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ABSTRACT

The results of the analysis of the Axial Shield Experiment are presented. This experiment is the third in a
series of several experiments (eight planned initially) comprising a-joint U.S. DOE-Japan PNC Shielding Research
Program (JASPER). Experiments previously performed under the program included the Radial ShieldAttenuation and
the Fission Gas Plenum Experiments. The Axial Shield Experiment was designed toexamine the shielding effectiveness
of various B4C and steel axial shield designs proposed for liquid sodium cooled fast reactors." Initially, eleven
configurations were measured. Then, because of the significant background from the concrete surrounding the axial
shield mockups and the large uncertainties in the concrete composition, six additional configurations were measured.
These configurations included lithiated paraffin collimator shields before and after the axial shield mockup in order to
reduce background from the axial shield concrete. Calculated results wereobtained usingthe DORT two-dimensional
discrete ordinates radiation transport code and several auxiliary codes, and the calculated and measured results were

compared. Calculatedresults for the configurations without B4C were in generally good agreement with the measured

results. For those configurations with B4C, the calculated results for remeasurement configurations with the lithiated
paraffin shields still overpredicted the Bonner ball count rates and spectra, while they underpredicted for thelow-energy
responses at the distant detectors. In light of the problems experienced with B4C in the analysis of the Radial Shield

Attenuation Experiment, it appears that the B cross-section data may be responsible for part of the disagreement.
However, the uncertainty in the axial shield concrete composition may have also contributed to the disagreement.
Overall, the analysis indicates a need for (1) better B cross-section data, (2) greater certainty in the axial shield

235 238
concrete composition, particularly the water content, and (3) spatially-dependent weighting of the U and U cross

sections over several regions of the depleted UO2 radial blankets. While weighted uranium cross sections obtained
using a 1-D spectrum modifier model improved the agreement between calculated and measured results behind the
spectrum modifier, the samecrosssections led to calculated responses thatgreatly overpredicted the measured responses
for the other configurations. This overprediction was believed to be due mainly to the neutron reflection by the axial
shield or plenum concrete, reflection that was not factored into the cross-section weighting model. It can be inferred
from the comparisons of the calculated and measuredresults that design calculationsshould be reasonably accurate for

stainless steel shields and a bit conservative for B4C shields.
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1. INTRODUCTION

Compared to the years of experience with thermal reactors, fast reactors have relatively little experience on
which to base their shield designs. In an effort to verifythe shielding designs for liquid sodiumcooled fast reactors, the
United States Department of Energy and Japan's Power Reactor and Nuclear Fuel Development Corporation (PNC)
developed a cooperative program called JASPER". The Axial Shield Experiment is the third of several experiments
planned under the program. Previously performed experiments included the Radial Shield Attenuation Experiment1,2
and the Fission Gas Plenum Experiment.3'4 The Axial Shield Experiment was designed to examine the shielding
effectiveness of various B4C and steel axial shield designs proposed for liquid sodium cooled fast reactors. Initially,
eleven configurations were measured. Then, because of the significant background from the concrete surrounding the
axial shield mockups and the large uncertainties in the concrete composition, six additional configurations were
measured. These configurations included lithiated paraffin collimator shields before and afterb the axial shield mockup
in order to reduce background from the axial shieldconcrete. As with the FissionGas PlenumExperiment, a major goal
of this experiment was to verify the accuracy of the calculated axial neutron leakage from the fission gas plenum and
axial shield regions of a typical liquid metal reactor (LMR). Overly conservative calculated neutron fluxes could lead to
an overprediction of the shielding requirements. The shielding could have a significant impact on the fuel-assembly
length and the longerfuel assemblies could force an increase in the vessel height. With the increased vesselheightcome
higher costs due to (1) the extra steel required for the vessel, (2) the additional weight to be transported, (3) a larger
sodiuminventory, and (4) the extra material required for other scaled-up components in the reactor building. When the
calculated neutron fluxes are highly accurate, less conservatism is required in the shield design and costs are lower.
Thus, reasonably accurate calculated neutron fluxes are highly desirable. The measured data from this experiment5
serve as a benchmark for judging the adequacy of the calculational methods and data. This report presents (1) a
description of the experiment, (2) a discussion of the methods and data used in the calculations, (3) the results of
calculationsfor this experiment and their comparisonswith the measureddata, and (4) a few implications of the analysis
for data needs and shield design.

"Japanese-AmericanShielding Program of Experimental Research

"There was no lithiated paraffin collimator shield after the axial shield mockup inremeasurement Configuration II.B.



Page Intentionally Blank



2.0 DESCRIPTION OF THE EXPERIMENT

2.1 Original Configurations

As stated previously, eleven configurations were included in the original measurements. The configurations
consisted of either a spectrum modifier only or a spectrum modifier followed by an axial shield mockup. The
configurations were centered in front of the wide-beam portal of the Tower ShieldingReactor II (TSR-II) at the ORNL
Tower Shielding Facility (TSF). A schematic drawing of the TSR-II is shown in Figure 1. The spectrum modifier is
152.4 cm on each side and, as shown in Figure Bl, consistsof slabs of material totaling approximately 10 cm of carbon
steel, 9 cm of aluminum, 2.5 cm of boral, and 20 cm of depleted U02 radial blanket material. For reactor background
shielding, the slabs were surrounded by a 20.3-cm-thick layer of lithiated paraffinand a very thick concrete layer. The
U02 blanketsare shown in Figure B2. The spectrummodifierby itself is designated as ConfigurationLA.

2.34<»6r«9

SwfcO CONFlOUUTlOW—-*""1

OMtNSONS JMf IN CeMTIt*£TC«S INOT TO SCAWt)

Figure 1. Plan view of the Tower Shielding Reactor-II (TSR-II) with its wide-beam collimator.



The other configurations consisted of the spectrum modifier followed by an axial shield mockup. The
approximately 45-cm-thick axial shieldmockup included seven hexagonal-shaped assemblies in an aluminum mesh that
was surrounded by boron carbide (B4C) and concrete lined by carbon steel as shown in Figure B3. There were eight
types of assemblies (four types each for B4C and stainless steel assemblies). The assemblies are shown inFigure 2 and
more detailed descriptions are given in Figures B4-B11. Shown in Figures B4 and B5 are the stainless steel and B4C
homogeneous assemblies. Figures B6 and B7 show the stainless steel and B4C rod bundle assemblies; Figures B8 and
B9 show the stainless steel and B4C central sodium channel assemblies; and Figures BIO and Bll show the stainless
steel and B4C central blockage assemblies. In eachcase, the aluminum was used to represent sodium and wasincluded
at about half the sodium volume fraction found in an LMR so that the neutron attenuation was about the same as that for
the equivalent sodium. Basically, the configurations are described in the Experimental Program Plan in Appendix A.
The axial shield configurations included ones with (1) seven homogeneous B4C assemblies (II.A), (2) seven
homogeneous stainless steel assemblies (LI.B), (3) one B4C central blockage assembly surrounded bysix homogeneous
B4C assemblies (III.A), (4) seven B4C central blockage assemblies (III.B), (5) one stainless steel central blockage
assembly surrounded by six homogeneous stainless steel assemblies (III.C), (6) seven stainless steel central blockage
assemblies (III.D), (7) seven B4C central blockage assemblies with a fission-gas plenum mockup preceding the axial
shield mockup (IH.E), (8) one B4C rod bundle assembly surrounded by six homogeneous B4C assemblies (IV.A), (9)
one stainless steel rod bundleassembly surrounded by six homogeneous stainless steel assemblies (IV.B), (10) one B4C
central sodium channel assembly surrounded by six homogeneous B4C assemblies (V.A), and (11) one stainless steel
central sodium channel assembly surrounded by six homogeneous stainless steel assemblies (V.B). The configuration
layouts are shown in Figure B12 for most configurations, in Figure B13 for those configurations for which the neutron
spectrum was measured (Configurations II.A and II.B), and in Figure B14 for Configuration ILLE (the only
configuration containing the fission-gas-plenum mockup). The design for the fission-gas-plenum mockup used in
Configuration ILLE is shown in Figure B15. More detailed descriptions of the configurations are found in the
measurement report.5

Integral measurements were madeon centeriine behind the configurations with the Bonnerball system (3-, 4-,
5-, 8-, 10-,and 12-in. Bonner balls). Radial traverseintegral measurements weremade using the 3-, 5-, and 8-in. Bonner
balls anda 0.635-cm-dia. x 0.159-cm-thick Hornyak button. TheHornyak button was used to mapvery localized spatial
variations in the neutron flux while the Bonner balls were used to measure responses that were more global in nature,
each measurement being influenced by contributions from largespatial regions. Neutron spectrum measurements were
made on centeriine as close as feasible behind the selected configurations using the NE-213 and Hydrogen Counter (or
Benjamin) spectrometers, and 3-,5-, and 10-in. Bonner ballmeasurements were madeat the spectrum locations.



Figure 2. Overview of the hexagonal shield assemblies used in the JASPER Axial Shielding Experiment.



2.2 Remeasurement Configurations

Because the B4C axialshield assemblies are much betterneutron attenuators than is concrete, high background
neutron leakage from the concrete was observed in the measurements. Since there may be large uncertainties in the
concrete composition, a dominant neutron leakage from the concrete could translate to large uncertainties in the
calculated neutron responses. Therefore, configurations, believed capable of greatly reducing the background leakage
from the concrete weredesigned and a remeasurement program wascarriedout. The Experimental ProgramPlan for the
remeasurements is shown in Appendix C and drawings for the configurations are shown in Appendix D. Figure Dl
shows a collimating lithiated paraffin shield that was used to reduce the concrete background. The collimating shield
was designed with an opening about the size of the seven axial shield assemblies, and the superimposed outline of the
opening on the outline of the axial shield assemblies in Figure D2 demonstrates a reasonably goodfit. Configuration LA
shown in Figure D3 has the spectrummodifier followed by the collimating shield. The other configurations consist of
Configuration LA followed by an axial shield mockup (Figure D4) or Configuration LA followed by an axial shield
mockup and another collimating shield (Figure D5). Figures D4 and D5 also showlead behind the mockups for which
neutron spectra were measured. All the configurations with axial shield mockupscontain B4C assemblies and all except
Configuration II.B have a collimating shieldfollowing the axial shield mockup. Configurations II.A and U.B consistof
Configuration LA followed by an axial shield mockup having seven homogeneous B4C assemblies, Configuration U.A
differing from Configuration II.B in that a collimating shield follows the axial shield mockup. Configurations IU.A,
LV.A, and V.A are like Configuration U.A except that the central shield assembly is replaced by a B4C rod bundle
assembly (IU.A), a B4C central blockage assembly (IV.A), or a B4C central sodium channel assembly (V.A). More
detailed descriptions of the configurations are found in the measurement report.6 Measurements were made with the
same detectors used with the original configurations (section 2.1).



3.0 THE ANALYSIS

3.1 Neutron Source

The neutron source was provided by the TSR-II with its wide-beam configuration as shown in Figure 1. The
effective boundary source ona plane justupstream of the spectrum modifier was obtained from a previous analysis.7 In
that analysis, the one-dimensional angular fluxes on the reactor's spherical surface, as determined by Maerker,8 were
projected onto the side and end surfaces of a cylinder surrounding the hemisphere of the reactor nearest the opening.
Those fluxes were then used asinternal boundary sources for a DORT9 calculation through a mockup ofthe reactor, its
housing and collimator, and the spectrum modifier (without the U02blankets). The boundary fluxes usedas a source for
this experiment were output by the above DORT calculation at the interface between the collimator and the spectrum
modifier (the location labeled "beginning of the shield configuration" in Figure 1). In the previous analysis, the
boundary fluxes were computed fora 51-group structure. Boundary fluxes for the61-group structure used inthepresent
analysis were converted by the code CHBSGP^ using lethargy weighting.

3.2 Data

The source ofthe cross-section data used is the VELM61 library10. Detector response functions were obtained
from the VELM61 two-dimensional response function array. Ref. 10 lists the sources of mostof the response function
data. For the Hornyak button, two response functions are given. They are based on a first-collision dose response
function with estimated energycutoffsof 120 and 270 keV corresponding to the bias settingof the detector. (Actually,
beyond truncating the response below a certain energy, one should also reduce the response values by the fraction of
light pulses that would have energies below the cutoff energy, since those pulses would not be counted.) For this
analysis, higher energy cutoffs were explored because calculated results consistently overpredicted measured responses
in previous experimental analyses. New response functions were obtained from the VELM61 response functions by
zeroing out the response for groups with energies below the cutoff energy. The additional response functions were
generated for cutoffenergies of 302,498, and743 keV. Response functions are given in Tables El and E2 in Appendix
E. The Hornyak button response function with the 743 keV energy cutoff was selected to obtain the calculated
responses to be compared withthe measurements. Note that the normalization factors for the responsefunctions depend
on the units of the neutron flux. Since the units of the neutron source are per minute per watt, the fluxes have units of
cm"2 • min"1 • W"1. Therefore, after the response functions are folded with the fluxes, the Bonner ball count rates are
multiplied by 0.0166667 to obtain count rates per second per watt and the Hornyak button dose rate is multiplied by
60.0 to obtain a dose rate with the units "ergs per gram per hour per watt". Plots of the Hornyak button and the 3-, 5-,
and 10-inchBonner ball response functions in the VELM61 neutrongroup structureare shown in Figure 3.

Material composition data are shown in Table 1. They were based mainly on the analyses given in Tables 1-14
of Ref. 5. Compositions for some materials were retained from previous experimental analyses. The compositions of
mixtures formed by combiningportions of one or more of the basic mixtures of Table 1 (i.e., macromixtures)are shown
in Table 2. For the axial shield region, the inner six walls of the support mesh were separated into one cylindrical
annular region, and the 18 exterior walls of the support mesh were separated into an outer annular region. The
remaining six walls of the support mesh were homogenized with the shield materials in the outer six axial shield
assemblies to form some of the macromixtures shown in Table 2. While the central blockage and central sodium
channel assemblies in the center position could be separated into two or three heterogeneous regions, the rod bundle had
to be homogenized and is one of the macromixtures in Table 2.

Undocumented code written by author.
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Table 1. Atomic densities (b '• cm"1) for constituents ofmaterials used inthe experiment calculations.

Element

Material

Carbon
Steel

Aluminum
Slab Boral

UCh
Blanket
Mixture

Lithiated
Paraffin Lead

B4C
(10

fi/cnr')

Gas
Plenum

Aluminum

H 5.930-2

6U 5.625-4

7Li 6.938-3

10B 5.130-3 8.713-3

"B 2.077-2 3.529-2

C 9.854-4" 6.450-3 3.340-2 1.003-2

N 4.369-4

O 2.963-2 1.130-2

Na 5.592-3

Mg 5.752-4 6.956-4 |
Al 5.875-2 3.650-2 6.880-3 5.854-2 |
Si 4.214-4 3.648-4 3.937-4

P

S

K

Ca

Ti 1.426-5 8.488-6

Cr 1.366-4 6.881-5 5.317-5

Mn 8.617-4 2.960-6 3.256-5 1

Fe 8.329-2 1.369-4 7.700-4 1.995-5 1.223-4 1

Ni 4.032-5 3.635-5

Cu 2.235-5 7.678-5 1.101-4

Mo 9.869-6

Pb 3.299-2

2UU 1.056-4

2MU 1.471-2

"Read as 9.854 x 10"4.



Table 1. (continued).

Material
I

Element

SS304

B4CRod
Bundle

SS

Gas
Plenum

SS

Gas
Plenum

Concrete

Axial
Shield

Concrete"

Axial
Shield

Concrete
Block I

Concrete 1

H 6.160-3 7.883-3 1.257-2 6.400-3

<U

1i

">B

"B

C 1.080-2 1.057-2 1.025-2 1.010-2

N

O 4.520-2 4.503-2 4.611-2 4.480-2 |

1Na 8.280-5 1.026-5 9.945-6

| Mg 5.010-3 4.733-3 4.588-3 2.180-3

1Al 6.980-4 4.452-4 4.315-4 6.240-4

Si 5.265-4 7.813-4 2.080-3 2.264-3 2.195-3 4.350-3

P 6.190-6 2.037-5 1.974-5

S 9.680-5 2.889-5 2.800-5 5.780-5

K 1.770-4 1.627-4 1.577-4 1.110-4

Ca 9.600-3 9.527-3 9.234-3 9.890-3

Ti 4.979-5 1.992-5

Cr 1.530-2° 1.679-2 1.752-2

Mn 1.760-3 1.077-3 1.302-3

Fe 6.000-2 6.005-2 5.913-2 5.270-4 1.702-4 1.650-4 1.090-4

Ni 7.800-3 7.402-3 7.475-3

Cu 2.778-4 1.952-4

Mo 1.591-4 1.144-4

Pb

2MU

2MV

"Watercontent is 4.912% by weight.

""Water content is7.83% by weight.

cReadasl.530xl02.
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Table 2. Macro mixture compositions formed from base mixtures in Table 1.

Macro Mixture Macro Mixture Composition

60% Carbon Steel 0.6 x Carbon Steel

B4C(p=1.3, 1.33, 1.38, 1.39, and 1.41 g/cm3) pxB4C(1.0g/cm3:

B4C + Al Mix #1 0.035676 x Al Slab+ 0.96432 x B4C(1.41 g/cm3)

B4C + Al Mix #2 0.1043 x Al Slab + 0.89570 x B4C(1.41 g/cm3)

SS + Al Mix #1 0.36467 x Al Slab + 0.63533 x SS304

SS + Al Mix #2 0.88447 x Al Slab + 0.11553 x SS304

SS + Al Mix #2 0.07719 x Al Slab + 0.92281 x SS304

B4C + Al + SS 0.36467 x Al Slab+0.09865 x SS304 +0.53668 x B4C (1.3 g/cm3)

SS + Al Plenum Mix #1 0.17989 x Gas Plenum Al + 0.15963 x Gas Plenum SS

SS + Al Plenum Mix #2 0.18175 x Gas Plenum Al + 0.15716 x Gas Plenum SS

33 Methods

code

The shielding analyses were performed using the DORT two-dimensional discrete ordinates radiation transport
9 The calculations were performed with 61 neutron groups, a symmetric Si2 quadrature set(96 directions), and a P3

Legendrepolynomial expansion of the cross-section scattering moments. The S|2 quadratureset was deemed adequate
for transport through the configurations because there were no streaming paths. Further, it was deemed adequate for
calculating fluxes in the voidshortdistances behindtheconfigurations (less than50 cm), since mostrays fromthe source
plane to the detector location would lie within the bounds of the discrete quadrature directions. Thus, the same
quadrature wasused to calculate the neutronfluxesin the void regionbehind the configuration.

Several auxiliary codes were used to eitherprepare inputfor DORTor to process outputfrom DORT. Cross
sections were mixed and a group-independent cross-section file was prepared for DORT using the AXMIX code.
RTFLUM12 was used to prepare a restart flux guess for DORT. Plotting of the measured and calculated data was
performed with the ASPECT code.13 Auxiliary codes written by the author, including BSPRP2, VFX2BD, DSKTRN,
DTWTPN,PSPECT,and XPANVF, were usedto processDORTdata files. BSPRP2 wasused to optionally changethe
mesh and/orquadrature on a boundary fluxfile while preparing an inputsourcefor DORT. VFX2BD wasusedto copy
boundary fluxes from a DORT flux moments file (VARFLM format) andcreate a diskboundary source filefora DORT
calculation through a void region behind a configuration. This code (a modification to the VFL2BD code) also
calculates the integrated sourceby group for both the +Z and -Z directions. DSKTRNand DTWTPN usedDORT flux
files and response functions to calculate detector responses. DTWTPN averages responses over finite-sized spherical
detectors located within the DORTgeometry while DSKTRN integrates the angular flux on the cylindrical end surfaces
of theDORT geometry to calculate responses at detectors outside thegeometry. Traditionally, DTWTPN hasaveraged
responses over thedetector hemisphere facing thesource, and this hemisphere was used for all locations along a radial
traverse. However, at the suggestion of J. A. Bucholz, the code was altered so that the responses would be averaged
over the hemisphere having a polar axis facing a specified location (generally, a point at the center of the end of the
configuration). Compared to the traditional method, this method tends to increase responses at detectors on the fringes
of a radial traverse andbring them into better agreement with measured results. PSPECT was used toprint and"punch"
(i.e. output formatted 80-column data to a file) fluxes at selected input locations and print cumulative flux sums
(integrals) by group at those locations. Theflux spectra were then plotted and compared against themeasured spectra,
andtheflux sums were compared against theintegrals of themeasured spectra. Finally, XPANVF was used to combine
the flux files from DORT calculations through the configurations with those for DORT calculations through void
regions behind the configurations. The purpose for such a combination is to create a flux file for a DTWTPN
calculation. The combined flux file is for a geometry which envelops all the Bonner ball detector position, something
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which neither individual geometry does. Using the combined flux file, the DTWTPN calculation thus avoids using
extrapolation to calculatethe responseat any location on the spherical surfaceof interest.

In addition to the above codes which preprocess or postprocess DORT data, one other code (MDSPEC)
written by the author was used strictly for processing the measured spectrum data. This code accepts the measured
spectrumdata from the unfolding codes in free-field formatbut in a certainorder. The code then integrates the flux, bins
it over a specified group structure, computes a cumulative flux sum by group, and punches the measured spectraalong
with FIDOd array numbers and data block terminators. This data then becomes input for a user-modified version of
ASPECT plotting code13 (i.e., a version with a user-written INSERT subroutine replacing the default subroutine). Inthe
output 1$ array, the "number of data points" entry is tagged negative to indicate hydrogen counter data for which
average fluxes and percent deviations are expected. By contrast, upperand lower boundflux values (plusor minus one
standard deviation about the mean values) are expected for the NE-213 data,and the 1$ array contains a positive entry.
The code also eliminatesflux pairs fromboth the integrals and the spectraldata whenever the lowerflux levelof the pair
is negative. The negatives generallyoccur in the upper and lowerenergy regionswhere poor counting statistics usually
lead to spectral unfolding difficulties that then lead to nonphysical fluxes in some energy regions. Therefore, one is
justified in eliminating those fluxesfromdata usedfor comparison.

3.4 Results

3.4.1 Original Configurations

3.4.1.1 Bonner Ball Count Rates on Centeriine 30 cm Behind Configurations. Bonner ball count rates on
centeriine 30 cm behind the configurations were calculated using the DTWTPN code. Results are presented in Tables
F1-F6 for the 3-, 4-, 5-, 8-, 10-, and 12-inchBonner balls, respectively. For ConfigurationLA, results are given for both
standard-weighted and self-shieldeduranium cross sections. The self-shieldedcross sections seemed to improveresults,
even though the count rates are overpredicted by about the same amount that the standard-weighted cross sections
underpredict the count rates. In general, the results for all configurationsare in good to excellent agreement. The worst
overall agreement is the 47% overprediction of the 3-in. Bonner ball count rate for Configuration ELD. Also, the
differencesbetween the calculated and measuredresults tended to be larger for the B4Cassemblies than for the stainless
steel assemblies.

The larger differences seen for the B4C assemblies may bedue topossible uncertainties in the "B cross section.
Figure 4 shows a plot of the nB total cross section inthe ENDF/B-VI-based VTTAMIN-B6 fine-group library14 group
structure versus that for the ENDF/B-V-based VELM61 library. It is seen that there are a few resonances above 0.3
MeV and that both libraries represent them reasonably well. The libraries differ in the peak cross-section values at 0.2
MeV and 10 keV and in the cross-section values for energies below 10 keV. One dimensional calculations were
performed using a 45-cm-thick region containing the homogeneous axial shield mixture and using as a source the
DORT-calculated spectrum incident on the axial shield assembly. These calculations were performed using the
VELM61 and the V1TAMIN-B6 libraries as well as the ENDF-V-based VTTAMIN-E fine-group library15 from which
the VELM61 library was derived. The purpose of thecalculations was to determine if thedifferences in the "B total
cross sections were enough to change significantly the C/E ratios for Bonner balls behind B4C axial shield mockups.
Figures 5 and 6 compare the VELM61 transmitted spectrum with the transmitted spectra for the V1TAMIN-B6 and
VTTAMIN-E libraries, respectively. For both the fine-group libraries, the VELM61 library gives more transmitted
neutronflux in the energyregion below2 keV and above 7 MeV. The flux is about the same in the energyrange 2 keV
sEi7 MeV. If the flux below2 keV weren't sucha smallpart of the total neutron flux, the higher low-energy neutron
flux calculated by VELM61 would partially explain the overprediction of the count rates for the smaller Bonnerballs
behindtheaxialshieldassemblies containing B4C. However, when the fluxes werefoldedwiththe Bonnerball response
functions, the resultsfor the fine-group libraries differed by onlya fewpercent fromthe results for the VELM61 library.
Thus, if there isa problem with the HB cross sections, it iscommon toall three libraries. Likely, the nB cross sections
fromENDF/B-V werepassed to ENDF/B-VI with littleor no change.

•"FIDO is amethod for inputting data arrays into computer codes like ASPECT. The rules are explained in asection of
Ref. 13 and elsewhere.
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As for the effect of cross-section self-shieldingon neutron and gamma-ray fluxes, Figures G1-G4 demonstrate
significant changes that occur in the spectra. For the one-dimensional model used to self-shield the cross sections,
Figure Gl shows large differences in the neutron spectrum below 1 keV while Figure G2 shows much smaller
differences for the gamma-ray spectrum. Figures G3 and G4 show large differences in the neutron spectrum below 1
keV for a two-dimensional model of the spectrummodifier,both for a spectrum from the full spectrummodifierand for
one from a 22-cm-diameter circle at the center of the spectrum modifier. The differences are amplified when the
spectrum is obtained from the smaller section of the spectrum modifier (Figure G4).
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3.4.1.2 Bonner Ball Count Rates on Centeriine 150 cm Behind Configurations. Bonner ball count rates on

centeriine 150cm behind theconfigurations werecalculated using theDSKTRN computer code with no interpolation of
the angular fluxes. Count rates were calculated at the "centers ofdetection"16 for each ofsix Bonner balls used in the
measurements. Background count rates were estimated by binning contributions from regions not shadowed by the
shadowshield into a separateregion. For the six Bonner balls,Tables F7-F12 show the measured and calculated count
rates (both foreground andnet), along with thecalculation-to-experiment ratios. Note thattwo"net" values aregiven for
all configurations except LA. For those configurations, Net(l) corresponds to contributions from radii lessthanor equal
to the equivalent cylindrical radius of the shadow shield. Net(2) corresponds to contributions from an even smaller
radius, indicating some region of significant neutron penetration through the shadow shield. Thisradius was arbitrarily
chosen as the radial boundary nearest that calculated by projecting back to the source plane a ray from the detector
location through a point on the cylindrical shadow-shield surface 5 cm from the outer radius. The shadow shield is
shown inFigure 7. It is 50.8cmthick and is shaped to barely covertheseven hexagonal assemblies and thesurrounding
B4C collar. Theequivalent radius of theshadow shield is 30.33 cm. A projection from 150cmbehind theshield back
to the axial shield assembly through r=30.33 cm and z=50.8 cm yields a shadowed radius of 45.9 cm for Net(l). A
projection through r=25 cm and z=50.8 cm yields a shadowed radius of 37.8 cm for Net(2). The closest radial
boundaries intheproblem geometry were selected, giving a radius of45.26 cmforNet(l) and37.88 cmfor Net(2).
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For the spectrum modifier (Configuration LA), the calculated results underpredict the measured
results by 6 to 13% using the standard-weighted U02 cross sections and overpredict by 1 to 12% using the
self-shielded U02 cross sections. The results using the self-shielded cross sections agree better overall than
those obtained usingthe standard-weighted cross sections. For the other configurations, the agreementis fair to
good. Agreementtends to worsenwith decreasingball size (except for the 3-in. ball). According to the results
in the tables, the Net(2) calculationsappear to remove too much flux from that which is assumed to contribute
to the responses. The foreground measured and calculated results are in good agreement for some
configurations, while the Net(l) calculated results agree about the same or better with the measured results.
When there is a significant background contribution and a shadow shield is used to make background
measurements, it is very difficult to translate the physical model to an equivalent calculational model. The
method chosen for the Net(l) results seemed to be the most logical choice.

3.4.13 Neutron Spectra Behind Configurations. As mentioned earlier, spectra were measured at
positions as closeas possible behind the configuration. This location varied by configuration and wasselected
to minimize gamma-ray contributions to the detector response. Most configurations included lead slabs to
reduce the gamma-ray contributions. The measured spectra are compared with the calculated spectra in
Figures G5-G8. The calculated spectra are plotted as histograms while the measured spectra are plotted as
curves representing plus or minus one standard deviation on the flux above 0.9 MeV (NE-213) and three
histograms withplusor minusone standarddeviation error bars on the flux below 1.0 MeV (1-, 3-, and 10-atm
hydrogen counterdata). The calculated spectrabehindConfigurations LA and II.B are in good agreement with
the measured results while the integral of the calculated spectrum behind Configuration II.A is about 25%
higherthan measured (there is definiteoverprediction in the 3-8 MeV energyrange). The trend is the same as
that shown for the Bonner ball count rates. First, the results using the self-shielded U02 cross sections agree
better than those using the standard-weighted U02 cross sections. Second, the results for the stainless steel
assemblies agree better than those for the B4C assemblies.

3.4.1.4 Bonner Ball Count Rates at the Spectrum Measurement Locations. As a check on the

spectrum measurements, 3-, 5-, and 10-inch Bonner ball measurements weremadeat the samelocations where
the spectrum measurements were made. Results are compared in Tables F13-F15. There is good agreement
behind the spectrum modifier and behind the steel assemblies. Calculated results overpredict Bonner ball
count rates behind the B4C assemblies. Agreement is good behind the spectrummodifier (Configuration LA)
with the self-shielded U02 crosssections giving the betteragreement. Agreement also improves when results
are compared with background removed, with the self-shielded U02 results being in nearly perfect agreement.
For Configuration II.B with the lead shield, all results except the 3-inch Bonner ball countrate agree within
20%. For Configuration II.B without the lead shield, the measured and calculated foreground results are in
excellent agreement, andagreement is still good when theresults arecompared with background removed.

3.4.1.5 Hornvak Button and Bonner Ball Count Rate Radial Traverses Behind Configurations.
Hornyak button radial traverses were made 2.37cmbehind theconfigurations (except for the 1.85-cm traverse
behind Configuration DIE). Bonner ball radial traverses with the 3-, 5-, and 8-inch Bonner balls were made
with the balls centered 30 cm behindthe configurations. Behind Configuration LA, a traversewas made with
the 10-inch Bonner ball instead of the 8-inch Bonner ball as listed in the Program Plan. Calculated results for
thesetraverses are plotted against measured results in Figures G9-G22 and ratiosof the calculated-to-measured
count rates are shown in Figures G23-G35. The latter figures have a solid line drawn at an ordinate of 1.0
(perfect agreement) and two dashed lines drawn at ordinates of 0.8 and 1.2, marking the region of good
agreement ofcalculation with measurement (±20%). ForBonner ball count rates behind thespectrum modifier
(Configuration LA), most of the ratios for the self-shielded U02 cross-section data fall within the region of
good agreement while 50% or less of the ratios for thestandard-weighted U02 cross sections fall within that
range. Fortheother configurations, thecalculated Bonner ball count rates aregenerally higher than measured,
with differences being largest behind the B4C axial shield configurations. For someconfigurations, the ratios
for the 3-inch Bonner ball fall slightly above the region of good agreement. As has been observed in other
analyses,4 the calculated Hornyak button responses in some cases greatly overpredict the measured responses
(as large as a factor of 1.75). A few values along some traverses do fall within or below the range of good
agreement. These values lie at the edges of the traverse where the Bonner ball count-rare ratios also drop
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sharply. Hence, the good agreement results from the tendency of the calculations to underpredict at the edges
of the traverse, thus bringing the overprediction seen along the centeriine within range at the edge of the
traverse. Likewise, the Bonner ball ratios that are within range along the centeriine tend to fall below range at
the edges of the traverse.

While the self-shielded uraniumcross sections improved results for ConfigurationLA, the same cross
sectionscaused count rates for the shield configurations to be overestimated due to fission hot spots near the
interface between the radial blanket and the axial shield assembly. The fission density is believed to be too
highbecausein the self-shielding of the U02 cross sections, the contributions of the shieldconfigurations to the
shielded cross sections were not included. Therefore, the standard-weighted U02 cross sections were used in
calculations for the shield configurations.

3.4.1.6 Neutron Streaming Factors. Differences in the densities of the coolant and the shield

material result in the preferential transport of neutrons along the coolant pathways through the shield (i.e.
neutron streaming). Heterogeneouscalculationsshould record flux differences in the coolant and in the shield
materials, while the homogeneous calculations would show no differences. By comparing detector responses
for the heterogeneous models to those for the homogeneous model, one can get an idea of the neutron
streaming for each of the heterogeneous models. Properly performedcalculations should show results similar
to the measured results. Table F15 shows ratios of the Bonner ball count rates for the heterogeneous models to
those for the equivalent homogeneous model. Ratios (for both the calculated and measured values)are shown
for the 3-inch Bonner ball (low-energy neutron flux), the 5-inch Bonner ball (total neutron flux), and the
10-inch Bonner ball (fast neutron flux). The results indicate first that the greatest streaming effects occur for
the central sodium channel assemblies. Second, the larger streaming effects occur at low neutron energies.
Third, of the configurations with only one heterogeneous axial shield assembly (configurations labeled A, C,
and D in the table), only those with the central sodiumchannel assembly have significantstreaming effects (the
others show an effect of 12% or less). If the trend seen for the one versus seven central blockage assembly
comparison heldfor the other assembly types, then one should see even larger streamingeffects for assemblies
havingseven central sodiumchannelassemblies. For instance, heterogeneous-to-homogeneous 5-inch Bonner
ball count rate ratios would be 1.48 and 1.41 for the stainless steel and B4C assemblies, respectively. Fourth,
the central blockageand rod bundle assembliesexhibit similar streamingeffects, although one mightexpect the
central blockage assembly to allow more streaming because of the larger lumped coolant region. It is noted
that the streaming factors decrease withdetector size. The radii of the largerBonner balls are greater than the
equivalent cylindrical radius of the inner hexagon. Therefore, streaming might be masked partially by
contributions from the homogeneous axial shield region. In addition, the cross sections for neutrons detected
by those balls are not drastically different among the various materials. Hence, there is less preferential
transmission through the lower density regions.

Streaming factors based on calculated count rates are generally lower than those based on the
measured count rates. However, ratios for the seven central blockage B4C assemblies are similar, while ratios
of the calculated 3-inch and 5-inch Bonner ball count rates for the stainless steel assemblies are higher than the
ratios of the measured count rates. In any case, one needs to find suitable scale factors to apply to fluxes or
dose rates calculated using the homogeneous models.

3.4.1.7 Shield Attenuation. From the Bonner ball count rates behind the configurations, one can
make observations regarding the attenuation characteristics of the shield assemblies. First, the B4C shield
assemblies are better attenuators than the steel assemblies. The attenuation factors for the high-energy neutron
flux (10-inch Bonner ball count rate) are more than two times larger than those for the steel assemblies. The
attenuationfactors for the low-energy neutron flux (3-inch Bonner ball count rate) are four to five times those
for the steel assemblies. Second, the central blockage and rod bundle assemblies attenuate almost equally, and
they attenuate better than the central sodium channel type assemblies.

3.4.1.8 Radiation Background. To get a true picture of the attenuation characteristics of the axial
shield assemblies, one would like the background radiation levels (i.e. contributions from any region outside
the region of the shield mockup) to be as small as possible. If the axial shields are better attenuators than the

18



background shield (concrete), then one can expect high background detector responses. This isbelieved tobe
the case for the configurations originally measured. Isoplots of the 5-inch Bonner ball count rate for
Configuration II.A (homogeneous B4C assemblies) are shown in Figures 8-9 for standard-weighted and
self-shielded U02 cross sections, respectively. Results for Configuration II.B (homogeneous stainless steel
assemblies) are shown in Figures 10-11. These results show that radiation levels in theconcrete background
shield are not insignificant when compared to those at the same depth into the axial shield. While the B4C
collar around theaxial shield mockups may depress theflux levels, theflux levels continue to build up in the
concrete surrounding thecollar. One canseethat theself-shielded U02 cross sections result in slightly higher
flux levels intheaxial shield region (as well as in theconcrete shield) than do thestandard-weighted U02cross
sections.

Inaddition, theresonance processing for the U02 cross sections was performed without regard for the
material thatwould follow theradial blanket mockup. Therefore, the useof the self-shielded cross sections in
calculations for configurations containing axial shield assemblies is probably inappropriate. Separate sets of
cross sections should have been created for geometry mockups having the radial blankets followed byanaxial
shieldregionand for the blankets followed by the background concrete.

The effectsof the cross sectionson the calculated fissionneutronproduction within the radial blanket
mockup were studied also. Figures 13-14 show isoplots ofthe 5-inch Bonner ball count rate for Configuration
II.A due to fission only for standard-weighted and self-shielded U02 cross sections, respectively. The count
rate due to fission is 38.4% of the total countrate for the standard-weighted U02 cross sections and44.9%of
the total for the self-shielded U02 cross sections. While the total count rate for the self-shielded U02 cross
sections is 12% higher than that for the standard-weighted U02 cross sections, the count rate due to fission is
31% higher. Thus, the fission neutron distribution can have a great impact on how the calculated dose rates
compare with the measured ones. Isoplots of the calculated fission neutron production in the U02 radial
blankets ofConfigurations II.A and II.B for both sets ofcross sections are shown inFigures 14-17. The B4C
assemblies in Configuration II.A tended to depress production levels in the second blanket (Figures 14-15)
when compared to levels for the stainless steel assemblies (Figures 16-17). The self-shielded U02 cross
sections yielded higher neutron production than did the standard weighted cross sections. Differences in the
fission distribution are seen throughout the blanket region, and the self-shielded cross sections result inslightly
higher production levels near the outer radius of the blankets. One can also note that if one did an axial
traverse along the centeriine of the blankets, one would see a monotonic decrease in the fission neutron
production. If one did an axial traverse near the outer radius of the blanket mockup, one would see a
monotonic decrease in thefission neutron production through the first blanket and then anincrease through the
second blanket. For example, the maximum production along the centeriine of the second blanket is about
3000cm"3-min"1. Peak values at the interface with theconcrete shield are as highas 5000cm" -min" for the
standard-weighted U02 cross sections and as high as 6300 cm"3 • min"1 for the self-shielded U02 cross
sections. The largest value for production in the first blanket is about 8000 cm"3 •min"1. So, the concrete
greatly enhances the fission source in the blankets. Fission neutron production along the centeriine at the
interface between the radial blanket and the axial shield fall between 1000 and 1250 cm • min for
Configuration II.A using standard-weighted U02 cross sections and between 1250 and 1580 cm" •min" for
Configuration II.A using the self-shielded U02 cross sections. For Configuration II.B, the ranges are 1250 to
1580 cm"3 • min"1 for the standard-weighted U02 cross sections and 1990 to 2510 cm"3 • min"1 for the
self-shielded U02 cross sections. The peak values are thus 3 to 6 times those along the centeriine, and if the
axial shield is a better attenuator than concrete is, then one wouldexpect the fission neutrons to contributea
high background count rate. Any effort that could lower the fission rate in the outer radial portion of the
blanket region should help to reduce the background count rate. The remeasurement program sought first to
reduce the background by limiting the low-energy neutron backscatter from the concrete to the radial blanket
region and the fissions that result therefrom. The program sought also to further reduce the population ofthose
neutrons fromthe reactor that penetratethe background shield.
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5-inch Bonner Ball Count Rate for JASPER Ax Shld Config II.A
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Figure 8. Isoplot of the calculated 5-inch Bonner ball count rate for JASPER Axial Shield Experiment
original Configuration II.A using standard-weighted U02 cross sections.

20



5-inch Bonner Ball CR's for JASPER Ax ShId Config II.A (s.shid)
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Figure 9. Isoplot of the calculated 5-inch Bonner ball count rate for JASPER Axial Shield Experiment
original Configuration II.A using self-shielded U02 crosssections.
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5-inch Bonner Ball Count Rate for JASPER Ax ShId Config II.B
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original Configuration II.B using standard-weighted U02 cross sections.
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5-inch Bonner Ball CR's for JASPER Ax ShId Config II.B (s.shid)
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Figure 11. Isoplot ofthe calculated 5-inch Bonner ball count rate for JASPER Axial Shield Experiment
original Configuration II.B using self-shielded U02 crosssections.
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5-inch Bonner Ball CR's for JASPER Ax ShId Config II.A (fiss.A)
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Figure 12. Isoplot of the calculated 5-inch Bonner ball count rate due to fission for JASPER Axial Shield
Experiment original Configuration II.A using standard-weighted U02 cross sections.
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5-inch Bonner Ball CR's for JASPER Ax ShId Config II.A (fiss.B)
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Figure 13. Isoplot of the calculated 5-inch Bonner ball count ratedue to fission for JASPER Axial Shield
Experiment original Configuration II.A usingself-shielded U02 cross sections.
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Fission Neut Prod, in U02 Blankets for JASPER Ax ShId Config II.A
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Figure 14. Isoplot of the calculated fission neutron production in the U02 blankets of JASPER Axial Shield
Experiment original Configuration II.A using standard-weighted U02 cross sections.
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Fission Neut Prod, in U02 Blankets for JASPER Ax ShId Config II.B
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Figure 16. Isoplot of the calculated fission neutron production in the U02 blankets of JASPER Axial Shield
Experiment original Configuration II.B using standard-weighted U02 cross sections.
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Fission Neut Prod, in U02 in JASPER Ax ShId Config II.B (s.shid)
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Figure 17. Isoplot of thecalculated fission neutron production in theU02 blankets of JASPER Axial Shield
Experiment original Configuration II.B usingself-shielded U02cross sections.
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3.4.2 Remeasurement Configurations

3.4.2.1 Bonner Ball Count Rates on Centeriine 30 cm Behind Configurations. As was the case for the
original configurations, Bonner ballcountrateson centeriine 30 cm behind theconfigurations werecalculated using the
DTWTPN code. Results are presented in Tables F17-F22 for the 3-, 4-, 5-, 8-, 10-, and 12-inch Bonner balls,
respectively. Note that theconfiguration identifiers now have themeanings ascribed inSection 2.2. The calculated and
measured data are in good to excellent agreement for the 3-, 4-, 5-, and 8-inch Bonner balls with
calculation-to-experiment ratios(C/Es) ranging from 0.85 to 1.28. C/Esrange from0.97to 1.44for the 10-and 12-inch
Bonner balls. Comparing these count rates to those for the original configurations (Tables F1-F6), one sees that the
collimatorremoves about half the count rate behind the shield configurationsfor all balls, slightly more than half for the
smaller balls, and sometimes less for the larger balls. For the spectrum modifier, there is little effect for the 3-inch
Bonner ball, but there is about a 20% reduction for the 10- and 12-inch Bonner balls.

3.4.2.2 Bonner Ball Count Rates on Centeriine 150 cm Behind Configurations. Bonner ball count rates on

centeriine 150 cm behind the remeasurement configurations were calculated using the DTWTPN code. DORT fluxes
were calculated in an extended void region behind each of the configurations, and detector responses were averaged
over the forward hemisphere of each detector. Results are shown in Tables F23-F28. Calculated and measured results
for the 8-, 10-, and 12-inch Bonner balls (TablesF26-F28)are in good to excellentagreement behind all configurations.
For the other three balls (Tables F23-F25), there is a slight overprediction behind Configuration LA and a somewhat
greater underprediction behind Configuration V.A. Also, thecalculation overpredicted the3-inch Bonner ballcountrate
for Configuration H.B and underpredicted the 4- and 5-inch Bonner ball count rates behind Configuration IJJ.A.
Otherwise, the calculated and measured 3-, 4-, and 5-inch Bonner ball count rates show good to excellent agreement
(within ±20%) for Configurations II.B, III.A, and IV.A. Background was eliminated from the calculations by
calculating the DORT fluxes in the void region behind the configurations based on neutron leakage from the region
bounded by r=37.88 cm. This radius is an equivalent radius of the shadow shield opening determined by projecting a
line from the 150-cm position through a radius of25cmat theshadow-shield surface andthen to theaxial shield surface.
The intersection with the axial shield surface is the equivalent radius, and it is about 7.5 cm larger than the equivalent
radius used in DORT, that radius being one that gives the same cross-sectional area as the opening. Attempts to
calculate detector countrates withDSKTRN using neutron leakages fromthesameregionresulted in substantially lower
calculated count rates (some C/Es less than 0.5, even as low as 0.36). No explanationfor the underprediction could be
found. One is trying to calculate angular fluxes on the axis of a cylinder for directions having an azimuthal cosine of
-1.0. Traditionally, theflux calculated on axis byDSKTRN will be less than thatcalculated at anoff-axis position. The
DTWTPN calculation encompasses a host of off-axis detector positions in the averaging process and could thus be
expected to give higher results.

3.4.23 Neutron Spectra Behind Configurations. Neutron spectra were measured for three of the
remeasurement configurations (D.A, II.B, and DIA). The calculated and measured spectra are compared in Figures
G36-G38. The shapes of the measured and calculated curves are similar. However, like the results for the original
configurations, the calculated results stilloverpredict by 17to 26%, which is comparable to the 25% overprediction for
the original Configuration II.A. The introduction of the shadow shieldto reducethe effects of background leakage from
the concrete did not improve the agreement between calculation and measurement. One might then attribute the
overprediction to the boron cross sections, since good agreement was achieved for the steel shields. The material
densities should be reasonably accurate, so thereshouldbe littleerror due to incorrect density, or one would not expect
greatchanges in the neutronflux for densitychangeswithinthe uncertainty bounds.
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3.4.2.4 Bonner Ball Count Rates at the Spectrum Measurement Locations. Bonner ball count rates were

measured on centeriine behind the configurations at the samelocations at which the spectrummeasurements were made.
Bonner ball count rates were also calculated at these same locations, and the calculated and measured neutron flux
spectra were integrated over their common energy interval (E > 52.4 keV). The calculated and measured Bonner ball
count rates and integrated fluxes are compared in Table F29. As was the case for the original B4C configurations, the
calculations overpredict fluxes and countratesby 20 to 40% in general. Again, the background shieldsdid not improve
the agreement between measurement and calculation.

3.4.2.5 Hornvak Button and Bonner Ball Count Rate Radial Traverses Behind Configurations. Per the
program plan, radial traverse measurements were made 2.4 cm behind the remeasurement configurations using the
Hornyak button and 30 cm behind the configurations using the 3-, 5-, and 8-in. Bonner balls. Radial profiles of the
calculated and measured Bonner ball count rates and Hornyak button dose rates are shown in Figures G39-G44 and
radial profiles of thecalculated-to-measured count rateratios are shown in Figures G45-G50. Ratios nearthecenteriine
are similar to those for the original configurations. Ratios at the outeredgesof the traverses are somewhat lowerdue to
the calculational models that result in the shadow shield opening being such that Bonner balls "see" less of the axial
shield surface than they "see" in the actual geometry.

3.4.2.6 Neutron Streaming Factors. Neutron streaming factors for the various shield configurations were
estimated by the ratios of theBonner ballcountrates for theheterogeneous configurations to those for thehomogeneous
configuration. Values were obtained for both themeasured and calculated Bonner ball count rates andarepresented in
Table F30. The streaming factors obtained from thecalculated dataare generally lower than those obtained from the
measured data. For the central blockage configuration, the streaming factors from the calculated data are very close to
thoseobtained fromthemeasured data. Theyarealsosmaller thanthe factors for the other twoaxialshield designs. For
theoriginal configurations, the best comparisons between thefactors from thecalculated and measured data were those
for the heterogeneous configuration containing seven central blockage assemblies. The comparisons for the original
configuration with the single central blockage assembly surrounded by six homogeneous assemblies were similar to
those for theother heterogeneous assemblies. Calculated streaming for theoriginal rod bundle assemblies was virtually
nonexistent. For the remeasurement configuration, the streaming factors range from 1.02 to 1.07 compared to 0.96 to
1.03 for the original configurations. Perhaps, the background shielding did place more emphasis on neutron
transmission through theaxialshields ratherthanthrough the concrete shields.

3.4.2.7 RadiationBackground.For theoriginal Configuration D.A, the fission neutron production in the U02
radial blankets was examined for its effect on the detector count rates behind the Configuration (Section 3.4.1.8). A
similar analysis was performed for the remeasurement Configuration H.A. Figure 18 shows an isoplot of the 5-inch
Bonner ball count rate and Figure 19 shows an isoplot of the fission neutron production in the U02 blankets. The
lithiated paraffin collimator following the radial blanket did indeed reduce thecount rates in the concrete relative to the
levels within theaxial shield (Figure 18). Also, thefission neutron production at theouter radius of theblanket region is
comparable to that along the centeriine (Figure 19). While the collimator affected the fission neutron production
everywhere in the blanket region, the greater effect appears to be that portion of the blanket that previously interfaced
with theconcrete background shield. Measurements fortheremeasurement configurations should be more indicative of
thetransmission through theaxial shield mockups than through thebackground concrete as was thecasefor theoriginal
B4C shield configurations.
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Figure 18. Isoplot of the calculated 5-inch Bonner ball count rate for JASPER Axial Shield Experiment
remeasurement Configuration II.A using standard-weighted U02 cross sections.
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Figure 19. Isoplot of the calculatedfission neutronproduction in the U02 blankets of JASPER Axial Shield
Experiment remeasurement Configuration II.A using standard-weighted U02 cross sections.
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4.0 SUMMARY

Experiments were performed at the ORNL Tower Shielding Facility on mockups of several possible axial
shield designs for sodium cooled fast reactors. Theshields were based on either B4C or stainless steel, with aluminum
representing the sodium coolant. The shield configurations consisted of (1) seven homogeneous hexagonal assemblies,
(2) one heterogeneous hexagonal assembly surrounded by six homogeneous hexagonal assemblies, or (3) seven
heterogeneous hexagonal assemblies. Because theB4C shields attenuated the neutron flux better than theconcrete used
as a background shield, a remeasurement program was carried out for theB4C shield configurations. Both integral and
spectral measurements were made. Calculations were performed foreach of these configurations using a transport code
typically used inthe design analysis (e.g. DORT). Calculated results were compared to themeasured results toseeif the
calculations could predict the measured results, and to infer from those comparisons whether design calculations using
such a transport code give reasonable results, particularly because of data deficiencies and the approximations one
makes in order to convert the three-dimensional geometries to equivalent two-dimensional geometries. The central
hexagon was represented by a cylinder with equal cross-sectional area and the heterogeneous shields were modeled as
concentric annular regions of shield material and coolant (aluminum) or vice versa. The outer six hexagons were
modeled as a cylindrical annulus of equal cross-sectional area with the heterogeneous shields being represented as
alternating annular regions of shield material and coolant. The rod bundle assembly was homogenized, although the
container walls were modeled as a separate region. For a reactor, one might homogenize the shield region and apply
scale factors derived from a heterogeneous model of one assembly. Results from thecalculations compared favorably
for thestainless steel configurations. Results for theboth theoriginal and remeasurement B4C configurations in general
were more than 20% higher than the measured results, ±20% being considered good agreement. However, both the
calculations and measurements identified the shield designs with the larger streaming factors and those for which
streaming was not very significant. As was the case for theRadial Shield Attenuation Experiment, there does appear to
be a problem with boron cross sections. However, since the calculations overpredicted themeasured results, onewould
expect design calculations to yield conservative results. In most cases, this is desirable. A B4C shield shown by
calculations to satisfy shielding criteria would have some margin of safety built in. Finally, the calculations and
measurements showed that the B4C shields attenuated neutrons better than the stainless steel shields did. Because
transmission factors differed by as much as a factor of 4.0,one would have to have a very compelling reason to choose
the stainless steel assemblies rather than the B4C assemblies.
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EXPERIMENTAL PROGRAM PLAN

FOR THE JASPER AXIAL SHIELD EXPERIMENT

Spectrum Modifier (SM) Mockup

A. 10cm Fe + 10cm Al + 2.5cm boral + 20cm radial blanket

1. 3-, 4-, 5-, 8-, 10-, and 12-in. Bonner ball measurements on
centeriine:

a. at 30 an behind shield mockup
b. at 150 cm behind shield mockup

2. 3-, 5-, and 8-in. Bonner ball horizontal traverse at 30 cm behind shield
mockup

3. NE-213 and hydrogen counter spectrum measurements on
centeriine as close as feasible behind shield mockup

4. 3-, 5-, and 10-in. Bonner ball measurements on centeriine at
location of NE-213/H spectrum measurements

Homogeneous Shield Mockup

A. SM + 45-cm-thick B4C homogeneous type assemblies in all seven
shield positions

1. 3-, 4-. 5-, 8-, 10-, and 12-in. Bonner ball measurements on
centeriine:

a. at 30 cm behind shield mockup

b. at 150 cm behind shield mockup

2. 3-, 5-, and 8-in. Bonner ball horizontal traverse at 30 cm behind shield
mockup

3. 0.6-cm Hornyak button horizontal traverse as close as possible
behind shield mockup

4. NE-213 and hydrogen counter spectrum measurements on
centeriine as close as feasible behind shield mockup
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5. 3-, 5-, and 10-in. Bonner ball measurements on centeriine at
location of NE-213/H spectrum measurements

B. SM + 45-cm-thick SS-304 homogeneous type assemblies in all seven
shield positions

1. 3-, 4-, 5-, 8-, 10-, and 12-in. Bonner ball measurements on
centeriine:

a. at 30 cm behind shield mockup

b. at 150 cm behind shield mockup

2. 3-, 5-, and 8-in. Bonner ball horizontal traverse at 30 cm behind
shield mockup

3. 0.6-cm Hornyak button horizontal traverse as close as possible
behind shield mockup

4. NE-213 and hydrogen counter spectrum measurements on
centeriine as close as feasible behind shield mockup

5. 3-, 5-, and 10-in. Bonner ball measurements on centeriine at
location of NE-213/H spectrum measurements

III. Central Blockage Shield Mockup

A. SM + 45-cm-thick B4C central blockage type assembly in center shield
position with B4C homogeneous type assemblies in outer six shield
positions

1. 3-, 4-, 5-, 8-, 10-, and 12-in. Bonner ball measurements on
centeriine:

a. at 30 cm behind shield mockup

b. at 150 cm behind shield mockup

2. 3-, 5-, and 8-in. Bonner ball horizontal traverse at 30 cm behind
shield mockup

3. 0.6-cm Hornyak button horizontal traverse as close as possible
behind shield mockup

B. SM + 45-cm-thick B4C central blockage type assemblies in all seven
shield positions
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1. 3-, 4-, 5-, 8-, 10-, and 12-in. Bonner ball measurements on
centeriine:

a. at 30 cm behind shield mockup

b. at 150 cm behind shield mockup

2. 3-, 5-, and 8-in. Bonner ball horizontal traverse at 30 cm behind
shield mockup

3. 0.6-cm Hornyak button horizontal traverse as close as possible
behind shield mockup

C. SM + 45-cm-thick SS-304 central blockage type assembly in center
shield position with SS-304 homogeneous type assemblies in outer six
shield positions

1. 3-, 4-, 5-, 8-, 10-, and 12-in. Bonner ball measurements on
centeriine:

a. at 30 cm behind shield mockup

b. at 150 cm behind shield mockup

2. 3-, 5-, and 8-in. Bonner ball horizontal traverse at 30 cm behind
shield mockup

3. 0.6-cm Hornyak button horizontal traverse as close as possible
behind shield mockup

D. SM + 45-cm-thick SS304 central blockage type assemblies in all seven
shield positions

1. 3-. 4-, 5-, 8-, 10-, and 12-in. Bonner ball measurements on
centeriine:

a. at 30 cm behind shield mockup

b. at 150 cm behind shield mockup

2. 3-, 5-, and 8-in. Bonner ball horizontal traverse at 30 cm behind
shield mockup

3. 0.6-cm Hornyak button horizontal traverse as close as possible
behind shield mockup

E. SM + 20-cm-thickfission gas plenum mockup + 45-cm-thick B4C
central blockagetype assemblies in all seven shield positions
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3-. 4-, 5-, 8-, 10-, and 12-in. Bonner ball measurements on
centeriine:

a. at 30 cm behind shield mockup

b. at 150 cm behind shield mockup

3-, 5-, and 8-in. Bonner ball horizontal traverse at 30 cm behind
shield mockup

0.6-cm Hornyak button horizontal traverse as close as possible
behind shield mockup

IV. Rod Bundle Shield Mockup

A. SM + 45-cm-thick B4C rod bundle type assembly in center shield
position with B4C homogeneous type assemblies in outer six shield
positions

1. 3-, 4-, 5-, 8-, 10-, and 12-in. Bonner ball measurements on
centeriine:

a. at 30 cm behind shield mockup

b. at 150 cm behind shield mockup

2. 3-, 5-, and 8-in. Bonner ball horizontal traverse at 30 cm behind
shield mockup

3. 0.6-cm Hornyak button horizontal traverse as close as possible
behind shield mockup

B. SM + 45-cm-thick SS-304 rod bundle type assembly in center shield
position with SS-304 homogeneous type assemblies in outer six shield
positions

1. 3-, 4-, 5-, 8-, 10-, and 12-in. Bonner bail measurements on
centeriine:

a. at 30 cm behind shield mockup

b. at 160 cm behind shield mockup

2. 3-, 5-, and 8-in. Bonner ball horizontal traverse at 30 cm behind
shield mockup

3. 0.6-cm Hornyak button horizontal traverse as close as possible
behind shield mockup
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Central Sodium Channel Shield Mockup

A. SM + 45-cm-thick B4C central sodium channel type assembly in center
shield position with B4C homogeneous type assemblies in outer six
shield positions

1. 3-, 4-, 5-, 8-, 10-, and 12-in. Bonner ball measurements on
centeriine:

a. at 30 cm behind shield mockup

b. at 150 cm behind shield mockup

2. 3-, 5-, and 8-in. Bonner ball horizontal traverse at 30 cm behind
shield mockup

3. 0.6-cm Hornyak button horizontal traverse as close as possible
behind shield mockup

B. SM + 45-cm-thick SS-304 central sodium channel type assembly in
center shield position with SS-304 homogeneous type assemblies in
outer six shield positions

1. 3-. 4-, 5-, 8-, 10-, and 12-in. Bonner ball measurements on
centeriine:

a. at 30 cm behind shield mockup

b. at 150 cm behind shield mockup

2. 3-, 5-, and 8-in. Bonner ball horizontal traverse at 30 cm behind
shield mockup

3. 0.6-cm Hornyak button horizontal traverse as close as possible
behind shield mockup
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APPENDIX B

Pictorial Descriptions of the Configurations for the
JASPER Axial Experiment Original Measurement Program
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Figure B2. Details of the U02 blankets in the spectrum modifier for the JASPER Axial Shield
Experiment Configurations.
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Axial Shield Test Cell

Dimensions in cm

Figure B3. Details of the aluminum-framed, B4C-surrounded, seven-hexagon support for the axial
shield assemblies of the JASPER Axial Shield Experimeni Configurations.
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Thickness of Al pieces: 2.136 cm (6 total)
Thickness of SS pieces: 5.357 cm (6 total)
Width of assembly (flat surface to flat surface): 15.99 cm

Figure B4. Details of the stainless steel homogeneous assembly used in the JASPER Axial Shield
Experimeni Configurations.

Depth of B4C in container: 7.77 cm (4 total)
Width of B4C: 14.73 cm
End plate thickness: 1.123 cm
Wall thickness of container: .627 cm
Width of container (flat surface to flat surface:
Density of B4C: 1.41 g/cc
Thickness of SS pieces: 1.25 cm (4 total)

ETC

15.98 cm

Figure B5. Details of the B4Chomogeneous assembly used in the JASPER Axial Shield Experiment
Configurations.
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Diam of rod: 2.041 cm
Diam of hole: 2.064 cm
Length of aluminum: 44.97 cm
Thickness of SS wrapper: .452 cm
Pitch of rods: 2.38 cm
Width of aluminum (flat surface to flat surface): 15.00 cm

Figure B6. Details of the stainless steel rod bundle assembly used in the JASPER Axial Shield
Experiment Configurations.

OD of rod: 2.06 cm

ID of rod wall: 1.897 cm

Rod wall thickness: ,0813 cm
Thickness of rod cap: .159 cm
Length of B4C in rod: 44.7 cm
Volume of B4C rod: 126.28 cc
Average density of B4C: 1.30 g/cc
Thickness of SS wrapper: .465 cm
Rod pitch: 2 38 cm
Width of Al (flat surface to flat surface): 15.00 cm
Width of assembly (flat surface to flat surface): 15.93 cm

Figure B7. Details of the B4C rod bundle assembly used in the JASPER Axial Shield Experiment
Configurations.
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Diam of aluminum cylinder: 8.96 cm
Length of aluminum cylinder: 44.97 cm
Width of assembly (flat surface to flat surface): 16.03 cm

Figure B8. Details of the stainless steel central sodium channel assembly used in the JASPER Axial
Shield Experimeni Configurations.

Diam of Al cylinder. 8.96 cm
Length of Al cylinder: 43.412 cm
Width of hexagon (flat surface to flat surface): 15.99 cm
Thickness of SS wrapper: .452 cm
Length of SS wrapper: 45 cm
Volume of B4C: 5760.1 cc
Density of B4C: 1.39g/cc
Thickness of Al covers over end of B4C: .794 cm

Figure B9. Details of the B4C central sodium channel assembly used in the JASPER Axial Shield
Experimeni Configurations.
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Diam of SS cylinder: 12.98 cm
Width of hexagon (flat wall to flat wall): 15.974 cm
Thickness of SS wrapper: .462 cm
Diam of Al void: 13.0 cm

Width of aluminum (flat surface to flat surface): 15.05 cm
Length of assembly: 45 cm

Figure BIO. Details of the stainless steel central blockage assembly used in the JASPER Axial Shield
Experimeni Configurations.

16.00 cm-"-

Width of container (flat surface to flat surface): 16.00 cm
Width of Al (flat surface to flat surface): 15.05 cm
Thickness of end plates: .476 cm
Diam of B4C: 13 cm
Length of B<C: 44.05 cm
Volume of B4C: 5846.9 cc
Density of B4C: 1.38 g/cc

Figure Bll. Details of the B4C central blockage assembly used in the JASPER Axial Shield
Experimeni Configurations.
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APPENDIX C

Experimental Program Plan for the JASPER Axial Shield Remeasurement Experiment
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EXPERIMENTAL PROGRAM PLAN FOR THE
JASPER AXIAL SHIELD RE-MEASUREMENT EXPERIMENT

Spectrum Modifier
A. Spectrum Modifier (SM-1) (10 cm Fe + 9 cm Al + 2.5 cm boral + 20 cm

Radial Blanket) + 10 cm lithiated paraffin with iris (see II)
1. 3-, 4-, 5-, 8-, 10-, and 12-in Bonner ball measurements on

centeriine:

a. 30 cm behind radial blanket
b. 150 cm behind radial blanket (foreground and background)

2. 3-, 5-, and 8-in Bonner ball horizontal traverses at 30 cm behind the
radial blanket

Homogeneous Axial Shield Mockup
A. SM-1 + 7 B4C homogeneous-type assemblies (10 cm lithiated paraffin slab

preceding and following axial shield)
1. NE 213/hydrogen counter spectrum measurements on centeriine as

close as feasible behind the axial shield
2. 3-, 5-, and 10-in Bonner ball on centeriine at NE 213 location
3. 3-, 4-, 5-, 8-, 10, and 12-in Bonner ball measurements on

centeriine:

a. 30 cm behind axial shield
b. 150 cm behind axial shield (foreground and background)

4. 3-, 5-, and 8-in Bonner ball horizontal traverses at 30 cm behind
axial shield

5. Hornyak button (0.25-in-diameter) horizontal traverse as close as
feasible behind axial shield

B. SM-1 + 7 B4C homogeneous-type assemblies (10 cm lithiated paraffin slab
preceding axial shield only)
1. NE 213/hydrogen counter spectrum measurements on centeriine as

close as feasible behind the axial shield
2. 3-, 5-, and 10-in Bonner ball on centeriine at NE 213 location
3. 3-, 4-, 5-, 8-, 10-, and 12-in Bonner ball measurements on

centeriine:

a. 30 cm behind axial shield
b. 150 cm behind axial shield (foreground and background)

4. 3-, 5-, and 8-in Bonner ball horizontal traverses at 30 cm behind
axial shield

5. Hornyak button (0.25-iivdiameter) horizontal traverse as close as
feasible behind axial shield
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III. Rod Bundle Axial Shield Mockup
A. SM-1 + 6 B4C homogeneous-type assemblies around one B4C rod bundle

hexagon assembly (10 cm lithiated paraffin slabs preceding and following
axial shield)
1. NE 213/hydrogen counter spectrum measurements on centeriine as

close as feasible behind axial shield

2. 3-, 5-, and 10-in Bonner ball on centeriine at NE 213 location
3. 3-, 4-, 5-, 8-, 10-, and 12-in Bonner ball measurements on

centeriine:

a. 30 cm behind axial shield

b. 150 cm behind axial shield (foreground and background)
4. 3-, 5-, and 8-in Bonner ball horizontal traverses at 30 cm behind

axial shield

5. Hornyak button (0.25-in-diameter) horizontal traverse as close as
feasible behind axial shield

IV. Central Blockage Shield Mockup
A. SM-1 + six B4C homogeneous-type assemblies around one B4C central

blockage hexagon assembly (10 cm lithiated paraffin slabs preceding and
following axial shield)
1. 3-, 4-, 5-, 8-, 10-, and 12-in Bonner ball measurements on

centeriine:

a. 30 cm behind axial shield

b. 150 cm behind axial shield (foreground and background)
2. 3-, 5-, and 8-in Bonner ball horizontal traverses at 30 cm behind

axial shield

3. Hornyak button (0.25-in-diam) horizontal traverse as close as
feasible behind axial shield

V. Central Sodium Channel Shield Mockup (lithiated paraffin as in 11A)
A. SM-1 + six B4C homogeneous-type assemblies around one B4C central

sodium hexagon assembly (10 cm lithiated paraffin slab preceding and
following axial shield)
1. 3-, 4-, 5-, 8-, 10-, and 12-in Bonner ball measurements on

centeriine:

a. 30 cm behind axial shield

b. 150 cm behind axial shield (foreground and background)
2. 3-, 5-, and 8-in Bonner ball horizontal traverses at 30 cm behind

axial shield

3. Hornyak button (0.25-in-diam) horizontal traverse as close as
feasible behind axial shield
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APPENDIX D

Pictorial Descriptions of the Configurations for the
JASPER Axial Shield Remeasurement Experiment
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Figure Dl. Details of thecollimating lithiated-paraffin shield used inconfigurations for theremeasurement program for
the JASPER Axial Shield Experiment.
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Figure D2. Elevation view of the collimating lithiated-paraffin shield superimposed on the outline of the seven axial
shield assembly mockup for the remeasurement program for the JASPER Axial Shield Experiment.
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Figure D3. Plan view for the spectrum modifier plus a collimating lithiated-paraffin shield for the remeasurement program for the JASPER
Axial Shield Experiment (Configuration l.A).



-~1
o

in
0N«
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the remeasurement program for the JASPER Axial Shield Experiment (Configuration II.B).
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APPENDIX E

Detector Response Functions
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Table El. Bonner Ball count rate response functions (cm").

Group Energy (eV) 3-in. BB 4-in. BB 5-in. BB 8-in. BB 10-in. BB 12-in. BB

1 1.49183E+07 3.43080E-03 3.92840E-02 1.19870E-01 4.29990E-01 5.76450E-01 6.47940E-01

2 1.22140E+07 4.33480E-03 5.05700E-02 1.54190E-01 5.36020E-01 6.96480E-01 7.56230E-01

3 1.00000E+07 5.47290E-03 6.48690E-02 1.97370E-01 6.64810E-01 8.38000E-01 8.80070E-01

4 8.18730E+06 6.81740E-03 8.21780E-02 2.46960E-01 7.83530E-01 9.42800E-01 9.44240E-01

5 6.70320E+06 9.24500E-03 1.07000E-01 3.10000E-01 9.08710E-01 1.04530E+00 1.00480E+00

6 5.48811E+06 1.10220E-02 1.22730E-01 3.49300E-01 9.88020E-01 1.10750E+00 1.03360E+00

7 4.49329E+06 1.34H0E-02 1.47880E-01 4.10600E-01 1.07080E+00 1.12830E+00 9.86300E-01

8 3.67879E+06 1.68580E-02 1.78550E-01 4.78240E-01 1.14430E+00 1.14050E+00 9.43510E-01

9 3.01194E+06 2.10080E-02 2.14370E-01 5.57120E-01 1.24290E+00 1.18280E+00 9.33060E-01

to 2.46597E+06 2.41110E-02 2.40630E-01 6.14930E-01 1.32070E+00 1.22530E+00 9.41060E-01

11 2.34570E+06 2.54250E-02 2.50780E-01 6.34850E-01 1.33300E+00 1.21750E+00 9.19740E-01

12 2.23130E+06 2.74860E-02 2.66010E-01 6.63430E-01 1.34410E+00 1.19750E+00 8.81240E-01

13 2.01897E+06 3.18430E-02 2.98370E-01 7.26350E-01 1.39140E+00 1.19280E+00 8.42420E-01

14 1.65299E+06 3.86540E-02 3.44440E-01 8.06550E-01 1.41120E+00 1.13520E+00 7.49240E-01

15 1.35335E+06 4.65630E-02 3.92530E-01 8.82930E-01 1.40870E+00 1.06180E+00 6.53960E-01

16 1.10803E+06 5.56070E-02 4.41840E-01 9.53840E-01 1.38660E+00 9.78880E-01 5.62380E-01

17 9.07180E+05 6.57780E-02 4.91290E-01 1.01760E+00 1.34830E+00 8.91800E-01 4.78500E-01

18 7.42735E+05 7.69570E-02 5.39530E-01 1.07250E+00 1.29750E+00 8.05190E-01 4.04590E-01

19 6.08101E+05 8.77140E-02 5.81040E-01 1.11450E+00 1.24610E+00 7.32460E-01 3.48460E-01

20 5.23397E+05 9.42930E-02 6.04400E-01 1.13600E+00 1.21490E+00 6.92790E-01 3.19920E-01

21 4.97870E+05 1.03720E-01 6.35250E-01 1.16140E+00 1.16940E+00 6.40360E-01 2.84460E-01

22 3.87742E+05 1.20890E-01 6.84390E-01 1.19430E+00 1.08720E+00 5.57720E-01 2.33390E-01

23 3.01974E+05 1.30770E-01 7.10400E-01 1.21050E+00 1.04740E+00 5.20530E-01 2.11960E-01

24 2.98491E+05 1.31340E-01 7.11820E-01 1.21130E+00 1.04510E+O0 5.18480E-01 2.10810E-01

25 2.97211E+05 1.31820E-01 7.13010E-01 1.21190E+00 1.04320E+00 5.16770E-01 2.09860E-01

26 2.94518E+05 1.34780E-01 7.20160E-01 1.21560E+00 1.03100E+00 5.06160E-01 2.04010E-01

27 2.73237E+05 1.44330E-01 7.41470E-01 1.22420E+00 9.90760E-01 4.72990E-01 1.86370E-01

28 2.23708E+05 1.58840E-01 7.71230E-01 1.23390E+00 9.35360E-01 4.30170E-01 1.64750E-01

29 1.83156E+05 1.73320E-01 7.97760E-01 T.23970E+00 8.85290E-01 3.94320E-01 1.47640E-01

30 1.49956E+05 1.87720E-01 8.21440E-01 1.24240E+00 8.40280E-01 3.64190E-01 1.33950E-01

31 1.22773E+05 2.06380E-01 8.48860E-01 1.24270E+00 7.88770E-01 3.31940E-01 1.19970E-01

32 8.65169E+04 2.32240E-01 8.82970E-01 1.24100E+00 7.29590E-01 2.97290E-01 1.05610E-01

33 5.65622E+04 2.50080E-01 9.04390E-01 1.23890E+00 6.95220E-01 2.78280E-01 9.80100E-02

34 5.24752E+04 2.65080E-01 9.22400E-01 1.23900E+00 6.71640E-01 2.65520E-01 9.30000E-02

35 3.43067E+04 2.86260E-01 9.47130E-01 1.24010E+00 6.43500E-01 2.50700E-01 8.72660E-02

36 2.85011E+04 2.94300E-01 9.56320E-01 1.24070E+00 6.34080E-01 2.45830E-01 8.54020E-02

37 2.70001E+04 2.97310E-01 9.59830E-01 1.24120E+00 6.30860E-01 2.44170E-01 8.47670E-02

38 2.60584E+04 3.00160E-01 9.63150E-01 1.24160E+00 6.27910E-01 2.42640E-01 8.41850E-02

39 2.47875E+04 3.03500E-01 9.67040E-01 1.24220E+00 6.24540E-01 2.40900E-01 8.35230E-02

40 2.35786E+04 3.18520E-01 9.84130E-01 1.24470E+00 6.10090E-01 2.33550E-01 8.07410E-02

41 1.50344E+04 3.50610E-01 1.01990E+00 1.25100E+00 5.84320E-01 2.20670E-01 7.59140E-02

42 9.11882E+03 3.87190E-01 1.06090E+00 1.26260E+00 5.63080E-01 2.10110E-01 7.19870E-02

43 5.53084E+03 4.21950E-01 1.09620E+00 1.26960E+00 5.43970E-01 2.01010E-01 6.86550E-02

44 3.70744E+03 4.48010E-01 1.12280E+00 1.27670E+00 5.32720E-01 1.95660E-01 6.67010E-02

45 3.03539E+03 4.63430E-01 1.13840E+00 1.28120E+00 5.26840E-01 1.92880E-01 6.56880E-02

46 2.61259E+03 4.76980E-01 1.15200E+00 1.28520E+00 5.22040E-01 1.90620E-01 6.48660E-02

47 2.24867E+03 4.88750E-01 1.16350E+00 1.28830E+00 5.17940E-01 1.88700E-01 6.41750E-02

48 2.03468E+03 5.15190E-01 1.18840E+00 1.29490E+00 5.09270E-01 1.84720E-01 6.27370E-02

49 1.23410E+03 5.66220E-01 1.23210E+00 1.30280E+00 4.92250E-01 1.77160E-01 6.00440E-02

50 7.48518E+02 6.17610E-01 1.26600E+00 1.29790E+00 4.71380E-01 1.68450E-01 5.69820E-02

51 4.53999E+02 6.82050E-01 1.31580E+00 1.30780E+00 4.57370E-01 1.62470E-01 5.48800E-02

52 2.75364E+02 7.43580E-01 1.34890E+00 1.29910E+00 4.37870E-01 1.54680E-01 5.21800E-02

53 1.67017E+02 7.87220E-01 1.34120E+00 1.24890E+00 4.05560E-01 1.42120E-01 4.76910E-02

54 1.01301E+02 7.86080E-01 1.24070E+00 1.22410E+00 4.03010E-01 1.55120E-01 5.93660E-02

55 4.78512E+01 8.23470E-01 1.32500E+00 1.25940E+00 3.94910E-01 1.50690E-01 5.72930E-02

56 2.26033E+01 9.34500E-01 1.34700E+00 1.21860E+00 3.66330E-01 1.39330E-01 5.29340E-02

57 1.06770E+01 1.03770E+00 1.33520E+00 1.15000E+00 3.33150E-01 1.26430E-01 4.80030E-02

58 5.04348E+00 1.13350E+00 1.29210E+00 1.06080E+00 2.98010E-01 1.12960E-01 4.28640E-02

59 2.38237E+00 1.19060E+00 1.18680E+00 9.30950E-01 2.55390E-01 9.67630E-02 3.66940E-02

60 1.12535E+00 1.00810E+00 8.59880E-01 6.42920E-01 1.72980E-01 6.55040E-02 2.47980E-02

61 4.13994E-01 0.00000E+OO 0.000O0E+OO O.OOOOOE+OO O.OOOOOE+00 0.00000E+00 0.0000OE+OO

62 1.00001E-05

75



Table E2. Hornyak Button response functions (erg
simulate detector bias settings.

g-1 • cm2) with various energy cutoffs to

Group Energy (eV) E > 120 keV E > 273 keV E > 302 keV E > 498 keV E > 743 KeV

1 1.49183E+07 6.20000E-07 6.20000E-07 6.20000E-07 6.20000E-07 6.20000E-07

2 1.22140E+07 5.80000E-07 5.80000E-07 5.80000E-07 5.80000E-07 5.80000E-07

3 1.00000E+07 5.41990E-07 5.41990E-07 5.41990E-07 5.41990E-07 5.41990E-07

4 8.18730E+06 5.02990E-07 5.02990E-07 5.02990E-07 5.02990E-07 5.02990E-07

5 6.70320E+06 4.68000E-07 4.68000E-07 4.68000E-07 4.68000E-07 4.68000E-07
6 5.48811E+06 4.36010E-07 4.36010E-07 4.36010E-07 4.36010E-07 4.36010E-07

7 4.49329E+06 4.20010E-07 4.20010E-07 4.20010E-07 4.2001OE-07 4.20010E-07

8 3.67879E+06 3.90010E-07 3.90010E-07 3.90010E-07 3.90010E-07 3.9001OE-07

9 3.01194E+06 3.50000E-07 3.50000E-07 3.50000E-07 3.50000E-07 3.50000E-07

10 2.46597E+06 3.24160E-07 3.24160E-07 3.24160E-07 3.24160E-07 3.24160E-07

11 2.34570E+06 3.15370E-07 3.15370E-07 3.15370E-07 3.15370E-07 3.15370E-07
12 2.23130E+06 3.07250E-07 3.07250E-07 3.07250E-07 3.07250E-07 3.07250E-07

13 2.01897E+06 2.96960E-07 2.96960E-07 2.96960E-07 2.96960E-07 2.96960E-07

14 1.65299E+06 2.67000E-07 2.67000E-07 2.67000E-07 2.67000E-07 2.67000E-07

15 1.35335E+06 2.44000E-07 2.44000E-07 2.44000E-07 2.44000E-07 2.44000E-07

16 1.10803E+06 2.22000E-07 2.22000E-07 2.22000E-07 2.22000E-07 2.22000E-07

17 9.07180E+05 2.01000E-07 2.01000E-07 2.01000E-07 2.01000E-07 2.01000E-07

18 7.42735E+05 1.77420E-07 1.77420E-07 1.77420E-07 1.77420E-07 O.OOOOOE+OO
19 6.08101E+05 1.60360E-07 1.6036OE-O7 1.60360E-07 1.60360E-07 O.OOOOOE+00

20 5.23397E+05 1.51550E-07 1.51550E-07 1.51550E-07 1.51550E-07 O.OOOOOE+OO

21 4.97870E+05 1.40290E-07 1.40290E-07 1.40290E-07 O.OOOOOE+OO O.OOOOOE+00

22 3.87742E+05 1.24170E-07 1.24170E-07 1.24170E-07 O.OOOOOE+00 O.OOOOOE+OO

23 3.01974E+05 1.17410E-07 1.17410E-07 O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+00

24 2.98491E+05 1.16970E-07 1.16970E-07 O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+OO

25 2.97211E+05 1.16600E-07 1.16600E-07 O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+00

26 2.94518E+05 1.14310E-07 1.14310E-07 O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+OO

27 Z.73237E+05 1.07000E-07 O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+00

28 2.23708E+05 9.70020E-08 O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+OO

29 1.83156E+05 8.61060E-08 O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+00

30 1.49956E+05 7.59340E-08 O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+OO

31 1.22773E+05 0.O0OOOE+O0 O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+00

32 8.65169E+04 O.O0OO0E+O0 O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+OO

33 5.65622E+04 O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+00

34 5.24752E+04 O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+OO

35 3.43067E+04 0.00000E+00 O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+00

36 2.85011E+04 O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+OO

37 2.70001E+04 O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+00

38 2.60584E+04 O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+OO

39 2.47875E+04 O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+00

40 2.35786E+04 O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+OO

41 1.50344E+04 O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+00

42 9.11882E+03 O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+OO

43 5.53084E+03 O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+00

44 3.70744E+03 O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+00

45 3.03539E+03 O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+OO

46 2.61259E+03 O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+00

47 2.24867E+03 O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+00

48 2.03468E+03 O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+00

49 1.23410E+03 O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+OO

50 7.48518E+02 O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+00

51 4.53999E+02 O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+OO

52 2.75364E+02 O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+00

53 1.67017E+02 O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+OO

54 1.01301E+02 O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+00

55 4.78512E+01 O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+OO

56 2.26033E+01 O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+00

57 1.06770E+01 O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+OO

58 5.04348E+00 O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+00

59 2.38237E+00 O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+OO

60 1.12535E+00 O.OOOOOE+00 O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+00

61 4.13994E-01 0.00000E+00 O.OOOOOE+OO O.OOOOOE+00 O.OOOOOE+OO O.OOOOOE+00

62 1.00001E-05
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Table Fl. Comparison of calculated and measured 3-inch Bonner ball count rates on centeriine 30 cm behind various
original configurations.

Configuration

Detector Count Rate (s~'.W~')

C/Ea

Measured Calculated

I.Ab 6.00+2° 5.20+2 0.87 j
I.Ad 6.00+2 6.70+2 1.12

II.A 1.32+0 1.50+0 1.14

II.B 6.10+0 8.04+0 1.32

III.A 1.41+0 1.53+0 1.09

III.B 1.56+0 1.79+0 1.15

III.C 6.69+0 8.52+0 1.27

III.D 8.19+0 1.20+1 1.47

III.E 5.44-1 6.55-1 1.20

IV.A 1.48+0 1.52+0 1.03

IV.B 6.75+0 7.94+0 1.18

V.A 1.69+0 1.61+0 0.95

V.B 8.34+0 9.39+0 1.13

Ratio of calculated to measured result.

Standard weighted uranium cross sections used inanalysis.
°Read as 6.00 x 102.
Self-shielded uranium crosssections used in analysis.
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Table F2. Comparison of calculated and measured 4-inch Bonner ball count rates on centeriine 30 cm behind
various original configurations.

Configuration

Detector Count Rate (s~'. W~')

C/Ea

Measured Calculated

I.Ab 2.09+3° 1.91+3 0.91

l.Ad 2.09+3 2.27+3 1.09

II.A 4.14+0 4.70+0 1.14

II.B 1.82+1 2.21+1 1.21

III.A 4.39+0 4.80+0 1.09

III.B 4.99+0 5.70+0 1.14

III.C 1.94+1 2.30+1 1.19

III.D 2.31+1 3.12+1 1.35

III.E 1.87+0 2.18+0 1.17

IV.A 4.67+0 4.84+0 1.04

IV.B 1.98+1 2.20+1 1.11

V.A 5.34+0 5.24+0 0.98

V.B 2.40+1 2.61+1 1.08

Tlatio of calculated to measured result.

Standard weighted uranium crosssections used in analysis,
^ead as2.09 x 103.
Self-shielded uraniumcross sections used in analysis.
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Table F3. Comparison of calculated and measured 5-inch Bonner ball count rates on centeriine 30 cm behind
various original configurations.

Configuration

Detector Count Rate (s~'. W~')

C/Ea

Measured Calculated

I.Ab 3.03+3° 2.79+3 0.92

I.Ad 3.03+3 3.21+3 1.06

II.A 6.11+0 7.09+0 1.16

II.B 2.41+0 2.88+1 1.20

III.A 6.45+0 7.17+0 1.11

III.B 7.25+0 8.42+0 1.16

III.C 2.60+1 2.96+1 1.14

III.D 3.02+1 3.90+1 1.29

III.E 2.71+0 3.18+0 1.17

IV.A 6.75+0 7.29+0 1.08

IV.B 2.58+1 2.88+1 1.12

V.A 7.67+0 7.97+0 1.04

V.B 3.09+1 3.44+1 1.11

Ratio of calculated to measured result.

Standard weighted uranium cross sections used in analysis.

''Read as3.03 x 103.
Self-shielded uranium cross sections used in analysis.
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Table F4. Comparison of calculated and measured 8-inch Bonner ball count rates on centeriine 30 cm behind
various original configurations.

Configuration

Detector Count Rate (s" *. W"')

C/Ea

Measured Calculated

I.Ab 2.17+3° 2.07+3 0.95

I.Ad 2.17+3 2.29+3 1.06

II.A 5.33+0 6.59+0 1.24

II.B 1.56+1 1.79+1 1.15

III.A 5.63+0 6.54+0 1.16

III.B 6.12+0 7.25+0 1.18

III.C 1.68+1 1.82+1 1.08

III.D 1.91+1 2.14+1 1.12

III.E 2.27+0 2.59+0 1.14

IV.A 5.90+0 6.65+0 1.13

P/.B 1.66+1 1.79+1 1.08

V.A 6.08+0 6.97+0 1.15

V.B 1.82+1 2.05+1 1.13

Ratio of calculated to measured result.

Standardweighted uranium cross sectionsused in analysis.
°Readas2.17x 103.
Self-shielded uraniumcross sectionsused in analysis.
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Table F5. Comparison of calculated and measured 10-inch Bonner ball count rates on centeriine 30 cm behind
various original configurations.

Configuration

Detector Count Rate (s~'. W')

C/Ea

Measured Calculated

I.Ab 1.14+3° 1.08+3 0.95

I.Ad 1.14+3 1.18+3 1.04

II.A 3.32+0 4.22+0 1.27

II.B 7.55+0 8.65+0 1.15

III.A 3.38+0 4.15+0 1.23

III.B 3.64+0 4.53+0 1.24

III.C 8.16+0 8.81+0 1.08

III.D 9.07+0 9.95+0 1.10

III.E 1.27+0 1.55+0 1.22

IV.A 3.53+0 4.17+0 1.18

IV.B 7.97+0 8.64+0 1.08

V.A 3.55+0 4.22+0 1.19

V.B 8.92+0 9.31+0 1.04

Ratio of calculated to measured result.

Standard weighted uranium cross sections used in analysis.

cReadasl.l4xl03.
Self-shielded uranium cross sections used in analysis.

83



Table F6.Comparison of calculated andmeasured 12-inch Bonner ball count rates on centeriine 30cmbehind
variousoriginal configurations.

Configuration

Detector Count Rate (s"'. W"')
-

C/Ea

Measured Calculated

I.Ab 5.45+2° 5.19+2 0.95

I.Ad 5.45+2 5.65+2 1.04

II.A 1.87+0 2.49+0 1.33

II.B 3.41+0 3.84+0 1.13

III.A 1.92+0 2.41+0 1.26

III.B 2.01+0 2.63+0 1.31

III.C 3.71+0 3.90+0 1.05

III.D 4.02+0 4.32+0 1.07

III.E 6.71-1 8.70-1 1.30

IV.A 1.98+0 2.40+0 1.21

IV.B 3.54+0 3.84+0 1.08

V.A 1.97+0 2.42+0 1.23

V.B 3.75+0 4.05+0 1.08

Tiatio of calculated to measured result.

Standard weighted uranium cross sections used inanalysis.
""Read as5.45 x 102.
Self-shielded uranium cross sections used inanalysis.
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Table 1-7. Comparison of calculatedand measured 3-inch Bonner ball count rates on centeriine 150cm behind various original configurations.

Configuration
Measured

Foreground1'
Calculated

Foreground3 C.7Eb
Measured

Net""'"
Calculated
Net(l)"'d C/F.b

Calculated
Net <2)"<l C'E"

I..V 1.0S+21' 7.90-1 0.73 8.92+1 7.80+1 0.87

l.A* 1.08+2 1.01*2 0.94 S.92+-I 9.95+1 1.12

II.A 3.07 1 2.90 1 0.94 1.59-1 1.701 1.07 1.23-1 0.77

II.B 6.94 1 6.78 1 0.9S 5.17-1 6.31-1 1.22 5.82-1 1.13

III.A 3.11 1 2.83 1 0.91 1.61-1 1.55-1 0.96 1.10-1 0.68

III.B 3.70 1 2.95 1 0.80 2.29 1 1.67 1 0.73 1.23-1 0.54

III.C 771 1 7.01 -1 0.91 6.09- 1 5.66- 1 0.93 5.07- 1 0.83

III.D 9.82 1 8.63 1 0.88 8.72 1 7.2S 1 0.83 6.70 1 0.77

III K 1 16 1 7.68-2 0.66 9.73-2 5.63 2 0.58 4.54 2 0.47

IV.A 3.32 1 2.84-1 0.86 1.85 1 1.56 1 0.84 III 1 0.60

IV.B 7.87 1 6 82-1 0.87 6 15 1 5.47-1 0.89 4.88-1 0.79

V.A 3.36- 1 2.83 1 0.84 1.90 1 1.55 1 0.82 1.11 1 0.58

V.B 8.74-1 7.30 1 0.84 6.96 1 5.95 1 0.85 5.36-1 0.77

JUnits are s . W .

"Ratio of calculated to measured result.
Foreground result minus background result.
JFor Configuration l.A. Net (1) excludes contributions from radii greater than 85.982 cm. For other configurations, Net (1) excludes contributions from
radii greaterthan45.26cm andNet(2)excludes diose from radii greaterthan37.88cm. The lattertwo radii correspond to an equivalent radius of the region
shadowed by the background shieldand a smallerradius based on imperfect shadowing by the shield (i.e.. some neutrons from the shadowed region need
only pass through a thin portion of the shield to reach die detector).
^Standard weighted uranium crosssections used in analysis.
fReadasl.08x 102.
sSelf-shieldcd uranium cross sections used in analysis.
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Fable F8. Comparison of calculatedand measured 4-inch Bonner ball count rates on centeriine 150cm behind various original configurations.

Configuration
Measured

Foreground"
Calculated

Foreground" c/c"
Measured

Nerrt
Calculated

Net 11 )"•" C/E*
Calculated
Net(2)"'d OF"

I.Ae 3.52+2' 2.84+2 0.81 3.11-2 2.S2+2 0.91

l.A" 3 52-2 3.35-2 0.95 3. II+-2 3.33i2 1 07

II A 7.71.1- 1 6.70 -1 0.87 4.82 1 4.49 1 0.93 3.62- 1 0.75

II.B 1.86-0 1.66+0 0.89 1.52 Ml 1.57+0 1.03 1.48-0 0.97

III.A 8.02- 1 6.55 -1 0.82 5.09- 1 4.IS 1 0.82 3.35-1 u.66

III.B 9 68 1 6.97- 1 0.72 6.90- 1 4.60 1 0.67 3.78 1 0.55

III.C 2.05(0 1.72+0 0.84 1.73+0 1.47+0 0.85 1.37-0 0.79

III.D 2.64+0 2.05+0 0.78 2 34+0 I.81K) 0.77 1.70+0 0.73

III.E 3.42 1 2.01-1 059 3.05 1 1.62-1 0.53 1.42-1 047

IV.A 8.27 1 6.59-1 0.80 5.38 1 4.22 1 0.78 3.39 1 0.63

IV.B 2.08'0 1.68+0 0.81 1 75+0 . 1.43+0 0.82 1.33+0 0.76

V.A S.63- 1 6.56 1 0.76 5.75 1 419 1 0.73 3.37 1 0.59

V.B 2.30+0 1.78+0 0.77 1.96+0 1.54+0 079 1.43+0 073

•"Units are s . W .

'Ratio of calculated to measured result.

'Foreground result minusbackground result.
'For Configuration l.A, Net (1) excludes contributions from radii greater than 85.982 cm. For otlier configurations. Net (1) excludes contributions from
radii greater than 45.26 cm and Net (2) excludes those from radii greater than 37.88 cm. The latter two radii correspond to an equivalent radius of the region
shadowed by the background shield and a smaller radius based on imperfect shadowing by the shield (i.e., some neutrons from the shadowed region need
only pass through a diin portion of the shield to reach the detector).
"•Standard weighted uranium cross sections used in analysis.
'Read as 3.52 x 10".
sSelf-shieldcd uranium crosssections used in analysis.
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Table F9. Comparison of calculated andmeasured 5-inch Bonner ball count rateson centeriine 150 cm behind various original configurations.

Configuration
Measured

ForcgroundJ
Calculated

Foreground^ C/E"
Measured

Net"-'
Calculated
Nct(l)"d C/F-"

Calculated

Net(If* C/Eb

l.A" 5.02-2'' 4 11+2 082 4.55+2 4.08+2 090

I.AB 5.02+2 4.70-2 0.94 4.55+2 4.68+2 1 03

II.A 1.04+0 9.17 1 0.88 6.91 1 6.48- 1 094 5.41-1 0.78

II.B 2.42+0 2.13+0 0.88 2.02-'+) 2.03+0 1 00 1.92+0 095

III.A 1.09+0 8.94 1 0.82 7.36- 1 6.06-1 0.82 5 05-1 0.69

III.B 1.29+0 9.53 1 0.74 9.51-1 6.65 -1 0.70 5.64-1 059

III.C 2.68+0 2.20+0 0.S2 2.31-0 1.90+0 0.82 1.78+0 0.77

IIJ.D 3.33+0 2.56+0 0.77 2.98-0 2.27+0 0 76 2.15+0 0 72

lll.E 4.62 1 2.81-1 0.61 4 16-1 2.33 1 056 2.09 1 0 50

IV.A I.I 1+0 9.01 I 0.81 7 62 1 6.12 1 0 80 5.11 1 0 67

IV.B 2.69+0 2.15+0 0.80 2.31-0 1.86+0 0.81 1.73 0 0 75

V.A 1.18+0 8.95 1 0 76 8.30 1 6.07- 1 0.73 5.06-1 0 61

V.B 2.96+0 2.27+0 0.77 2.56-0 1.97+0 0.77 1.85-0 0.72

aUnits are s . W

'Ratio of calculated to measured result.

'Foreground resultminus background result.
'For Configuration l.A, Net (1) excludes contributions from radii greater than 85.982 cm. For other configurations. Net (1) excludes contributions from
radii greater than 45.26 cm and Net (2) excludes diose from radii greater than 37.88 cm. The latter two radii correspond to an equivalent radius of the region
shadowed by the background shield and a smaller radius based on imperfect shadowing by the shield (i.e.. some neutrons from the shadowed region need
only pass through a thin portion of die shield to reach the detector).
^Standard weighteduraniumcrosssections used in analysis.
'Read as 5.02 > 10".
"Self-shielded uranium cross sections used in analysis.
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Table F10. Comparison of calculated and measured 8-inch Bonner ball count rates on centeriine 150 cm behind various original configurations.

Configuration
Measured

Foreground'1
Calculated

Foreground3 OEb
Measured

Nci"
Calculated

Net(l)Jcd C/E"
Calculated

Net(2fcd C/E"

I.Ae 3.52*2' 3.05+2 11.87 3.28+2 3.03+2 0.92

l.A* 3.52-2 3.35+2 0.95 3.28+2 3.34+2 1 02

II.A 8.53 1 8.23-1 096 5. S3 1 6. Ill 105 5.23 1 0.90

II.B 1.62+0 1.43+0 0.88 1.32+0 1.36-M) 103 1.27+0 0.96

III.A 8.86 1 7.96-1 090 6.06 1 5.67 1 094 484 1 0.80

III.B 1.00+0 8.41 1 0.84 7.35- 1 6.12-1 0.83 5.28-1 0.72

III.C 1.77+0 1.46+0 0.82 1.49+0 1.23-0 0 83 1 14+0 0.77

III.D 2.14+0 1.61+0 0.75 1.88-0 1.38+0 0.73 1.29+0 0.67

in n 3.37- 1 2.40 1 0.71 3.00 1 2.01 1 0.67 1.83 1 0.61

IV.A 9.15 1 8.00 1 0.87 6.41 1 5.71 1 0.89 4.SR-I 0.76

IV.B 1.78+0 1.44 K) 0.81 1 50^0 1.21-0 0 81 1.12+0 0.75

V.A 9.34 1 7.96 1 0.85 6.5S 1 5.67- 1 0.86 4.84-1 0.74

V.B 1.87+0 1.49+0 0.80 1.58+0 1.26+0 080 1.17+0 0.74

Jl.lnits arc s . W .

'Ratio ofcalculated to measured result.

^Foreground result minus background result.
dFor Configuration l.A. Net (1) excludes contributions from radii greater dian 85.982 cm. For other configurations. Net (I) excludes contributions from
radii greater than 45.26 cmand Net (2)excludes those from radii greater than 37.88 cm. Tlie latter two radii conespoiid toan equivalent radius of ihe region
shadowed by the background shield anda smaller radius based on imperfect shadowing by the shield (i.e., some neutrons from tlie shadowed region need
only pass through a thin portion of the shield to reach the detector).
Standard weighted uraniumcross sections used inanalysis.
rReadas.V52* 10:.
sSelf-shielded uranium cross sections used in analysis.
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Table F11. Comparison ofcalculated and measured 10-inch Bonner ball count rates oncenteriine 150 cmbehind various original conficurations.

Configuration
Measured

Foreground'
Calculated

Foreground" OE"
Measured

Net*'
Calculated

Net (1 fd C/E1,
Calculated
Net(2f C'Eh

I.Ar 1.84+2'" 1.60-2 087 1.72+2 1.60-2 0.93

l.A* 1.84+2 1.75-2 0 95 1 72+2 1.74-2 1.01

II.A 5.34-1 5.56 1 1.04 3 54- 1 4.14-1 1.17 3.52-1 0.99

II.B 8.54 1 7.82 1 0.92 6.61 1 7.34 1 111 6.76 1 1.02

lll.A 5.74- 1 5.34 1 0.98 3 62 1 3.80-1 1 05 3.22-1 0.89

III.B 5.97 1 5.63 1 0.94 4 22-1 4.08- 1 0.97 3.50- 1 0.83

III.C 9.29 1 7.92 1 0.85 7.47 1 6.36 1 0.85 5.76 1 0.77

MID 1.06-0 8.43-1 0.80 8 90 1 6.88 1 0.77 6.28- 1 0.71

lll.R 1.85 1 1.54 1 0.83 1 61 1 1.27 1 0.79 1.15 1 0.71

IV.A 5.55 1 5.36 ! 0.97 3 74 1 3.81 1 1.02 3.23 1 0.86

IV.B 9.10 1 7.83 1 0.86 7.31 1 6.27-1 0.S6 5.67- 1 0.78

V.A 5.69-1 5.33 1 0.94 3 87 I 3.80 1 0.98 3.211 0.83

V.B 9.76-1 8.02 1 0.82 783 1 6.46 I 0.83 5.86 1 0.75

aUnitsares"' . W '.
'Ratio of calculated lo measured result.

'Foreground result minusbackground result.

'For Configuration l.A. Net (1) excludes contributions from radii greater dian 85.982 cm. For other configurations. Net (1) excludes contributions from
radii greater than 45.26 cm and Net (2) excludes those from radii greater than 37.88 cm. Tlie latter two radii conespond to an equivalent radius of the region
shadowed by the background shield and a smaller radius based on imperfect shadowing by the shield (i.e.. some neutrons from tlie shadowed region need
only pass through a thin portion of the shield lo reach the detector)
'Standard weighted uranium cross sections used inanalysis.
'Read as 1.84 >: 10:.
^Self-shielded uranium cross sections used inanalysis.



o

Table F12. Comparison of calculated and measured 12-inch Bonner ball count rates on centeriine 150 cm behind various original configurations.

Configuration
Measured

foreground"1
Calculated

Foreground^ C/K"
Measured

Nei"

Calculated

Net(i)'k;l C'Eb
Calculated

Net(2)"'<l Oh*

l.A' 8.82-1' 7.83+ 1 0.89 8.29-1 7.81 + 1 0.94

I.A,: 8.82-1 8.47i 1 0.96 8.29+ 1 8.44+1 1.02

II.A 3.27 1 3.51 1 1.07 2.14-1 2.62-1 1.22 2.20 1 1.03

II.B 4.27 1 4.01 1 (1.94 3.06 1 3.81 1 1.25 3.45 1 1.13

III.A 3.29 1 3.37 1 1.02 2.12-1 2.37-1 1.12 1.98- 1 0.93

III.B 3 42 1 3.55 1 1 04 2.31 1 256 1 III 2.16-1 0.94

III.C 4.60 1 4.13- 1 090 3.45-1 3 13 1 0.91 2.73 - 1 0.79

III.D 5 17 1 4.28 1 0.83 4.09 1 328 1 0.80 2.89 1 0.71

HIE 9.87 2 9.32-2 0 94 8.37 2 7.59 2 0.91 6.81 2 0.81

IV A 3 30 1 3 37 1 1.02 2.15 1 2 37 1 1.10 1 98 1 0.92

IV.B 4.50- 1 4 If) 1 0.91 3.41 1 3 10-1 0 91 2.7(1 1 0 7Q

V.A 3.29 1 3.36 1 098 2.16-1 2 37 1 1.10 1.98 1 0.92

V.B 4.67 1 4.17 1 0.89 3.50- 1 3.16-1 0.90 2.77- 1 0.79

al)nits are s . W .

Ratio of calculated to measured result.

""Foreground result minusbackground result.
''forConfiguration l.A. Net (1) excludes contributions from radii greater than 85.982 cm. For other configurations. Net (1) excludes contributions from
radii greaterthan 45.26cm andNet (2)excludes those from radii greater than37.88 cm. Thelatter tworadii coirespond to an equivalent radius of the region
shadowed by the background shield and a smaller radius based on miperfect shadowing by the shield (i.e., some neutrons from the shadowed region need
only pass through a thin portion of the shield to reach the detector).
^Standard weighted uranium crosssections used m analysis.
fReadas8.82x K)1
BSelf-shieldcd uranium crosssections used inanalysis.
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Table 1-13 Comparison of calculated and measured Bonner ball count rates and the integrated spectrum at the spectrum measurement location 179.1 cm
behind original Axial Shield Expenment Configuration l.A.

Quantity
Measured

Foreground'1
Calculated

Foreground" OEb
Measured

Net'""
Calculated

Net1' CYEb

Standard-Weighted t!C):

3 inch BB Count
Rate

8.31 i I1' 5.77+1 0.69 6.56- I 5.70- 1 0.87

5 inch BB Count
Rate

3.79+2 3.00+2 0 79 3.37+2 2.99^2 0.89

10 inch BB Count
Rate

1.38-2 1.17-2 0.85 1.27-2 1.17+2 0.92

E>52.4keV
Neutron Flux

-
1.560+5

-
1 585+5 1.487+5 094

Self-Shielded IJO,

3 inch BB Count
Rate

8.31-1 7.39-1 089 6,56+ 1 7.31-1 III

5 inch BB Count
Rate

3.79-2 3.45-2 0.91 3.37+2 3.43+2 1.02

10 inch BB Count
Rate

F38-2 1.28+2 0.93 1.27-2 1.27+2 1 00

P. > 52.4 keV
Neutron Flux

-
1.560-5 -

1.5S5+5 1.555+5 0.9S

aUnits are s • W for the Bonner ball count rate and cm " • s • W for the neutron flux.

Ralio of calculated to measured result.

'Foreground resultminus background result. Thecalculated Net results were obtained by limiting contributions to those emerging from radii less than 45.26
cm, which is die nearest radius to the equivalentcylindrical radiusof the opening in the shadow shield collar.

''Read as 8.31 x !()'.



Table F14. Comparison of calculated and measured Bonner ball count rates and the integrated spectrum at the
spectrum measurement location 25 cm behind original Axial Shield Experiment Configurations II.A and II.B (with
lead).

Quantity Measured8 Calculated" C/Eb |
Configuration II.A

3-inchBB Count Rate 9.34-lc 1.14+0 1.22

5-inch BB Count Rate 4.41+0 5.49+0 1.24

10-inchBB Count Rate 2.41+0 3.27+0 1.36

E > 52.4 keV Neutron Flux 2.707+3 3.374+3 1.25

Configuration II.B (with lead)

3-inch BB Count Rate 4.91+0 6.17+0 1.26

5-inch BB Count Rate 1.85+1 2.18+1 1.18

10-inch BB Count Rate 5.66+0 6.57+0 1.16

E > 52.4 keV Neutron Flux 6.344+3 6.602+3 1.04

^nits are s

Tlatio of calculated to measured result.

°Read as9.34x10"'.

-1 -2 -1
W for the Bonner ball count rates and cm • s

92

W for the neutron flux.



lable 115. Conipanson of calculated and measured Bonner ball count rates and (he integrated spectrum at die spectrum measurement location 98.3 cm
behind original Axial Shield Experiment Configuration II.B (no lead).

Quantity
Measured

Foreground11
Calculated

Foreground3 C/E"
Measured

Net"

Calculated

Nctat(l) C/E1,
Calculated

NcU2V'c O'E1'

3 -inch BB Count
Rate

1 35+0d 1.44+0 1.07 1.19-0 1.39-0 1.17 1 31 + 0 1 !0

5 inch BB Count
Rate

4.75 +0 4.7710 1.00 4.39-0 4.65-0 1 06 4.48M) 1.02

10 inch BB Count
Rate

1.61+0 1.68 H) 1.04 1.45-0 1.63+0 1 12 1.54+0 1.06

E > 52.4 keV
Neutron Flux

-
1.659 +3

-

1 683+3 1.610+3 096 1.537-3 0.91

"Units are s • W for the Bonner ball count rate and cm " • s • W for the neutron flux.

T<atio of calculated to measured result.

'Foreground result minus background result. The calculated Net(1) and Net(2.) results were obtained by limiting conttibutions to those emerging from radii
less dian 45.26 cm and 37.88 cm. respectively, the first radius approximating the equivalent cylindrical radius of die opening in the shadow shield collar.

dReadas 1.35 - 10°.



Table F16. Heterogeneous-to-homogeneous Bonner ball count-rate ratios (streaming factors) for various Axial
ShieldExperiment originalconfigurations.

Bonner ball
Shield

Configuration*

Stainless Steel Assemblies B4C Assemblies

Measured Calculated Measured Calculated

3-inch A 1.10 1.06 1.07 1.02

B 1.34 1.49 1.18 1.19

C 1.11 0.99 1.12 1.01

D 1.37 1.17 1.28 1.07

4-inch A 1.07 1.04 1.06 1.02

B 1.27 1.41 1.21 1.21

C 1.09 1.00 1.13 1.03

D 1.32 1.18 1.29 1.11

5-inch A 1.08 1.03 1.06 1.01

B 1.25 1.35 1.19 1.19

C 1.07 1.00 1.10 1.03

D 1.28 1.19 1.26 1.12

8-inch A 1.08 1.02 1.06 0.99

B 1.22 1.20 1.15 1.10

C 1.06 1.00 1.11 1.01

D 1.17 1.15 1.14 1.06

10-inch A 1.08 1.02 1.02 0.98

B 1.20 1.15 1.10 1.07

C 1.06 1.00 1.06 0.99

D 1.18 1.08 1.07 1.00

12-inch A 1.09 1.02 1.03 0.97

B 1.18 1.13 1.07 1.06

C 1.04 1.00 1.06 0.96

D 1.10 1.05 1.05 0.97

Configurations A: one central blockage assembly + six homogeneous assemblies (III.A and III.C);
Configurations B: seven central blockage assemblies (III.B and III.D); Configurations C: one rod bundle assembly +six
homogeneous assemblies (IV.A and IV.B); and Configurations D: one central sodium channel assembly + six
homogeneous assemblies (V.A and V.B).
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Table F17. Comparisonof calculated and measured3-inchBonner ball count rates on centeriine30 cm behind
various remeasurement configurations.

Configuration

Detector Count Rate (s~'.W"')

OEa

Measured Calculated

l.A 6.07+2b 5.17+2 0.85

II.A 5.56-1 6.61-1 1.19

II.B 5.50-1 6.83-1 1.24

III.A 6.42-1 7.09-1 1.10

IV.A 5.95-1 6.99-1 1.17

V.A 8.46-1 7.30-1 0.86

Ratio of calculated to measured result.

''Read as6.07 x 102.

Table F18.Comparison of calculated and measured 4-inch Bonnerball countrateson centeriine 30 cm behind
various remeasurement configurations.

Configuration

Detector Count Rate (s"'. W"')

C/E"

Measured Calculated

I.A 1.89+3" 1.66+3 0.88

II.A 2.00+0 2.39+0 1.20

II.B 1.94+0 2.38+0 1.23

III.A 2.31+0 2.56+0 1.11

IV.A 2.12+0 2.49+0 1.17

V.A 2.98+0 2.69+0 0.90

aRatio of calculated to measured result,

^ead as 1.89 x 103.
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Table F19. Comparison of calculated and measured 5-inch Bonner ball count rates on centeriine 30 cm behind
various remeasurement configurations.

Configuration

Detector Count Rate (s~'.W~')

C/Ea

Measured Calculated

LA 2.53+3" 2.36+3 0.93

II.A 3.10+0 3.73+0 1.20

II.B 2.95+0 3.70+0 1.25

III.A 3.50+0 3.97+0 1.13

IV.A 3.20+0 3.85+0 1.20

V.A 4.31+0 4.24+0 0.98

Ratio of calculated to measured result.

''Read as 2.53 x 10 .

Table F20. Comparison of calculated and measured 8-inch Bonner ball count rates on centeriine 30 cm behind
various remeasurement configurations.

Configuration

Detector Count Rate (s~'. W~')

C/Ea

Measured Calculated

l.A 1.85+3" 1.72+3 0.93

II.A 2.79+0 3.54+0 1.27

II.B 2.74+0 3.52+0 1.28

III.A 2.98+0 3.71+0 1.24

IV.A 2.88+0 3.62+0 1.26

V.A 3.36+0 3.92+0 1.17

Katio of calculated to measured result.

''Read as 1.85 x 103.
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Table F21. Comparison of calculated and measured 10-inch Bonner ball count rates on centeriine 30 cm
behind various remeasurement configurations.

Configuration

Detector Count Rate (s~'. W"')

cm"

Measured Calculated

l.A 9.02+2" 9.08+2 1.01

II.A 1.76+0 2.26+0 1.28

II.B 1.66+0 2.26+0 1.36

III.A 1.79+0 2.33+0 1.30

IV.A 1.70+0 2.31+0 1.36

V.A 1.90+0 2.37+0 1.25

Ratio of calculated to measured result.

''Read as9.02 x 102.

Table F22. Comparison of calculated and measured 12-inch Bonner ball count rates on centeriine 30 cm
behindvarious remeasurement configurations.

Configuration

Detector Count Rate (s~'. W"')

C/Ea

Measured Calculated

LA 4.56+2" 4.41+2 0.97

II.A 9.24-1 1.32+0 1.43

II.B 9.26-1 1.33+0 1.44

III.A 9.84-1 1.35+0 1.37

IV.A 9.39-1 1.35+0 1.44

V.A 1.01+0 1.36+0 1.35

"Ratioof calculated to measured result.
''Read as4.56 x 102.
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lable F2.3. Comparison of calculated and measured 3-inch Bonner ball count rales on centeriine 150 cm behind various remeasurement conficurations.

Configuration
Measured

Foreground3
Calculated

Foreground'1 C/E"
Measured

Not"
Calculated
Nel(l)ac'* OEh

l.A 5.20--lc 6.15+1 1.18 4.69+1 6.04+ 1 1.29

II.A 7.28-2 6.25-2 0.86 6.7! 2 6.10 2 0.91

II.B 1.05 -1 1.24-1 1.18 9.38-2 1.15 1 1.23

III.A 8.43 2 6.41 2 0.76 7.75 2 6.26 2 0.81

IV.A 7.88-2 6.29-2 0 80 7.23 2 6.14-2 0.85

V.A 1.04 1 6.28 2 0.60 9.78 2 6.13-2 0.63

"Units i W

Ratio of calculated to measured result.

'Foreground result minus background result.
The calculated Net excludes contributions from radii greater than 37.88 cm. conesponding toa radius somewhat smaller than the equivalent radius of the

region shadowed by the background shield
'Read as 5.20 > 10'.
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Gamma Spectra from 1-D Model of Ax. Shield Spec Mod
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Figure G2. Comparison of gamma-ray spectra behind a one-dimensional model of thespectrum modifier for self-shielded and unshielded UO2
cross sections.
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