOW or
penetrometer, where the waste completely surrounds the probe in a nearly
cylindrically symmetric arrangement.

Practical considerations about surface probe size and depioyment placed
several constraints and design goals upon the geometry of modeled probe
designs. The probe should be designed, if possible, to fit down a 4-in.
riser. This constraint translates to a maximum outer probe diameter of
3.6 in. (9.1 cm). For ease in positioning the probe on the waste surface, an
arrangement in which the probe simply could be lTowered by a single cable to
the surface is preferred. Modelers did not allow this mechanical preference
to constrain the models considered. However, model geometries that would allow
the probe to be placed easily and repeatably on the waste surface, so that all
detectors would be in the same position relative to the plane of the waste
surface, were preferred. For instance, each time the probe is placed upon the
surface a given detector should automatically be at the same height above the
surface. The required data collection time should be minimized by the probe
design. This goal encourages the use of the largest volume detectors as
possible to maximize the detector counting rates. Minimizing the data
collection time will reduce field operations time and cost. The last major
constraint was that the source and all detectors be packaged within a single
housing so that all measurements could be made in a single deployment of a
single probe through a given riser.

The simplest arrangement to model took the existing models of the two
LOW probes and placed them horizontally on a flat waste surface containing
given moisture concentrations. The results of this modeling produced some
predictable results and some unexpected results. The near-field detector
response was strongly correlated to the waste moisture concentration and the
detector exhibited a medium depth of investigation (7 to 10 cm) at about
15 weight percent (wt%) moisture. The depth of investigation is defined as
the depth from which about 90% of the detector signal returns. The
calculation of this depth is based upon the moderation of the neutrons; the
depths of neutron scattering locations where more energy are lost weighted
more heavily in the calculation. The far-field detector exhibited a larger
depth of investigation (10 to 14 cm}, but its predicted response was nearly
insensitive to changes in waste moisture concentration. While the depths of

3
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investigation for these two detectors was desirable, the lack of moisture
sensitivity exhibited by the far-field detector was unacceptable.

Variations on the basic LOW design were modeled. Given the same basic
cylindrical geometry, the horizontal center-to-center source-to-detector
spacing for the far-field detector was varied from 2 to 38 cm (Figure 3-1).
As the spacing was increased, the depth of investigation was increased, but
the sensitivity to moisture was also decreased. Figure 3-2 shows the model
predicted responses to changing moisture of a 4-cm-long detector placed at
each of the 10 positions corresponding to the source-to-detector spacings
shown in Figure 3-1. The detector responses, while related to moisture
content of the waste, are not expected to have linear relationships with
moisture concentration. Similar moisture sensitivity was obtained from a far-
field epithermal detector model. [t was postulated that neutrons streaming
along the waste surface may have been contributing enough to the far-field
response to reduce the moisture sensitivity. The model was changed to place
thick (5 to 20 cm) iron, Tead, or polyethylene plugs between the source and
the far-field detector. The side of the plug nearest the detector also was
Tined with cadmium, a thermal neutron absorber, in some cases to shield the
detector from neutrons moderated by the plug. None of these changes
significantly altered the predicted response of the far-field detector to
changes in moisture concentration.

Only the near-field thermal detector and the near-field epithermal
detector exhibited both responses and depths of investigation that are desired
for the surface measurement. Both exhibited high sensitivity to waste
moisture changes. The near-field epithermal detector interrogated a shallower
depth into the waste (5 to 7 cm) than the near-field thermal detector (7 to
10 cm). Both of these detectors were found to achieve the best performance
when they were located as close as possible to both the source and the surface
of the waste. Different arrangements were modeled in an attempt to find a
configuration that would allow the probe to interrogate a greater depth while
maintaining good sensitivity to moisture,

Because placing detectors further from the source along the waste
surface did not give acceptable results, designers created models to
investigate the effects either of locating the detector a given distance from
the source and waste surface, or of placing both the source and detector above
the surface. With the source near the waste surface, the vertical position of
the neutron detector was varied in the model from 1.6 to 14.4 cm above the
surface in 1.6 cm intervals (see Figure 3-3). The model results, shown in
Figure 3-4, indicate that the detector sensitivity to moisture was reduced as
the waste-to-detector spacing increased. For these arrangements, the
sensitivity to moisture was improved for these arrangements over that
predicted for the horizontal source-to-detector spacing, but the depth of
investigation did not increase as the detector was spaced further from the
source and waste surface. locating both the source and the detector at
varying distances above the waste surface produced even less encouraging
results. Both the sensitivity to moisture and the depth of investigation were
decreased further in these configurations.

With the source at the waste surface, designers postulated that a
detector located a distance above the waste was receiving much the same
information that a near-field detector would receive, except that the
information was diluted by the extra distance and by neutrons returning from

4
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scattering along a greater area of the surface. This idea led modelers to
investigate an arrangement that would place the detector a medium distance
above the waste surface, but that would shield the detector from neutrons
returning from directly below the source. The neutrons returning from
directly below the source would be many of the same ones that could contribute
to the near-field response and therefore would provide 1ittle additional
information. A model was devised that placed the source near the waste
surface, a thin cadmium disk (OD = 7 cm) above the source, and the detector
placed horizontally a few centimeters centered above the cadmium disk. The
cadmium disk shields the detector from the thermal neutron flux exiting the
waste surface under the disk. Modeling results for the detector in this
configuration showed both an improvement in the moisture sensitivity of the
detector and an increase in the depth of investigation. The increased depth
of investigation was likely because that thermal neutrons reach the probe by
travelling a through a large and often deeper volume of waste before reaching
the detector. In order to reach the detector, thermal neutrons must exit the
waste surface at a relatively large radial distance from the probe so they may
reach the detector without encountering the disk-shaped cadmium shield.
Figure 3-5 shows a sketch of a path for a typical neutron that is detected by
the detector for this arrangement. The spacing of the cadmium above the
source and of the detector above the cadmium were varied in the models in
order to obtain the deepest interrogation volume while maintaining a strong
moisture sensitivity.

Practical information about available neutron detector and source sizes
was needed to assemble a single realistic estimate model of the most promising
detector arrangements. Boron-10-Tined neutron detectors were chosen as the
type of detector to use in the surface probe. This choice was made primarily
because of the results of tests performed for the design of the cone
penetrometer neutron probe (SAIC 1995). These tests showed that this type of
neutron detector could function in the widest range of gamma-ray fields and
temperature conditions while providing acceptable sensitivity to thermal
neutrons. Several '°B lined detector manufacturers recommended using tubes
that have an active length at least twice that of the diameter to achieve good
charge collection characteristics. A detector that could fit horizontally
within a 3.6 in. (9.1 cm) OD housing would need to be less than 3 in. (7.6 cm)
long. For an overall detector length of 2.75 in. (7 cm), the maximum active
length producible is only about 1.25 in. (3.2 cm). The tube diameter must not
exceed about 0.625 in. (1.6 cm) for this geometry. An encapsulated
Californium-252 neutron source capable of containing enough 220f to meet the
needed neutron emission rate is available with a 0.25 in. (0.64 cm) diameter
and a length of about 0.5 in. (1.3 cm).

The three types and placements of detectors that seemed to provide the
best moisture sensitivity and range of depths of interrogation were assembled
into a model of a single probe. Figure 3-6 shows a cross-sectional view of
the geometry of the probe model that was constructed. Because the range of
source-to-detector spacings possible for a near-field epithermal detector is
shorter than that allowed for a near-field thermal detector, the design places
the near-field epithermal detector (detector 1) nearest the source. The near-
field thermal detector will not fit horizontally in the probe housing bottom
in the remaining space without greatly reducing its size or both its size and
the size of the near-field epithermal detector. Reducing the size of either
or both of these detectors would increase greatly the expected counting times
needed to achieve good counting statistics. As a compromise between optimal

5
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moisture sensitivity and reasonable data collection times, the detector size
was maintained for the near field thermal detector (detector 2) by placing it
vertically on the housing bottom as near to the source as possible. The
thermal detector (detector 3) above the cadmium disk was changed to a vertical
placement so that it could use a larger active region. Model results
predicted good sensitivity to moisture for each of the detectors in this
arrangement. The depth of investigation predicted for each probe at a
moisture concentration of 10 to 15 wt% was as follows: detector 1, 5 to 7 cm;
detector 2, 7 to 9 ¢m; and detector 3, 9 to 11 cm.

Minor refinements to the basic model described above have produced the
baseline design for a neutron surface moisture sensor. The results for depth
of investigation were considered too similar for detectors 2 and 3. The model
was refined by placing an ultra thin cadmium shield (0.005 cm thick) around
detector 2 in order to reduce the average depth of investigation for that
detector. The shape of the polyéthylene around the detector 1 was altered to
reduce the fraction of the signal it receives that comes from the source
without entering the waste. The cadmium and polyethylene shields around
detectors 1 and 2 function to remove some or all of the thermal neutrons from
the neutron flux traveling toward the detector and to also moderate the
remaining neutrons to increase their probability of being detected. The
cadmium absorbs some fraction, depending upon its thickness, of the thermal
neutrons passing through it, but allows most epithermal and higher energy
neutrons to enter the polyethylene. The polyethylene is thick enough to slow
many of the epithermal neutrons down to thermal energy before they reach the
detector which increases their interaction probability with the boron in the
detector.

Figure 3-6 shows a cross sectional view of the geometry of the model for
the current baseline surface neutron probe design. Each of the three
detectors is designed to interrogate a slightly different maximum depth of
waste below the probe, while exhibiting good sensitivity to changes in the
underlying moisture concentration. The range of moisture concentrations of
most interest are from 0 to about 30 wt% water. The depth of interrogation
for each detector will vary as a function of moisture concentration through
this range of moisture. The greater the moisture concentration, the shallower
the average depth of investigation will be for each detector. Figure 3-7
shows computer model estimated depths of investigation for each of the three
detectors as a function of waste moisture. More moisture increases the
interaction probability with hydrogen nuclei in the waste, causing the average
neutron path length before thermal or epithermal energies are reached to
shorten.

Figure 3-8 shows the predicted response of each detector to changes in
waste moisture concentration. Each detector is expected to have a strong
signal that is proportional to the moisture concentration in the underlying
waste. Detector 3 is predicted to experience the highest count rates, both
because it is not wrapped with thermal neutron absorbing material and because
it has a larger active region than the other two detectors. Detector 1 is
expected to exhibit the lowest counting rates because of the thick thermal
neutron absorber, cadmium, completely surrounding the detector.

Figures 3-9, 3-10, and 3-11 show the calculated scattering Tocations of
neutrons that the model predicts will be detected in detector 1, 2, or 3,
respectively, for 15 wi¥% waste moisture concentration. The scale on the left

6
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side of each of these figures shows both the depth in the waste and the
estimated fraction of the detector signal contribution that comes from a given
depth or higher. For instance, in Figure 3-10, 78% of the signal reaching
detector 2 is correlated to scattering events that occur above a depth of 5 cm
below the waste surface.

For the calculated estimates of signal contributions in Figures 3-9,
3-10, and 3-11, all scattering events are not weighted equally. Scattering
events where a Targer fraction of the neutron's energy is lost are weighted
more heavily in the calculation of depth of signal return. The calculation
uses the following weighting scheme to determine the average depth of
investigation for each neutron:
E,-E,

1

* 7
gcattqring EG
ocations
Depth_avg, = 2
E.-E;
scattering E&

locations,

where n refers to a specific neutron, £, is the neutron energy before each
scattering event, E, is the neutron energy after each scattering event, and Z
is the depth of the neutron scattering location (with Z=0 at waste surface).
In these figures, the percent of the depth of investigation (DOI%(Z)) up to a
given depth, Z, is given by

z

Y Contribute(z)

Dor%(z) = 2= * 100%

E:Cbntribute(z)
Zzoo

where Contribute(Z) is a function defining the portion of the detector
contribution from a given depth. Contribute(Z) is a function that is the sum
of the contributions from all neutrons with Depth avg, equal to Z and may be
expressed as:

Contribute(z) = Y TallyWeight,(Z)

neutrons

where TallyWeight (Z) is the MCNP weight calculated for a given neutron
contribution to a detector tally (response). TallyWeight (Z) is assigned to
Depth_avg, for each neutron and is therefore equal to zero uniess 7 equals
Depth avg_ for that neutron. The MCNP weight for each neutron which enters a
detector 1s proportional to the probability that it will be absorbed or
detected.

The depth of investigation, calculated in this manner, is not the
equivalent of the fraction of the infinite media signal that would be received
by the detector if the waste were only a given thickness. This is primarily
because increasing the thickness of waste not only will increase the signal
from scattering events below the original waste thickness, but also will

7
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increase the signal contribution from scattering events occurring at shallower
depths as the neutron returns to the detector.

4.0 EXPERIMENTAL PROTOTYPE PROBE TESTS AND COMPARISONS
WITH MODELING PREDICTIONS

A prototype probe has been assembled and tested using a matrix of simple
moisture standards to confirm the basic modeling predictions for the baseline
probe design. This prototype probe, used available size and type detectors
(BF;) and a similar neutron source, enabled us to produce a configuration very
similar to the detector arrangement modeled in the baseline design. A simple
computer model of this prototype configuration was developed to make better
comparisons with the experimental data.

4.1 PROTOTYPE GEOMETRY, DETECTORS, AND ELECTRONICS

Figure 4-1 shows a dimensional sketch of the detector configuration used
in the experiments. Figure 4-2 is a photograph showing the actual detector
configuration used in the tests. The configuration used in the tests is based
upon the modeled baseline design. Each detector is a BF, gas-filled tube.
Detectors 1 and 2 are each 1 in. (2.54 cm) in diameter with a 1.5 in.

(3.81 cm) active tength and are filled with a gas pressure of 400 torr

(53300 Pa) (absolute)}. Detector 3 is 1.5 in. (3.81 cm) in diameter with a

4 in. (10 cm) active length, the top half being covered with 0.021 in.

(0.053 cm) thick cadmium. Detecter 1 is positioned horizontally at the bottom
of the detector stand and is surrounded with 0.66 cm of polyethylene (CH,) and
0.112 cm of cadmium. Detector 2 is positioned vertically on the bottom of the
detector stand and was surrounded by either 0-, 0.0051-, or 0.013- cm-thick
cadmium for the tests. Detector 3 is positioned vertically directly above the
center of detector 1 and_above a 3-1/8-in. (7.94 cm)-diameter, 0.066-cm-thick
cadmium disk. A 10 pgm ®°Cf neutron source was used in all of the tests.

Care was taken to ensure that each of the detectors remained in the same
positions in the test stand during the measurements.

The electronics for the detectors are contained within a single NIM bin
and are shown in the photograph in Figure 4-3. Each of the detectors is
connected to a Tennelec preamplifier that sends its output signal to a
Tennelec amplifier. The puise-height discriminator for each amplifier was set
about three times higher than the electronic noise and about twice as high as
the largest gamma-ray pulses from a 1 mCi (3.7*10° Bq) "*’Cs source placed
against each detector. Each of the detectors was biased to +1150 volts
through the preamplifiers. The scalar pulse (5 volts high and 0.5 gs wide)
from each amplifier was sent to a scalar that records the number of pulses in
a fixed time and prints the results to a small printer also located within the
NIM bin. During the tests, all detectors were operated and counts were
recorded from each of the three detectors simultaneously. Figure 4-4 shows
the detector configuration ptaced on one of the tubs in a typical measurement.
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4.2 MOISTURE STANDARD TEST BED MATRIX

The test bed matrix was comprised of 10 nearly cylindrical laundry tubs
(galvanized steel, 55 cm diameter, 28 cm high) setup for the tests. Figure 4-
5 shows a wide angle view of the entire test bed matrix and the detector
configuration with electronics. Figure 4-6 is a photograph of the test bed
matrix from another angle. Various moisture concentrations and
stratifications using sand/gravel/aluminum oxide trihydrate mixtures are in
the tubs. The exact moisture concentration of the standards has some
uncertainty associated with the fact that small unknown amounts of either
adsorbed or hydrated water could have been present in the constituents. Most
tubs rest on a concrete floor except for the tubs filled with thin 14 wt%
layers and the tub filled entirely with 14 wt% moisture (see Figure 4-7).
Thin cadmium sheets (0.053 cm thick) were placed between the floor and the
raised tubs. For the 4 cm thick, 14 wt% water case, the worst case, detector
J experienced a 5% (+-0.9%) increase in count rate with the cadmium removed.
Detector 1 was affected least by the cadmium and experienced a change of 1.5%
(£0.4%) in its count rate. Detector 2, covered with 0.013 cm of cadmium,
experienced a 3.6% change. The following is a list of the waste simulant in
each of the ten tubs with the moisture concentrations indicated by weight.

26 wt% moisture throughout entire tub.
21 wt% moisture throughout entire tub.

14 wt% moisture throughout entire tub.

14 wt% moisture in top 3 cm; 21 wt% moisture next 3 cm; 26 wt% in
the remainder.

14 wt% moisture in top 3 cm; 21 wt% moisture in the remainder.

10 wt% moisture in top 3 cm; 14 wt% moisture next 3 cm; 21 wt%
moisture in the remainder.

21 wt% moisture with boric acid (H,B0;) added (2.08 mg/cm’).
14 wt% moisture, 4 cm thick only.
14 wt% moisture, & cm thick only.
14 wt% moisture, 9 cm thick only.

The composition and density of the water/sand mixtures are as follows,

26 wt% - 100% 3/8 inch rock (pea gravel) screened with 1/4 inch
wirescreen (called a "1/4-inch hardware c]o%h“) for removing the fine
portion of the gravel. Density = 1.92 g/cm’.

2] wt% - 1 volume of 20 mesh washed siiiga sand and 1 volume of 60 mesh
washed silica sand. Density = 1.86 g/cm”.

14 wt% - 1 volume of 20 mesh sand, 1 volume of 60 mesh sand, ang
2 volumes of screened 3/8 inch pea gravel. Density = 2.12 g/cm.

10% wt - 1 volume of A1,0;+3H,0 fine powder (aluminum oxide trihydrate,
by itself the density=1.34 g cm:), 1 volume 20 mesh sand and 1 volume 60
mesh sand. Density = 1.59 g/cm.
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Approximately 30 Hanford Site waste tanks on a critical list for surface
moisture inspection were researched to determine the amount of neutron
absorbing material within the tanks. Of these tanks, tank S-111 is expected
to contain the greatest amount of neutron-absorbing material. The neutron
absorption properties of the waste in this tank are dominated by nitrogen and
very small amounts of cadmium. Nitrogen is a weak thermal neutron absorber,
but large concentrations of this material are present. Boric acid was used
in the tub (No. 7) with 21 wt% moisture in an amount that provided the same
amount of neutron absorption as in tank S-111. Less than one-tenth of the
neutron absorber concentration found in $-111 is expected for about 50% of the
tanks, and less than about one-half of the S-111 absorber concentration is
expected for 80% of the tanks.

The thermal neutron attenuation through the pea gravel was checked
against that for the sand to determine if the gravel contained any significang
quantities of neutron absorbing materials. Equal thicknesses (about 7.1 g/cm®
or 5 cm) of the pea gravel and sand were used and polyethylene was placed
around the neutron source to moderate the neutrons emitted from the 10 ugm

Cf source. The attenuation of the neutrons through the pea gravel was 4,2%
less than for that through the sand. The amount of neutron absorbing material
in the pea gravel is negligible and, therefore, would not affect the results
of these tests.

4.3 PROTOTYPE EXPERIMENTAL MEASUREMENTS

For each measurement using a tub, the detector was placed in four
different locations near the center of the tub to help check and average out
any potential systematic effects caused by variations in the moisture
concentration directly below the detector configuration. At each Tlocation on
the tub, three or four 50-second-long measurements were made simultaneously
using each of the three detectors. The variation in the total counts in a
fixed Jocation should relate primarily to statistical phenomena, but by making
four independent measurements, we could check for any possible systematic
affects associated with the detectors or electronics (for example, gain shift
problems). The average systematic error in the count rates determined from
measurements over the four different locations was 1.2% (one standard
deviation), and the average statistical error in the count rates is about 0.6%
(one standard deviation). Therefore, the combined average total error was
approximately 1.4%.

The 21 wt% moisture tub (No. 2) was tested with and without a cadmium
sheet placed between the tub and the concrete floor to determine the influence
of the concrete on the readings. There was no statistical difference in the
measured count rates with and without the cadmium sheet in place. For initial
measurements, each of the tubs containing 14 wt% moisture (full and thin
layers) was raised 38 cm off the concrete floor, using concrete blocks at the
tub edges, and a thin cadmium sheet (0.053 cm) placed below the tub to absorb
any neutrons thermalized in the concrete and returning to the detectors. This
initial arrangement produced measurements in the thin-Tayer tubs that were in
poor agreement with computer model predictions of the detector responses. The
thin layer tub experimental measurements produced greatly enhanced detector
responses compared with expected results. The tubs were later moved to a
location that was about 110 cm above the concrete floor, supported by a thin
aluminum plate, and far from any other materials such as adjacent tubs or

10
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walls. A1l tests using the 14 wt% moisture tubs were repeated with the tubs
in this configuration and the measured detector responses were significantly
reduced, giving better agreement with modeled predictions.

The detector support structure is constructed of aluminum, but the final
deployable probe will be fabricated from stainless steel. Therefore, the
affect of the stainless steel on the detector count rates was determined by
counting alternately with a 1/4 inch (0.64 cm) thick stainless steel plate
placed under the detector stand, and then with an aluminum plate of the same
thickness. The steel plate did show some absorption, a reduction in the count
rate of about 17%. The steel construction of the actual surface probe will
reduce the detector count rates, requiring longer measurement time intervals.
However, this will not affect the general responses demonstrated with these
tests, which were meant to serve as a test bed for the calculations.
Furthermore, the final configuration will be calibrated using controlled
moisture test standards.

Measurements were made in each tub with all three detectors counting and
with a 0-, 0.0051-, and 0.013-cm thick cadmium sheet placed around detector 2.
The amount of background events caused from neutrons entering the detectors
directly from the source or scattered from the material within the detector
configuration was checked occasionally by counting with the detector
configuration located away from the floor and tubs and with the neutron source
placed in the probe. These background counts (which can be 10% or more of the
counts caused by neutrons thermalized in the waste) were subtracted from the
simulant-measurement counts for each and every measurement, as they are not
simulant-related neutrons.

The influence on the count rate in each of the three detectors by a
small 1 cm deep cavity in the sand mixture was tested by measuring the count
rates at several positions over and near the cavity. The cavity was in the
form of a Tong V-shaped trench with a 90-degree angle between the sides at the
bottom of the trench. All count rates measured with the small cavity near the
detector configuration were within 1.1 standard deviations of the count rates
with no cavity nearby. This demonstrates that small cavities of this size
have a negligible influence on the response for any of the three detectors.

11
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4.4 TEST RESULTS

The results of the counts measured (and corrected for direct-source-
neutron background) in each counter in 50 seconds in the different thicknesses
of 14% moisture layers are displayed in Figure 4-8. For these measurements,
detector 2 was surrounded by 0.013 cm of cadmium. The counts for each
detector are normalized to those measured with the same detector on the tub
filled entirely with a 14 wt% moisture mixture (28 cm). The plot indicates
that there is a significant difference in the depth inspected by each of the
detectors. For example, 60% of the signal occurs at depths of 4.5 cm, 7 cm
and 10 cm for detectors 1, 2 and 3, respectively. For detector 1, 84% of the
signal is from 9.0 cm; and for detector 2, 70% of the signal is from
interactions 9.0 cm within the waste; and for detector 3, the corresponding
value is 55%. To get a better estimate of the normalized count rates above
the 9 cm mark, a fit (such as to I-exp[-ax] where x is the layer thickness) to
the curve could be performed.

Figures 4-9, 4-10, and 4-11 are plots of the results corrected for
background with 0-, 0.0051-, and 0.013-cm thick cadmium surrounding detector
2. A particular detector is represented by a particular symbol (e.qg.,
detector 1 is represented by an open square). Data points which are connected
are for measurements in tubs filled entirely with one moisture concentration.
Data points which are not connected are for measurements made in the tubs with
various moisture layers. Data points from stratified measurements are plotted
so that the bottom layer, which is the bulk of the tub, is represented on the
moisture axis.

The measured response of each detector increases significantly as a
function of the moisture concentration for the moisture range tested. In
general, the largest change and, therefore, greatest sensitivity occurs in
going from 14 to 21 wt%. This is important because the critical moisture
concentration is 20 wt% according to the safety screening requirements
(Meacham et al. 1995). Detector 2, with no cadmium surrounding it, has the
same response for the higher concentrations (i.e., above 21%) as does detector
1, so no new information is really gained (except that the depth profiles may
be different). As the cadmium thickness is increased on detector 2, the count
rates in the other detectors change slightly, probably because of a shielding
effect caused by the cadmium on detector 2. The plots also indicate that
thin, dry layers (3 cm thick) on the 21 wt% or 26 wt% moisture mixture
significantly influence the detector responses.

Ratios of count rates between the detectors (1 to 2, 1to3, and 2 to 3)
were calculated to determine how closely the detector responses followed each
other as a function of moisture and for the stratified tests. In almost all
cases including those with different cadmium thicknesses, the ratio of counts
in detector 2 to detector 3 were flat, that is, independent of moisture
concentration and any variation in the mojsture profile. Count rate ratios
for detectors 1 to 2 and detectors 1 to 3 showed the largest change in going
from 14 to 21 wt%, the most important moisture concentration range, even for
the cases where the 21 wt% had thin, dry layers on top of the bulk moisture
concentration. Furthermore, these ratios (1:2 and 1:3) did vary with the
different dry Tayers placed on top of the main medium. This indicates that
the count rate in combination with the ratios of count rates could be used to
determine, to some extent, the moisture profile just below the surface.

12
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As a simplified example of how the readings could be interpreted,
suppose the number of counts in all three detectors are measured in one
location on the waste surface. The time of each measurement is 50 seconds and
Detector 2 is surrounded by 0.013 cm of cadmium. If, on the average, detector
1 counted about 27,000 events, then according to Figure 4-11, we then know
that the very top of the waste is 14 wt%. Using only this count rate value,
it would not be known if the top of the waste is entirely 14 wt% or if it is
14 wt% (3 cm) and the remainder 21 wt% or if it is 14 wt% (3 cm), 21 wt%

(3 cm}, and the remainder 26 wt%. If the ratio of 1:2 is 4.3, this would mean
that the depth profile may be similar to 14 wt% (3 cm)/21 wt% (3 cm)/26 wt%
(remainder) because for only 14 wt% (entire) the ratio of 1:2 is about 4.9
(significantly higher) and only 4.0 for a 14 wt% (3 cm)/21 wt% (remainder)
profile.

The results of the measurements with the 21 wt% tub with boric acid are
shown in Figures 4-12, 4-13, and 4-14 for detector ? with 0-, 0.0051-, and
0.013-cm of cadmium covering the detector. Included in these plots are the
responses for the clean tubs (i.e., no boron in the mixture) filled entirely
with only one moisture concentration. In all of these cases, detector 1
proved to be the least influenced by the amount of contamination in the
water/sand mixture. Detector 2 became less sensitive to the effects from
neutron absorbers as the cadmium thickness was increased. This happens
because the cadmium absorbs thermal neutrons which are affected by the neutron
absorbers in the waste much more than the epithermal neutrons. With 0.013 cm
of cadmium on detector 2, there is almost no change in its count rate as
compared to a clean tub. The amount of neutron absorbers can be determined in
the following way, if 0.013 cm of cadmium is used on detector 2. Because it
is reasonable to expect that layers of waste closest to the surface are the
driest, then if, for example, detectors 1 and 2 show a moisture reading of
21 wt%, but detector 3 reads low for that concentration, there are neutron
absorbers within the waste. To study how well the probe can determine the
amount of neutron absorbing material within the waste, further testing with
more tubs and/or additional calculations would need to be performed.

4.5 COMPARISONS OF EXPERIMENTAL AND MODELED PROTOTYPE RESULTS

A simple MCNP model of the prototype probe was made in order to
demonstrate a reasonable level of agreement between the model predicted and
experimentally measured results. The relative agreement obtained between
these are not indicative of the best agreement possible between model and
experiment. It is expected that, during model comparisons with calibration
measurements, refinements in the exact geometry and materials in the computer
model will Tead to more precise agreement.

Figure 4-15 shows a comparison of the measured and modeled detector
responses to the homogenecus moisture content standards. The overall
magnitude of the predicted count rates for each detector have been scaled by a
single constant factor, after subtracting background, so that the average
count rate for the modeled results is equal to that of the experimentally
measured results. While the absolute values of the results do not match
precisely, the general trends between the modeled and measured responses are
in agreement. Both the modeled and measured results show strong, nearly
linear, correlations between each detector response and the moisture content
of the simulant.
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Figure 4-16 shows a comparison of the measured and predicted responses
of each detector to simulant of varying thickness. The responses in the
figure are normalized to the appropriate infinite media response, either
predicted or measured, for each detector. The model predicted results are in
agreement with the measured results. Some systematic uncertainties in the
model and/or the experiments may cancel in these comparisons of response
ratios, giving particularly good agreement.

Figure 4-17 shows comparisons of the measured and computer modeled
responses of the prototype detectors to four special tests standards, three
with multiple moisture layers and the one containing added boron. The model
predicted detector responses have been adjusted using the same constant
factors used to obtain the agreement with measured values used in Figure 4-15.
Using these same constants, nearly all of the model-predicted results are in
excellent agreement with measured results. The predictions for detectors 2
and 3 for the boron-loaded tub seem to exhibit a small systematic offset from
the measured data. For this standard, model estimates of responses for both
of these detectors are noticeably lower than were observed. Detectors 2 and 3
have either a thin cadmium thermal neutron shield or no shield, making their
responses mare susceptible to changes in the thermal neutron absorption
properties of the test bed matrix. Since these absorption properties were
changed in a known way, the model should be able to predict the proper change
in detector responses. This apparent discrepancy may indicate that the
uniformity of the distribution of the added boron may be uncertain. More
tests will be needed to determine how these differences may be reconciled.
These tests could include multiple boren concentration standards and should
use standard where the uniformity of the boron distribution is better
controlled.

4.6 PLANNED INTERPRETATION METHOD FOR IN-TANK DATA

Data quality will be assessed in field measurements with the aid of
calibration check standards and by collecting analog signals from the
detectors that can be both qualitatively and quantitatively checked for
consistency with expected signals. Both before and after the probe is
deployed in a tank, the detector count rates will be measured with the probe
placed in a check standard. These measurements will verify that the probe is
producing the same responses to a standard surrounding material as were
measured during the calibration.

Detector signals will be transmitted to the data acquisition system in
analog form. The spectra from each detector will be displayed by a
multichannel analyzer (MCA). These signals will serve three purposes that are
related to the verification of data quality. The spectrum of responses from
each detector will provide information that qualitatively allows one to assess
the operating performance of each detector and its associated signal
processing electronics. A spectrum, characteristic of the detector, will be
expected. A Tower level electrical discriminator must be used to delete
electrical noise and gamma-ray induced signals from the neutron capture signal
in each detector. The spectrum will be used to set the lower level electrical
discriminator. The spectrum will enable an operator to set the discriminator
repeatably with respect to a feature, such as a peak, in the spectrum. One
will be able to verify that significant interfering electrical signals have
been excluded from the counts used for tank property analyses. The analog
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spectrum provides the raw data that could enable corrections to be made to
measurement results if, for example, the electrical gain were to shift during
a series of measurements.

Waste properties, primarily surface moisture, will be determined from
the neutron count rate above a certain threshold energy (on the MCA), along
with detector temperature data provided by probe thermistors. Interpretations
of measured data will most Tikely be performed with the aid of an automated
computer interpretation routine, TMAD (Finfrock 1995). This routine will
compare measured data from each of the detectors with benchmark (theoretical)
responses produced using a calibrated computer model. Eventually, benchmark
responses may be available for different:

moisture concentrations,

moisture gradients as a function depth in the waste,
thermal neutron absorber concentrations,

waste bulk densities,

probe-to-surface offset distances,

and other waste/probe parameters.

However, testing will be initiated with benchmark libraries for moisture
concentrations and gradient, only. The TMAD code will only consider moisture
concentration and one other material parameter at a time, but different
benchmark libraries that assume different absorber concentrations, for
example, can be created.

The TMAD routine uses second order curve fits to the modeled data to
produce solution curves, but, because two varjables are assumed (moisture
concentration and gradient), a simple equation relating count rate to moisture
is not possible. Curves will be in families of count rates for each detector
versus moisture concentration for different moisture gradients. In principle,
there could be separate families of curves for each different neutron absorber
concentration or for each value of waste bulk density, for example.
Measurements are then compared with these solution curves to locate the best
(Towest error) solution. For a set of measured count rates from the SMMS, the
TMAD routine will determine the best-fit values of surface moisture and
gradient. Alternately, the best-fit values of surface moisture and bulk
density, or any of other variables.

Either assumptions must be made concerning some of these waste
parameters or additional information will be needed to determine which of the
possible moisture values are appropriate. Information could come from sources
such as tank history databases, prior sampling, or video evidence. For
initial testing and data interpretation, three primary assumptions are
planned; (1) the moisture concentration does not decrease with depth in the
investigated waste volume, (2) the investigated waste volume does not contain
significant amounts of thermal neutron absorbers, (3) the waste bulk density
is a given constant (=1.5 g/cms). The moisture concentration is not expected
to decrease with depth in salt cake wastes. Strong thermal neutron absorbers,
Tike cadmium, known to be in the tanks are not expected to be found in salt
cake wastes. Under these assumptions, fewer benchmark computer models will
need to be run to initiate testing and evaluation of the instrumentation.

Each pair of detector count rates will be used to determine a moisture and
gradient. Because TMAD employs second order curve fits, between zero and four
solutions points may be obtained for each pair. These potential solution
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points will be grouped into clusters with each cluster representing one
possible solution derived from the three count rates. If the solution points
in a cluster are essentially equal, as determined statistically, the moisture
and gradient will be known. A more detailed description of the way that the
TMAD code operates may be found in the System Design Description for the TMAD
Code (Finfrock, 1995). Otherwise, additional benchmarks will need to be
generated to correctly interpret the results.

5.0 CONCLUSIONS AND CONTINUING WORK

Based on the modeling calculations and waste tank safety data needs, a
detector configuration for determining the surface moisture in underground
waste tanks at the Hanford Site was designed; and a lab prototype was built
and tested. A test bed matrix was built of wash tubs and water/sand/gravel/
aluminum oxide trihydrate mixtures to simulate both different uniform moisture
concentrations and surface moisture gradients. Both the test results and the
modeling predictions, performed to date, confirm that the baseline surface
moisture probe design is capable of meeting the sensor design criteria. The
design provides for three distinct moisture signals that will exhibit good
sensitivity to surface moisture concentration. Tests confirm that each
detector will investigate a different maximum depth of waste, all in a range
from about 5 to 16 cm below the waste surface, depending upon waste moisture
concentration. Results suggest that data obtained from all three detectors
will provide information that will Tead to an interpretation of the surface
waste moisture concentration and an estimate of the moisture concentration
gradient as a function of depth within the top 10 to 15 cm of waste.

Given the favorable results of modeling and tests, work will continue
with a first field unit probe, based upon the baseline modeled design, being
fabricated and assembled. This probe will need to undergo similar
experimental tests that can be compared with very precise computer model
results of the test configurations. It is expected that agreement (agreement
better than 5%) can be obtained between predicted and absolute measured
detector count rates. Once this level of agreement is obtained between
modeled and measured results, calculations can be used to generate a database
of detector responses to different moisture concentrations and other physical
situations for the purpose of interpreting the in situ measurements.
Interpretations will include estimates of moisture concentration and moisture
gradient as a function of depth in the waste at each location where a
measurement is made. Work is being completed on an computer routine for
comparing such a model-produced calibration database with measured data to
obtain best estimate interpretations. The detectors used in the probe will
need to undergo simple radiation exposure tests and environment chamber tests
to determine the amount, if any, that their responses are affected by gamma
radiation or changes in temperature. Results of these tests will be used to
make any needed corrections in the measured results before they are compared
with the calibration benchmark libraries.
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6.0 FIGURES
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Figure 3-1. Sketch of the Horizontal Surface Probe
Geometry Modeled During Development of Design.
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Figure 3-2.

_1)

Detector Response (s

280

240

200

160

120

80

40

WHC-SD-WM-DTR-044 Rev. 0

Predicted Responses of the Horizontal Placed
Surface Neutron Detectors Shown in Figure 3-1 to
Changes in Moisture.
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Figure 3-3. Sketch of the Vertical Surface Probe
Modeled During Design Development.
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Figure 3-4. Predicted Responses of Vertical Geometry
Surface Neutron Detectors Shown in Figure 3-3 to
Changes in Moisture.
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Figure 3-5. Sketch Showing a Typical Path that
Might be Followed by a Neutron that is Eventually
Thermalized and then Detected.
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Figure 3—-6. Sketch of the Geometry Used in the
Computer Modeied Baseline Surface Probe Design.
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Figure 3-7. Predicted Depth of Investigation for
Each Detector as a Function of Uniform Waste Moigture
Concentration. (Investigation Depth is Depth Above
Which 90% of Total Detector Signal Returns)
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Figure 3-8. MCNP Predicted Detector Responses to
Surface Moisture Content for Baseline Probe Design.
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Figure 3-9. Model Predicted Neutron Scattering Locations for

Neutrons that Contribure to Detector 1 Response. Grapgh Shows

Calculated Depth from which Neutron Moderation Signai Origingtes.

Scale Shows Percentage of Total Sigrnal Caming fram a Given Depth or
Above., Color Corresponds to Neutron Energy at a given Scattering Locatlcn.
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Figure 3-10. Model Predicted Neutron Scattering Tocations for Neut-ons
that Qontribate te Detector 2 Resporse.  Graph Shows Calculated Depth
from which Neutron Moderation Signal Originates. 3mle Shows Percentage
of Total Signa. Coming fram a Given Depth or above. Color Corresponds
te Neutron Energy ar a given Scattering Tocation.

TEatr 2, 15 wt% Moisture Waste
90% Depth: 7 an

Average Depth: 2.8 cm
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Figure 3-11. Mcdel Precdicted Neutron Scattering Locaticns for Neutras that
Contribute to Detector 3 Respanse.  Graph Shows Calculated Depth fram which
Neutron Moderation Signa. Origirates. Scale Shows Percentage of Total Sicrnal
Coming from a Giver Depth or Above. Celor Corresponds to Neutron Energy
at a given Scattering Locatian.

Tetector 3, 15 wt% Molisture Waste
90% Depth: 9 am
Average Depth: 4.7 am
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Figure 4-1. Schematic drawing of detector configuration used
in the tests. Ali detectors are BF3 type neutron counters.
Dimensions are given in inches and in centimeters (shown in parenthesis).
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Figure 4-2. Photagraph of the detector configuration used in the tests,

Figure 4-3. The detector configuration and electronics used in the tests, The NIM bin contains a high voltage power
supply. spactroscopic amplitiers, scalars, and a printer,. The preamplifiers are just visible under the tabie.
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Figure 4-4. The detector configuration shown during a typical measurement.

SAIC 950447
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Figure 4-5. Wide angle view of the entire test bad matrix, From the right, the tubs contain the following mixtures: 1)
26% moisture in filled tub, 2) 21% moisture in filled tub, 3) 14% moisture in filled tub, 4} 14% top 3cm, 21% next 3 cm,

26% remainder, 5) 14% top 3 cm, 21% remainder, 6} 10%

top 3 cm, 14% next 3 om, 21% remaindar, 7) 21% with boric

acid, 8) 14%, 4 cm thick layer, 8) 14%, & em thick layer, and 10) 14%. 9 cm thick layar.

Figure 4-8. Close-up view of tubs with, from the left, 1) 21% meisture and boric acid, 2) 10% top 3 cm, 14% next 3 cm,

21% remainder, 3) 14% top 3 em, 20% remainder,

and 4) 14% top 3 cm, 21% next 3 cm, 26% remainder.

SAIC-G6{1+ 3R



WHC-5D-Wi1-DTR-044 Rev. 0

Figure 4-7. Ciose-up view of tubs with thin layars of water/sand/gravel mixtures for 14% moisture content.
The tubs are raised 41 cm off the ground and a thin sheet of Cd is placed under the tubs to absort any thermal
neutrons passing back to the detectors from the cemant.

14% "f’c:, }
gem M9 | Tag,
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Figure 4-8. SMMS test results, July 1995,
Thin layer mixtures. 0.013 cm of Cd on detector 2.
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Figure 4-9. SMMS test results, July 1995. Stratified

and full tubs. No Cd on detector 2.
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Figure 4-10. SMMS test results, July 1995. Stratified and
single moisture content tubs. 0.005 cm of Cd on detector 2.
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Figure 4-11. SMMS test results, July 1995, Stratified and
single moisture content tubs. 0.013 cm of Cd on detector 2.
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12. SMMS test results, July 1995. Boron

contaminated tubs. No Cd on detector 2.
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Figure 4-13. SMMS test results, July 1995. Boron
contaminated tubs. 0.005 c¢m of Cd on detector 2.
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Figure 4-14. SMMS test results, July 1995. Boron
contaminated tubs. 0.013 cm of Cd on detector 2.
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Figure 4-15. Comparison of Prototype Experimental and
MCNP Modeling Results of Detector Response to Uniform
Surface Moistures. (0.002 in. cd around detector 2)
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Figure 4-16.
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Comparison of Experimental and Modeled

Detector Responses to Increasing Thickness of Moisture
Material Beneath Surface Probe.
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Figure 4-17. Comparison of Experimental and Modeled
Prototype Detector Responses to Layered Moisture and
Neutron Absorber Containing Standards. (0.002 in.cd
around detector 2) Weight Percent Moisture of Each
Layer (top to bottom) and Absorber, if any, is Specified.
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Example MCNP Input File
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message:
Vert Surface Neutron (t18 geom)
c 15% water saltcake
c
c

1 1 -8.0 75 -72 -15 imp:n=100 § Cf-252 source
3 13 -1.138e-3 70 -68 -40 imp:n=150 $ det 2 air
4 13 -1.138e-3 67 -71 -43 imp:n=250 § det 2 air

9 3 -.96 67 -70 -40 43 imp:n=290 $ det 2 poly
10 & -9.833e-4 92 -93 -42 imp:n=300 § det 1
11 6 -9.833e-4 71 -70 -43 imp:n=650 § det 2
12 6 -9.833e-4 91 -90 -44 imp:n=350 $ det 3
13 8 -8.65 (62 -69 -41) (40:68:-67) imp:n=190 $ det 2 cad
14 8 -8.65 (96 -97 -46 45):(-45 96 -99):(-45 98 -97) imp:n=110 $ det 1 cad
15 3 -.96 99 -98 -45 42 50 imp:n=220 $ det 1 poly
16 13 -1.138e-3 -93 92 -45 42 -50 imp:n=100 $ det 1 air
17 13 -1.138e-3 -98 93 -45 #15 imp:n=120 § det 1 air
18 13 -1.138e-3 -92 99 -45 #15 imp:n=120 § det 1 air
21 19 -7.8 9 -8 1 -62 imp:n=100 $ steel housing
22 19 -7.8 -1 -62 #1 imp:n=100 $§ steel housing bottom
23 19 -7.8 9 -8 62 -60 imp:n=100 $ steel housing
50 15 -1.50 2 -1 -10 imp:n=100 $saltcake
51 15 -1.50 3 -2 -10 imp:n=98
52 15 -1.50 4 -3 -10 imp:n=90
53 15 -1.50 5 -4 -10 imp:n=50
54 15 -1.50 6 -5 -10 imp:n=15
55 15 -1.50 -100 -6 -10 imp:n=5
57 15 -1.50 2 -1 10 -11 imp:n=100 $saltcake
58 15 -1.50 3 -2 10 -11 imp:n=95
59 15 -1.50 4 -3 10 =11 imp:n=90
60 15 -1.50 5 -4 10 -11 imp:n=25
61 15 -1.50 & -5 10 -11 imp:n=7
62 15 -1.50 -100 -6 10 -11 imp:n=2
64 15 -1.50 2 -1 11 -100 imp:n=95 $saltcake
65 15 -1.50 3 -2 11 -100 imp:n=80
66 15 -1.50 4 -3 11 -100 imp:n=25
67 15 -1.50 5 -4 11 -100 imp:n=12
68 15 -1.50 6 -5 11 -100 imp:n=3
69 15 -1.50 -100 -6 11 -100 imp:n=1

89 13 -1.138e-3 74 -77 -9 -60 #200 #12 imp:n=220

90 13 -1.138e-3 1 -16 8 -10 imp:n=100 §$ air

91 13 -1.138e-3 1 -16 10 -11 imp:n=100 § air

92 13 -1.138e-3 1 -16 11 -12 imp:n=98 § air

93 13 -1.138e-3 62 -9 -77 -74 (-96:97:46) #1 #100 imp:n=100 § air next to
source & det 1

94 13 -1.138e-3 62 -60 -9 77 #11 #9 #13 #3 #4 #200 imp:n=140 $ air next to
det 2

95 13 -1.138e-3 60 -16 -8 #12 imp:n=25 $ air above probe

100 19 -7.8 ((-80 -75 -9):(-83 75)) -81 -9 62 #1 imp:n=100 $ source enclosure

200 8 -8.65 -13 -82 74 43 #13 #3 #4 imp:n=95 $cadmium
500 O 16:12: (100 -1) imp:n=0

1 pz 0.00 $ top of saltcake

2 pz -4.00 $ saltcake
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3 pz -10.00 $ saltcake
4 pz -15.00 $ saltcake
5 pz -20.00 $ saltcake
6 pz -30.00 $ saltcake
8 c/z 1.7 4.22 4.214 $ outer steel housing x y R .125 in thick wal)
9 c/z 1.7 4.22 3.896 § outer steel housing x y R 3.068 in ID
10 ¢/z 1 4.22 10 $ waste radius
11 c¢c/z 1 4.22 23 $ waste radius
12 c/z 1.0 4.22 38.0 § waste radius
13 ¢/z 1.5 4.22 3.6 $ cadmium x y R
15 ¢/y -1.409 0.643 0.216 $ source radius x z R
16 pz 15.0 $ top of air
40 c/z 4.38 4.22 1.2 § cad inner/poly outer 2.05 mm thick poly
41 c¢/z 4.38 4.22 1.205 $ detector 2 cad 0.005 cm thick
42 c¢/y 1.65 1.837 0.79 § detector 1 radius (.62"0D) x z R
43 c¢/z 4.38 4.22 0.79 § detector 2 radius (.62"0D) x y R
44 c¢/z 1.75 4.22 1.27 § detector 3 radius (.62"0D) x y R
45 cfy 1.65 1.837 1.29 $ det 1 poly
46 c/y 1.65 1.837 1.455 § det cad
50 p 1.14.221.05 1.151.05 1.2 4.221.9% det 1 poly
60 pz 14.5 § imp plane
62 pz 0.381 $ top of housing bottom
67 pz 0.386 ¥ top of det 2 Cd 0.005 cm thick
68 pz 5.4818 § top of det 2 Cd
69 pz 5.4868 $ top of det 2 Cd 0.005 cm thick
70 pz 4.5284 § top of det 2
71 pz 1.3484 § bottom of det 2
72 py 4.220001 § top of source
74 pz 4.8 $ bottom of cadmium disk
75 py 4.219999 $ top of source
77 px 3.12 % left side of iron block
79 px 4.0 % right side of cadmium
80 px -.479 $ source enclosure (side)
8l pz 1.65 § source enclosure (top)
82 pz 4.965 § top of cadmium
83 px -.873 § thin side of source enclosure
90 pz 11.569 § end of top det 3
91 pz 6.489 § end of top det 3
92 py 2.93 § end of det 1
93 py 6.11 § end of det 1
9 py 1.5 § cad/air
97 py 7.6924 $ cad/air
98 py 7.5324 $ cad/air
99 py 1.66 § cad/air
100 s 1.0 4.22 0.0 38.0
c idum 4 -7
mode n
phys:n 20 20
sdef cel dl pos fcel d2 axs 01 0 ext fcel d3
rad fcel d4 wgt=2.3e7 erg db
scl  source cell is Cf-252 source in cell 1 : 10 micrograms
sil 1 1
spl d 1.0
sc2 source location is centered in cell 1
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ds?
sc3
ds3
scéd
ds4
sch
sph
sch
sib
spb
scy
si7
sp7
f4:n
fmd
fl4:n
fml4
f24:n
fm24
ml

m3
m3t

mé

m8
m9
ml3

ml5

ml5t
mlg

totnu
nps
print
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] -1.409 4.22 0.643
source extent

S &
source radius
S 7

energy distribution: Cf-252 Watt Spontaneous Fission Spectrum
-3 1.025 2.926

source extent is 2.0e-6 centimeter total length

0.000001

-21 0
source radius is .216 centimeters
0.0 0.216
21 1
10 $ detector regions
8.489e-6 9 207 $ (n,alpha) interactions
11 $ detector regions
8.48%e-6 9 207 $ (n,alpha) interactions
12 $ detector regions
8.48%e-6 9 207 $ (n,alpha) interactions
98252.35¢ 2 $ Cf-252
8016.50c 6
16032.50¢c 1
1001.50¢ 2.000000 $ Polyethylene
6000.50c 1.000000
poly.0lt
5010.50c 0.24 $ BF3 gas (2.99 g/1 at 1 atm)
5011.50c 0.01 $ Ref: HCP-62ed B-84
9019.50¢c 0.75 $ 96% enriched in B-10
48000.50c -1.00 $ cadmium
5010.50c 1.00 $ B-10 used for tallying
7014.50c  0.8000 $ LOW air (1.138e-3 g/cc)
8016.50c  0.2000
1001.50c -0.017168 $ BY-104 Saltcake Simulant
7014.50c -0.1234 $ 15% H20

8016.50c -0.5923
11023.50c -0.2466
12000.50¢c -0.0003
13027.50c -0.0126
14000.50¢ -0.0031
15031.50¢c -0.0012
20000.50c -0.0009
25055.50c -0.0005
26000.55¢c -0.0021
Twtr.01t $ hydrogen in water 300 K
6000.50c -0.003 $ 4130 carbon steel
25055.50c -0.005
15031.50¢ -0.00035
16032.50c -0.0004
14000.50c -0.002
24000.50c -0.01
42000.50c -0.007
26000.55¢ -0.97725

15000000
60 120 126 140
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APPENDIX B

Review Comment Record
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