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ABSTRACT

An Iintegral experiment has been performed for
verification of radiation transport methods and nuclear data
used In the design of the radial shlield for the proposed
gas-coﬁled fast breeder reactor demonstration plant. The
experiment was conducted at the ORNL Tower Shieiding
Facillity and consisted of integral and spectral measurements
of the neutron and gamma-ray flux transmitted through slabs
of materials which modeled a GCFR-type radial blanket and
radial shield. Both UO2 and ThO2 blankets were Investigated
8s well as several shield desligns comprising stainless

steel, graphite, and boronated graphlite.

The ana]ysls was performed using exlisting discreve~
ordinates methods and cross section data which are currentiy
used tor fast reactor shield design. Neutron transmission
through the blankets was predicted within 20-30% while
gamma-ray heaflngvbefveen the blanket rows was predicted
within 108, ENDF/B-V thorium dats sppeared better than
ENDF/B=-I1Y for predicting neutron transmission and gamma-ray
heating. Neutron attenuation In the shleld assemblles was
generally predicted within 158 which corresponds to the
estimated experimental and analytical uncertainties.
Several other conclusicons regarding the performance of

{aminated shields were obtalned,
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t. INTRODUCTION

Designing a reactor shield Is a complex effort
involving intimate reiationships between radiation
transport, thermal-mechanical forces, material properties,
and ecornomlics. The shield designer Is challenged with
designing sn adequate shield which satisfles ilcensing

requirements, but which also minimizes costiy design

conservatisms. Several analytic tools have been developed

which ald the shield designer in achieving the optimum
compromise of these consliderstions. However, verlification
of these design methods and the relevant nuclear data Is
essentlial, especlially for advanced reactors since [iftle
opurating experlence (s available. Integral experiments
provide the means for this verification by (1) providing
measured data against which analytic predictions based on
specific methods and nuclear date can be judged, and (2)
providing a direct measurement of the effectiveness of the

final shield design.

An integral experiment was designed and executed for
the verlfication of radiation transport methods and ruc'ear
data used for the design of the radlial shield for the
proposed 300 MW(e) gas-cooled fast breeder reactor
(GCFR).! The experiment was part of a five-yesr integral

testing programz which was designed to systematically




identify and resclve signlflcant questions regarding the
adeqracy of the GCFR shield design. Whereas most of the
experiments dealt witn problems resulting from neutron
streaming in the myriad of open ccolant channels and shield
heterogeneities, the Radiai Blanket and Shield Experiment
addressed potential difficultlies in calculating deep
penetration of neutrons and gamma rays through the thick
jaminated radial shield. Also, the experiment addressed
uncertalntics associated with the radlial blanket since the
particular design or the blanket affects the source term
incident on the rudial shield and hence affects the overall

attenuation characteristics of the shield.

The need for such an experiment was provided by the
GCFR shield designer, General Atomic Company (GAC), in a
document> which described the reactor shield concept, the
design criteria, the types of data desired from the
experiment, and specific test requirements. In accordance
with those goais and requirements, the experiment was
designed and preanalyzed4 at ORNL with the sctive

cooperation of GACL.

The experiment was conducted in 1979 at the ORNL Tower
Shielding Faclliity (TSF) and consisted of Integral and
spectra! measurements of the neutron and gamma-ray fiux
transmitted through slabs of materlals which modeled »

GCFR-type radisl blanket and radia! shielid. Both

!
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uranfum-oxide and thorlum-oxide blankets were Investigated
as well as several shleld desligns comprising stalnless
steel, graphite, and boronated graphite. The measurements,”
combined with the subsequent analysls described hereln,
provide signiflcant Information regarding the adequacy of
the impervant nuclear datas and provide valuable insight Into
the performance characteristics of not only the reference

shield design but also aiternate design concepts.

The demise of the GCFR program in the United States
places an apparent handicap on the usefulness of results and
concluslons galned from the Radlial Blanket and Shield
Experiment. This handicap Is primarily manifested In the
fact that the experiment was not a parametric study of
bianket and shlield materials, but was Iinstead directed
toward determining the characteristics of speclfic shieid
designs employed In the GCFR. Nevertheiess, much of the
data has value Iindependent of the GCFR. Specificaliy,
comparisons of the U022 and ThO2 blanket mockups and the
resuiting conclusions regarding the adequacy of thorium
nuciear data are of generic interest. Also, the thorough
investigation of laminated shields containing graphite,
boronated graphite, and steel has considerablie potential
value for LMFBR concepts which perm!t+ such materiais in the
shield design. Finally, the difficulities encountered In
obtalning certsin types of data In even this geometricalliy
simple experiment provide significant guidance for future

exper iments desiring these types of date.




2. GCFR SHIELD DESIGN REQUIREMENTS
2.1 Shield Design and Exposure Limits

A+ the time that the Radial Blanket and Shield
Exper iment was designed and executed, the GCFR demonstration
plant design incorporated a downward coolant flow through
the grid-plate-suspended fuel and blanket assemblies. The
core and blankets were surrounded radlally by two rows of
axlal ly-segmented removable shlelds folloved by a perranent
outer radlal shield. The complete shield desiyn was
designated "Conceptual Shielding Conflguration " (csc-1)6
and Is pictured In Fig. 1. The composition and dimensions
of the shield design at the axial level of the core midplane
are gliven In Table 1. As shown In Table 1, the rernovable
Inner shield consisted of a row of steel-clad boronated
graphite and a row of solld stainless steel. The laminated
outer shield contained a large graphite iayer surrounded by
a thin boronated graphite layer and an outer leyer of

stainiess steel.

Irradiation exposure fimits, which largely determined
the shleld design, were based on an Inadequate Iirradiation
effects data base and with minimal guidance on how to appiy
existing data Into structural design criteria.? As a
consequence, criteria were generally based on exposure

limits which were considered highly conservative. The
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Fig. 1. Scnematic of reference downflow GCFR shield design designated as "Conceptual

Shielding Configuratior 1."




Table 1. Geometry and Materials for Conceptual Shielding
Configuration I at the Core Midplane Level

Inner Radius Outer Radius Thickness

; Region and Material (cm) (cm) {cm)

j Core: Enrichment Zone 1 0.0 77.9 77.9

Enrichment Zone 2 77.9 9.9 19.0

Enrichment Zone 3 9.9 115.6 18.7

Radial Blanket: Row 1 115.6 134.1 18.5

Row 2 134.1 152.6 18.5

Row 3 152.6 171.0 18.4

Helium Gap 171.0 194.0 23.0

- Inner Shield 1: SS-316 194.0 195.0 1.9

C + B,C* 195.0 207.7 12.7

$s-316 207.7 209.C 1.3

Helium Gap 209.0 214.1 5.1

Inner ShielZd 2: $S-316 214.1 229.1 15.0

Helium Gap 229.1 234.2 5.1

Outer Shield: SS-316 234.2 239.3 5.1

C + B,C* 239.3 244 .4 5.1

Graphite 244 .4 267.0 22.6

C+ BuC* 267.0 212 5.1

$s-316 27121 * 721122 5.1

kelium Gap 277.2 312.9 35.7

PCRV Liner: Fe 312.9 314.7 1.8
PCRY 314.7

*25 weight-% boron mixture of graphite and B,C at 1.6 g/ml bulk density.




radial shlields In the CSC-l design were cooled by outlet
hellium, and hence were subject to criterlfa for comporents
which might exceed 550°C temperatures. These criteria were
that the fo?al»!'fe?lne fluence could not exceed 102! cm=2
and the hellum concentration in steel could not exceed 1
appm (atomlic part per milllon). 1In addition, the total
lifetime fluence at any polnt Iin the prestressed concrete
reactor vessel (PCRY) or the PCRV Illiner could not exceed

10619 cm=2,

Design calculations performed at ORNL and at GAC showed
that the radlial shields in CSC~| were 3adequate for
satisfying the design criteria If the Inner-most row of
shield were replaced every three years and the second row of
shieid every six years. Besldes the obvious cost of
frequently replacing the large bulk of shield material, an
enormously long reactor down fime would be required to
perform the shield replacement. Therefore, consliderable
economic motivation existed to verlify the design
calculations and to defline relevant uncertainties which

might subsequentiy help to reduce the design conservatisms.

2.2 Deslign lncertainties

The most obvious uncertainty In the radial shield
design was the design Itself. Although the CSC-I design and
corresponding reactor core and blanket confliguration were

specifled In considerable detall, assessment studies were In




projress at the time of the experiment to determine the
desirabillity of using ThOp rather than U0 blankets, and the
implications of directing the helium coolant upward through
the core rather than downward. Additionally, a lateral core
restraint system was being considered which would require
some radial shlielding to be suspended from (or rested upon)

the core support grld plate.

Other than design, the largest source of uncertainties
was felt to be the nuclear Zata used Iin the design
calculatlons. Extreme attenuations through iron, sodium,
and stalnless sieel have been Investigated in previous TSF
exper iments; however, the GCFR shlields employed cubstantial
amounts of graphite and boronated graphite laminated vith
stalniess steel ylelding overail attenuvations cn the order
of :0%. Uncertalnties In the blanket data, especlally for
thorifum were also of concern since the blanket determines

the source term for the radial shleid.

Therefore, the objectives of the Radial Blanket and
Shield Experiment were to (a) verlify the accuracy of nuclear
data used In design calculations for the GCFR radial shield,
(b) define experimental and analytic uncertalinties In terms
of thelr Implications to design calculations and deslign
criteria, and (c) provide experimental comparisons of the
relative effectiveness of alternate shield concepts. All of
tThe objectives were satisfled by the measurements &and

subsequent analysis.




3. EXPERIMENTAL CONFIGURATIONS AND MEASURERENTS

The GCFR Radial Blanket and Shield Experiment was
performed In 1979 <t the ORNL Tower Shielding Faclllity
(TSF). A complete description cf fhe'experluenf and the
measurements Is glven in ORNL/TM-7237;7 howe er, a brief
description will be glven here for completeness. The
detailed experiment program plan is gliven In App. A which
specliflies each configuration and measuremenrt. This

information Is summarized In Table 2.

Typical confliguratlions are shown schematically In
Figs. 2-5. All configurations consisted of 1.5-m by 1.5-m
slats placed contiguously along the beam centerline of the
TSF reactor source. The mockups were preéeded by a spectrum
modifler which was designed to produce a source spectrum
typlcal of a8 fast reactor core. The slabs were all
surrounced by a concrete shield which was required to reduce
background radiation at the detector locations. A layer of
lithiated paraffin between the slabs and the concrete
minimized the contribution of neuirons which were reflected
from the concretz back into the test assemblizs. “Igure 2
shows a three-row ThO2 blanket mockup, while Fig. 3 shows
the additlion of the reference Inner shield mockup
(corresponds to CSC-1). Fligure 4 shows a UO2 blanket plus
an alternate Iinner shield mockup. Finally, Fig. 5 shows the

| argest configuration Investigated - a ThO, blanket plus the
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Tatle 2. Summary of Configurations and Measurements for GCFR
Radial Blanket and Shield Experiment

{onfiguration Descriptiona Hbasurementsb
I.A Spectrum modifier only 88,5
| 1.8 1/2 ThO, blanket row BB
I.C 1 ThO, blanket row BB
I.D 2 ThO, blanket rows 88,S,TLD
I.E 3 ThO, blanket rows BB,S,TLD
I.F Conf. 1.E + e reflector LD
I1.A 3 U0, blanket rows B8B,S,TLD
I1.B Conf. I1.A + reference inner shield BB,S
II1.A Conf. 1.E + boronated graphite BB,S
II1.B Conf. III.A + stainless steel BB,S
IV.A Conf. II1.B + 1/3 reference outer shield BB
IV.B Conf. III.B + 2/3 reference outer shield BB
Iv.C Conf. 1i1.B + reference outer shield 68,S
Iv.D Conf. IV.C + Fe + concrete BB,TLD
IV.E Reference inner and outer shields BB,S
V.A Conf. II.A (repeat) 88
vV.B Conf. V.A + graphite B8,S
y.C Cenf. V.B + boronated graphite + steel B88,S,TLD
v.D Conf. V.C + steel B8,TLD
V.E Conf. V.A + boronated graphite + steel BB,TLD
VI.A Lead only S
V1.B Lead + spectrum modifier S
VI.C U0, only S
vi.t UC, + spectrum modifier 88,S

, %Reference shields refer to “Conceptual Shielding Configuration I.”
bBB = Bonner bali; S = spectrometers; TLD = thermoluminescent dosimeter.
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reference Inner and outer radlal shields. A mockup of the

PCRY and 'iner was also incliuded in the conflguration.

Both integral and spectral acata for neutrons and gamma
rays were measuvred. Integral ncutror data were obtalned
using Bonner ball detectors with nominal outside diameters
cf 3, 6, and 10 Inches. Neutron energy spectra were
measured above 40 keV using a 5-cm cylindrical NE-213
scintillator (from 1 to 20 MeV) and 5-cm spherical hydrogen
proportional counters (from 40 to 1500 keV). The NE-213
detector was also used to measure gamma-ray spectra above 1
MaV. The NE-213 data were unfolded using the FERD code’
while the hydrogen data were unfolded using SPEC-4.8 The
Bonner ball and spectra measurements were always located on
the reactor beam certerline "behind™ the test confliguration,
i.e., on the side opposlite the TSF reactor. in adiition,
gamma-ray heating data were obtained from thermoluminescent
dosimeters (TLDs) located between the test slabs but always

on the beam centerl ine.
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4. ANALYSIS PROCEDURES

4.7 Analytic Methods and Madels

Analysis of the Radial Blanket and Shlield Experiment
was baced solely upon discrete-~ordinates transport methods.
Neutron and gamma-ray transport through the confligurations
was calculated using primariiy the DOT-IV two-dime- ;ional
code?d (version 4.3) which provided an absolute comparison
with the measured data. Also, some one-dimensional
calculatlons were performed using the ANISN code!0 which
provided an [nexpensive way ¥o Investigate smalil variations
in the computational parameters. Other codes utilized for
the analysis Include AMPX!! and AXMIX12 §or preparing
macroscoplic cross sectjons, FALSTF13 for computing the flux
at detector locatlons outside the confligurations, and
several of the DOGS codes'? for calculating detector
activities and graphlcal output of the data. Table 3 Illists

all the cocdes used In this analysis.

The bulk of the computational effort was expended In
calculating the radiation transport through two~dimensional
(2D) models of the blanket and shield mockups. The
calculations were run Iin R-Z cylindrical geometry and used
an external boundary angular flux (always 2t the top
boundary) as the flxed source., The blanket caiculations
incifuded multiple source Iterations to account for fissions

within the blanket slabs, and the larger shield
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Table 3. Computer Codes Used in Analysis of Radial Blanket
and Shield Experiment

Code Function E
ACTUAL - DOG. code to calculate activities from DOT fluxes
ANISN - Perfo:» 1D radiation transport calculations
ASPECT - DOGS coac to plot 1D or 2D energy spectra
AXMIX - Mix ANISN-formatted cross sections
BONAMI - AMPX code to perform energy self-shielding of cross sections
CHOX - AMPX code to couple neutron and gamma-ray libraries
DOT 4.3 - Perform 2D radiation transport calculations
EGAD - DOGS code to plot 2D geometries
FACT - Change spatial mesh on boundary angular source
FALSTF - (Calculate detector responses outside 2D geometries
ISOPLOT4 - DOGS code to plot 2D isoflux contours
MALOCS - AMPX code to collapse cross sections
NITANL - AMPX code to reformat cross sections
ROSIE - Interpolate 76-group scale factors to 207 groups
XSPECT - Extended version of ASPECT to plot measured spectra

configurations were “bootstrapped” using internal boundary
angular fluxes, All calculations used an Syg symmetric
angular quadrature (70 angles). A Ilsting of the quadrature
angles and weights Is given in App. B along with an edit of
the Input parameters for 8 typlical DOT-IV case. A ‘ew

significant parameters for all of the 2D csiculations are

summarized In Table 4,

As seen Iin Table 4, the spatial meshes for the

computational models ranged from 2600 to 5800 Intervals.



Table 4. Summary of DOT-1V Calculations

- _ Mesh Size Source Total Flux Time a Boundary Source
Case Configuration (R,2) [terations [terations (min/cpu) Location
L 1.A 59,62 1 76 45/9) TSF Collimator
2¢ 1.0 50,54 3 73 143/91 Spectrum Modifier
3 522 112/9
3° 1.E 50,69 3 741 186/91 Spectrum Medifier
2 473 118/9
4 11.A 59,52 3 1030 220/91 Spectrum Modifier
5 11.8 48,69 3 986 219/91 Second U0, Slab -
[+
6° 111.A 50, 90 3 744 47/N Spectrum Modifier
2 473 156/91
7 111.8B 50,62 2 627 134/9N Third ThO; Slab
8 Iv.C 50,97 1 581 174/ 9N Blanket/Shield Interface
9 IV.E 80,115 1 588 208/33 Spectrum Modifier
104 V.8 48,65 2 708 171/91 Spectrum Modifier
] 2c2 63/91
11 Vv C 48,66 3 999 210/9 Second UQ, Slab

%Machine execution time on either an IBM 360/91 (/91) or an IBM 370/3033 (/33).
bCase originally run at Argonne National Laboratory; restarted at ORNL.

fCase restarted to correct mistake in macroscopic cross sections.

“Case restarted to correct premature termination.
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Because o0f the simple design of the experiment, the
conflgurations were modeled aimost exactly; the only
slgniticant approximation was due to the cyllindrical
representation of the square slabs. It Is felt, however,
thay the large lateral dimensions of the slabs permit such
an approximation without significantly affecting rszults on
the beam centeriine. Axial dimensions were taken directly
from Ref. 5. Two representative models are gliven In Figs. €
and 7 which show the ThO; blanket mockup (Fig. 6) and the
UO2 blanket with an alternate inner shield mockup (Fig. 7).
The boundary source at the top of the geometry In Fig. 7 had
been determined from a previous calculation which spanned

the region from ihe spectrum modifier through the 15-cu

graphite section.

After performing the DOT calcuiation within the
boundarlies of the configuration, a FALSTF calculation was
then performed whick used the space-energy scattering source
calculated by DOT to determine the neutron and gamma-ray
flux at external detector focations. The last-flight flux
estimation also included the soace-dependent flssion source,
and employed a coliimator option which defined 8 detector
solld angle corresponding to the experimental ariangement.

Appendix B Incliudes an edit of the Input parameters for a

typical FALSTF cas-~.
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Before comparing the FALSTF fluxes to the unfolded
neutron and camma-ray energy spectra, the calculated spectra
were smoothed with a Gaussian function to simulate the
energy resolutlion lnﬁg;snf in the detector system. The
fluxes were also fblded with energy-dependent %esponse
functions for comparison with the measured Bonner ball data.
Similarly, the calculated DOT fluxes were folded with
energy-dependent response functlions for comparison with the
1n siiu TLD data. The Bonner ball and TLD response

functions are given In Sec. 4.3.

The full analytic approach Is dlagrammed In Fig. 8. In
addition to the normal DOT/FALSTF sequence, ANISN was used
to perform 1D calculations for the purpose of comparing
different cross-sectlon data. The 1D sliab geometries used
In the ANISN calcu!ations represented the axlal dimenslion In
the corresponding 2D calculations and used th:e same TSF
source spect-um as a left boundary condltlon,
Unfortunately, the economic advantage of using 10
calculations is balanced by the loss of an absolute flux
normalilization due to the Inabliity of a 1D siab geometry to
account for geometric attenuation of the TSF source. This

Iimitation was circumvented through the use of 2D scalling.

The concept of scaling!? assumes that

ANISN(B)
DOT(B) = DOT(A) x e===ew==e= = SF(A) x ANISN(B)
ANISN(A)
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wvhere A and B represent varliations of the computational
parameters. Therefore, the 2D result for parameter set B
can be approximated by a dproperly scaled 10 result.
Spectifically, ENDF/B-1Y and -V data for thorium were
compared at a fine-group level (207 energy-groups) using
scale fectors that were determined from 76-group DOT and
ANI SN c;lculations. As Indicated In Fig. 8, the 76-group 2D
fluxes were dlvided by the corresponding 1D fluxes to yleld
76-group scaling factors which were then interpoiated to the
207-group structure. The fine~group scaling factors were
then folded with the different 1D results and conpareg on an

absolute basis with the measured data.

4.2 Cross Section Data

The 2D transport calculations were all performed using
a coupled multigroup cross-section set containing 51 neutron
groups and 25 gamma-ray groups. The P3 wnlicroscoplc
cross-sectlior library was derived nrimarily from ENDF/B-1YV
data, and has been used extensively at ORNL for fast reactor
analyses.!® Because ENDF/B-1V does not contaln secondary
gamme-ray productlion dats for thorium, a speclal 232Th cross
section set was generated which contalns gamma-ray
production data that was estimated from the corresponding
238y gata. Macroscoplc cross sectlons were prepared from
the microscopic |ibrary using the AXMIX code and the

material number densities glven In Table 5. The number




Table 5. Composition of Materials (Atoms-barn-!.cm=!)

Bor'd Graph #8or'd Graph

Concrete T 104 Aluminum  Boral C. Steel Li-Paraffin Li-Hydride Graphite (15 cm) (5 cm) U0, Slabs ThO, Slabs®
Wl 130(-3)° - - - == 5.930(-2) 5.610(-2) - - - - -
Li-6 - -- - - -- 5.565(-4)  4.163(-3)  -- - - . -
Li-? -~ = -- -- -- 6.940(-3)  5.194(-2) - - - - -
8-10 -~ - == 5.i28(-3) -- - -- - 4.017(-3)  4.237(-)) - -
8-1 -- -- ~ 2.01%(-2) - -~ - - 1.627{-2)  1.716(-2) - -
c 1.07(-2) -~ -~ 6.45(-3) 9.185(-4) 3.420(-2) - 8.675(-2) 5.151(.2) §,021(-2) .- .-
¢ 4.47(-2) -- - -~ -- 1.125(-2) -- -- - -~ 2.95(-2) 3.30(-2)
N -- -- -~ -- - Ce- - -- - .- 5.19(-3) -
A -- << 6.05(-2) 3.65(-2) - -- - - .- - 7.05(-3) .-
Si 3.20(-3) -- - -~ - - .- .- .- .- LI .-
Ca 1.22(-2) -~ -~ -- - - -~ -- -- -- .- --
cr -- 1.69(-2) -- -- -~ -- -~ .- .- - .- .-
Mn -- 1.20(-3) -~ -~ 5.150(-4) - .- .- - - - .
Fe -- 5.94(-2) 6.00(-4) 7.70{-4) 8.372(-2) - - -- - - - --
Ni - 7.90(-3) - -~ -~ .- . - . .- .- .-
Th-232 -- - - -- - -- - - - - - 1.65(-2)
u-235 -- -- -- -~ -- .- -~ -- -- -- 1.08(-4) -
y-382 -- - - - - - - - - - 1.469(-2) -

‘f‘Co-position is for an average slab density of 7.24 g/cm?. Actual densities of 7.10, 7.33, 7.37, and 7.14 g/cm® were used in the calculations.
“Read as 7.3 « 10°3,

vZ
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densities were catcultted based on information reported in

Ref. 5.

In addition to the 51--25-group calculations, some 1D
calculations were performed using the 171-neutron,
36-gamma-ray group VYitamin C cross-section Ilbrary.‘7 These
cross sections were processed using the AMPX code sysfe-"
to gennrate a coupled macroscopic library in the required
ANISN format. Also, a separate fline-group cross-section set
was prepared for thorlum using data derived from ENDF/B-V.
The procedure for processing the Vitamin C cross sectlions
and the ENDF/B-Vv-based thorium data Is ou*lined in the

left-hand portion of Fig. 8.

4.3 ISE Source and Detector Response Functlions

The neutron source for the experiment was provided by
the TSFf reactor and large beam collimator. The angle and
energy distribution frcm the surface of the reactor has been
previously defermlned,18 and a computer code was developed
to convert the spherical leakage source to a disk boundary
source sultable for use with R=Z geome*rles.‘9 It was
necessary, however, to perform a 2D calculation which
included the disk source and a mockup of the reactor and
beam collImator in order to generate a boundary source &t
the surface of the spectrum modifier. The geometry for the

DOT~-IV calculation Is shown In Fig. 9. The spectrum




&)

8 05 -G E1-6207

STE.L

m\\\\ ‘ ~=;_-;

HEIGHT (em)
-sgjs

. , T
Ol
Illllll"ll'.'l"m,I'IJ (AL

-ﬂ! .0

0.0 400
RADlUS (cm)

Fig. 9. Two-dimensional R-Z model of TSF reactcr, beam collimator,
and spectrum modifier (Configuration 1.A.).

modl fier and peripheral shielding were included in the
calculatlion so that the resulting boundary source could be

used as an external source for subsequent calculations.

As mentioned In Sec 4.1, the calculated neutron and
gamma-ray fluxes were folded with energy-dependent response
functions for comparison with measured Bonner ball and TLD
data. Three Bonner balls were used: +the 3" bal) which
measures primarlly low energy neutron flux, the 6" ball
which represents a total flux detector, and the 10" ball

which measures primarlly the fast neutron flux. The Bonner
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ball response functlions which were originally calculated
several years ago20 have been used oxtenslively for TSF
analyses with only minor corrections.!? For completeness,
Yhese responses In the 5l-group energy structure are |lIsted

in Table 6 and pictted In Fig. 10.

The CaF2:Mn TLD gamma-ray reating response and
corresponding neuvtron sensitivity have also been used In
previous amalyses.'5 Table 7 lists the TLD response while
Fig. 11 compares the response to the gamma-ray heating
response for fype-3i6 stalnless steel. Although type-304L
steel was used In the experiment, Its heating response
should be quite similar to that of type-316 steel. The
neutron sensitivity of the CaFy TID Is listed In Table 8,
The total TLD response was calculated as merely the sum of
the gamma-ray response and the neutcon sensitivity, and then
compared to the measured TLD data. For most confligurations,
the neutron sensitivity was approximately 108 of t%5 iotal

response.
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Fig. 10. Response functions for 3", 6", and 10" Bonner balls.



Table 7.

N
(=)

Gamma-Ray Heating Response Function for CaF,:Mn TLD
in Units of MeV Gram per Photon/cm?

Upper

Group Energy Response
52 13.0 MeY 0.270
53 10.197 0.202
54 7.998 0.153
55 6.274 0.118
56 4.921 0.0924
57 3.860 0.0737
58 3.028 0.0599
59 2.375 0.0492
60 1.863 0.0408
6} 1.461 0.0339
62 1.146 0.0281
63 0.8990 0.0229
64 0.7051 0.0184
65 0.5531 0.0148
66 0.4338 0.0117
67 0.3403 0.00896
68 0.2669 0.00712
69 0.2094 0.00606
70 0.1642 0.00593
n 0.1288 0.00630
72 c.1010 0.00797
73 0.07925 0.0118
74 0.0621€ 0.0181
75 0.04876 0.0296
76 0.03825 0.0468

0.030
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Table 8. TLD Neutron Sensitivit; Function in Units of MeV/Gram

Per Neutron/cm- for CaF;:Mn '
Upper Upper

Group Energy Resporse Group Energy Response

1 14.92 Mev  5.95(-2)7 26 86.52 keV  1.04(-4)

2 12.21 5.18(-2) 27 52.48 2.13(-4)

3 10.00 5.84(-2) 28 40.87 6.74(-5)

] 8.187 5.23(-2) 29 31.83 2.50(-4)

| 5 6.703 4.26(-2) 30 24.79 7.58(-5)
| 6 5.488 2.66(-2) 31 19.31 5.17(-4)
| 7 4.493 1.61(-2) 32 15.03 6.01(-5)
| 8 3.679 8.87(-3) 33 7.102 2.13(-5)
| 9 3.012 4.03(-3) 34 4.307 1.88(-5)
10 2.466 1.93(-3) 35 3.355 4.29(-5)

N 2.019 1.22(-3) 36 2.613 1.57(-4)

12 1.653 9.21(-4) 37 1.035 5.52(-5)

13 1.353 8.26(-4) 38 1.585 4.33(-5)

13 1.108 6.57(-4) 39 1.234 5.06(-4)

15 0.9072 5.56(-4) 40 961.1 ev 6.07(-5)

16 0.7427 4.38(-4) ] 454.0 8.43(-4)

17 0.6081 4.66(-4) 42 214.5 1.70(-4)

18 0.4979 4.89(-4) 43 101.3 1.25(-4)

19 0.4076 5.17(-4) 44 47.85 1.43(-4)

20 0.3337 4.83(-4) 45 22.60 1.87(-4)

21 0.2732 3.60(-4) 46 10.68 2.58(-<

22 0.2237 2.36(-4) 47 5.043 3.61(-4)

23 0.1832 1.89(-4) 48 2.382 5.23(-4)

24 0.1500 1.64(-4) 49 1.125 7.92(-4)

25 0.1228 3.15(-4) 50 0.4140 1.40(-3)

51 0.1000 2.90(-3)

TRead as 5.95 x 10-2,
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5. COMPARISON OF CALCULATIONS AND MEASUREMENTS

This section Is devoted to the presentation of
comparisons between analytic calculatlions and the
corresponding measvrements., Concluslions regarding
individual configurations and specliflc discrepancles are
discussed; however, general comments and concluslons are
presented in Sec. 6. The Bonner ball, spectral, and TLD
data are compared In the flrst three subsections for the
spectrum modifier, the blanket confligurations, and the
shleld confligurations, respectively. The fourth subsection
describes the results from an Investigation of the
substantial disagreement observed between the mezsured and
calculated gamma-ray spectra. Unless otherwlise noted, all
of the calculated results were determined using the

procedures described In Sec. 4.

5.1 Spectrum Modifler

As mentloned earller, a spectrum modifier (SM) was
placed In the TSF neutron beam to provide a source spectrum
that was more typical of tne ieakage spectrum from a fast
reactor core than was the bare TSF reactor (TSR-I1l).
Measurements and calculatlons were made for the SM
configuration In order to conflrm our knowledge of the
modiflied source spectrum. The resulting comparisons for the
three Bonner balls located at several distances behind the

SM are glven In Table 9.
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Table 9. Calculation-To-Experiment Ratios for Bonner Ball Detector,
Behind Spectrum Modifier Configuration (I.A)

C/E
Distance
(cm) 3*BB 6" BB 10" BB Uncollided Flux?
30.5 1.06 1.07 1.0 FALSTF
304.8 0.94 0.93 0.93 FALSTF
395.9 1.00 0.95 0.93 FALSTF
39.9 1.06 1.04 1.07 Point TSF Source
396.9 1.02 0.99 1.01 Shell TSF Source

211 calculations included the last-flight flux calculated by FALSTF.

Unlike all other confligurations Investigated, the SM
assembly was sufficiently thin to allow a significant
portion of the TSF reactor beam to be transmitted through
the assembly without a single coilision. Therefore, a
determination of the neutron fiux at detector positions
behind the SM had to account for the uncollided fiux from
the source as well as the scattering source from within the
conflguration., FALSTF was used to perform the uncollided
flux calculation; however, the moderately coarse anqular
quadrature resulted in a severe underprediction of the
uncollided flux on the axial centerline at large distances.
This effect Is apparently demonstrated in the 10" Bonner
ball resu'ts given In Table 9. Hence, an alternate approach
was used to calculate the uncollideo flux at the most

distant detector locatlon,
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Actually, two similar approaches were tried. The first
method approximated the TSR-Il as a polnt source and used

the simple relation:

.S .
%y = FaRZ ° P [‘ (ZX)ge = (EX)gy - (ZTX)Boral]

where Is the uncollided flux,

Is the TSR-1l source strength,

¢u
S
R 1Is the distance from the TSR-il to the detector,
2
X

7 Is the total macroscoplic cross sectlion,
Is the sisb thlckness.

The uncolllided flux was calculated by group and added to the
FALSTF calculation of the last-flight flux. As shown In
Table 9, this coproach ylelded a small overprediction of the
measured count rates. The second approach used the same
equatlion gliven above to calculate the uncollided flux, but
treated the VTSF reactor as a shell source which required an
integration over the surface of the reactor. Thlis more

sophisticated method yielded the best resuits as indicated
In Tabie 9.

Figure 12 compares the neutron spectrum measured behind
the SM with three calculated spectra. The calculated
spectrum labeled "Last Flight Oniy”™ was calculated using
FALSTF, while the other two calculations 'ncluded the
additlion of the uncolliided flux using the two methods
described above. Although supplying more detalled
Information than the Bonner ball data, the conclusion Is the
same: the shell source approximation for the "'ncolllded

flux appears to give the best overall comparison with the

reasurement.
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Fig. 12. Measured neutron spectrum behind spectrum modifier compared
with spectra calculated using different approximations for the uncollided
flux.

5.2 Blanket Configurations

5.2.1 Two-dimenslonal analysls

Both UO2 and ThO2 blanket rmockups were Investigated in
the experiment. Emphasis was placed on the ThO>
measurements because of particular interest in alternate
fuel cycles and becsuse the uncertainiies In thorlum cross
sectlons were expected tc be greater than for uranlum.
Also, due to budget constraints, the UO2 blanket mockup was
assembled from siabs which had been tfabricated for prevlious

LMFBR experiments. Therefore, while the ThO2 slabs were
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designed relatively clean, the U0, slabs were more complex,
containing significant amounts of aluminum and sodium. As a
consequence, a rlgorous comparison of the U0 and ThQ
results cannot be made; howvever, some comparative

Iinformation can be concluded frcm the data.

Calculation-to-experiment (C/E) ratios for the three
Bonner balls located behind the 30-cm UO2 bianket and the
30-cm and 45-cm ThO2 blankets are given in Table 19. A few
systematic trends are apparent In the data: (a) the
calculations underpredict neutron transmission through the
UO2, (b) the degree of underpredictlon Iincreases with
energy, and (c) calculated values at the most distant
detector locatlion behind +the ThO2 are somewhat
overpredicted. In llight of the combined experimental and
analytical uncertalnties, which are estimated to be 7-10%
for the 3™ Bonner ball, 12-15% for the 6" ball, and 15-20%
for the 10" ball, the C/E values are all very good.
Exceptions to this are the 10" ball behind the UO, and the

13-4 location behind the ThO5.

Figure 13 shows the neutron and gamma-ray spectra
measvred behind the 30-cm UO2 blanket assembly compared with
the analytic predictions. The neutron spectra compare sell
with only a 20-30f% underprediction appearing below about 2
MeV. The gamma-ray spectra show a much greater dlscrepancy

rangling from 50% at 1 MeV to a factor of 5 at 7 MeV. Also,
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Table 10. Calculation-To-Experiment Ratios for Bonner Ball Detectors
Behind U0, and ThO, Blanket Configurations

b c/t
a Distance

Configuration Description (cm) 3"88 6" BB 10" BB
II.A 30-cm U0, 30.5 0.98 0.9 0.83
285.4 0.88 0.86 0.77

304.8 0.88 0.84 0.77

I.D 30-cm ThO, 30.5 0.99 0.95 0.91
304.8 1.03 1.05 0.9

1314.1 1.28 1.26 1.12

I.E 45-cm ThO, 30.5 1.02 1.03 0.99
304.8 1.01 1.09 0.88

1296.4 1.27 1.36 1.20

%ach configuration was preceded by spectrum modifier. ODimensions
represent nominai thickness of slabs.

bDistance hetween detector and final surface in configuration.
the energy group structure of the calculated gamma-ray
spectrum Is too broad above 4 MeV to represent the structure

observed In the measured spectrum.

Figures 14 and 15 show similar comparisons for the
neutron and gamma-ray spectra behind the 30-cm ThO2 and
45-cm ThO2 blankets, respectively. The overprediction of
the neutron spectrum below 2 MeV is apparent In both
confligurations, although It is worse for the thicker blanket
assembiy. The gamma-ray spectra show falr agreement below 4
MeV, but enormous discrepancies above 4 MeV., |+ should be
noted that the cross sections used In the calculations shown
In Figs. 14 and 15 are based on ENDF/B-IV data, and the

gamma-ray productlion date for thorlum was merely estimated
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(see Sec. 4.2). The resulting gamma-ray spectra behind the

ThO2 blankets should be viered accordingly.

Comparisons of measured and calcuiated TLD data are
given In Table 11. The calculatlions significantiy
underpredict the measured TLD response directiy behind the
spectrum modifier, but this is due to the absence of a
gamma-ray component In the TSR-Ii source specirum. Beyond
the first bianket slab, the dominant source of gamma rays is
fros secondary productlion, so that the absence of the TSR
gamma-ray soﬁrce Is no longer significant. 7he TLD data
comparison for the U0y case shows the calculations to be
within the 7-10% uncertainties of the experiment while the
ThO2 case shows much larger discrepancies. As mentioned
above, however, this Is Ilkely due to the nature of the
gamma-ray production data for the particular thorium

cross-section set used in the calculation.

5.2.2 Comparison of ENDF/B-iV and -V thorium data

it was originaliy Intended to iInvestigate the Impact of
the recently released ENDF/B-V data on several of the
blanket and shlelo confligurations, but changes in the GCFR
program emphasis did not permit such a study. However, one
configuration - the 45-cm ThO2 bianket - was analyzed using
ENDF/B-V-derived data. This was accomplished by performing
8 76-group ANISN calculation which used the samo cross

sections and geometry (along the axlal centerline) as the
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Table 11. TLD Results for U0, and ThO, Blanket Configurations

Response [MeV/(g-sec-kiW)]

Configuration Description? Meas. Calc-(y) Calc-(n) C/E
I1.B Spectrum Modifier b
vy 9.60(5)" 5.05(5) 4.48(4) 0.57
10-cm 10,
v, 1.26(5) 1.02(5) 1.59(4)  0.93
10-cm U0,
Vjy 4.52(4) 4.17(4) 5.38(3) 1.04
10-cm U0,
I.E Spectrum Modifier
vy 9.72(5) 5.00(5) 4.10(4) 0.56
15-cm ThO,
Vo 7.77(4) 8.92(4) 8.25(3) 1.25
7.5-cm Tho,
Vy 4.00(4) 5.08(4) 3.80(3) 1.37
7.5-cm ThO,
v, 1.88(4) 2.37(4) 1.61(3) 1.34
15-cm ThO,

INominal thickness of slabs.
bread as 9.60 x 105.

corresponding DOT case, and then calcuiating scale factors
as described In Sec. 4.1. These scale factors which are
shown In Fig. 16 were then used to multiply similar 1D
cslculations which used 207-group cross sectlons from both

ENDF/B-1V and ENDF/B-V,

The scaled 10 calculations are compared with the
measured neutron spectrum Iin Fig. 17, The two calcuiations
are 20 to 40% different in the energy range of 0.1 to 3 MeV
with ENDF/B-Y-based dats showing the better agreement with

the measurement. The differences are essentialiy a direct
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Fig. 16. Scaie factors (S.F.) calculated for 45-cm ThO, blanket mock-
up (Configuration 1.E) at NE-213 detector location.
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Fig. 17. Measured neutron spectrum for 45-cm ThQ, blanket compared
with calculations which used ENDr/B-IV and -V data for thorium.
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reflection of the dlifferences In th3 total cross sectlion for

thorfum as demonstrated in Fig. 18.

The gamma-ray spectra behind the ThO,; are compared in
Fig. 19. The spectrum calculated using ENDF/B-IV thorium
data is not too surprising since no gamma~-ray production
data was Included tn the fine-group thorium data set. The
newer ENDF/B-V thorlum data does Include gamma-ray
production which significantiy improves the agreement with
the measurement beiow 4.5 MeV, although the calculation is
still a factor of 2 to 3 too low. Above 4.5 MeV, both cross
sectlon sets give nearly the same result which Is about a
factor of 50 00 ltow. In addition, the peak in the
calculated spectra appear at a different energy than does
the measurement, The latter probliem Is not presentiy
understood; however, the former probliem associated with the
magnl tude of the calculated spectra Is addressed In

Sec. 5.4.

To further Iinvestigate the differences In the cross
section data, the scaled 1D fluxes prerented above were
folded with the TLD gamma-ray heating response and neutron
sensi{tivity and compared to the measured TLD data. The
results are presented In Table 12 along with the 2D results
which were given In Table 11. Whereas the ENDF/B-1V data
understandably ylelded very low C/E values, the newer

ENDF/B~V data ylelded excellient aareement with the
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Fig. 19, Measured gamma-ray spectrum for 45-cm ThO, blanket compared
with calculations which used ENDF/B-1V and -V data for thorium,
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Table 2. Comparison of ENDF/B-IV and ENDF/B-V
Calculation-To-Experiment Ratios for TLD
Results in ThO, Blanket Mockup

C/E
Configuration? ENDF/B-IV?  ENDF/B-IVC  ENDF/B-v©:4
Spectrum Modifier
v, 0.56 0.48 0.54
15-cm ThO, |
v, 1.25 0.36 1.00
7.5-cm Tho,
v, 1.37 0.31 1.08
7.5-cm ThO,
V. 1.34 0.37 1.08
15-cm Th02

Nominal thickness of -iabs.

bTuo-dimensional 76-group calculation using special ORNL
thorium data set containing "estimated" gamma-ray pro-
duction cross sections.

“One-dimensional scaled 207-group calcvlations.

d0nly thorium data was from ENDF/B-V - all cther materials
were ENDF/B-1V.

measurements. The energy dependence of the TLD response Is
such that, for typlcal locatlions within the ThO2 blanket,
approximately 658 of the total TLD response Is due to gamma
rays above 1.5 MeV and 15% of the response Is due to gamma
rays above 4 MeV. Therefore, the good agreement between
measured and calculated TLD results Is Inconsistent with the
bad agreement observed In the spectral comparisons. This
suggests that elther there was a probiem In measuring the
gamma-ray spectrum, or that there was a probiem In
projecting the calculated gamma-ray fluxes to the distant
location of the NE~213 spectrometer. The latter case Is

discussed more fully In Sec. 5.4,




5.3 Shield Configurations

5.3.1 Inner shield confligurations

Table 13 presents Bonner ball C/E ratios for several
fnner shield mockups. Configurations I1.B and Iil.B
represent th< reference inner shield (CSC~I shield design)
preceded by a U0y blanket and a ThO2 blanket, respectively.
The result+s are similar to the corresponding blanket-only
configurations, l.e., the U0y case Is always underpredicted
while the ThO2 case Is generally overpredicted. The partial
shield mockup in configuration I11.A shows unusually large
overpredictions of the Bonner ball data, especially at lower
energies. Configuraticns V.B and V.C, which consisted of a
UO, blanket followed by a oartial or a full alternate Inner
shield mockup, again yield results typical of U0y cases.
Herce, It is difficult to discern from Table 13 exactly how
well the Individual shield assemblies were calculated
because of discrepancies Introduced by the preceding blanket
slabs. This difficulty is !argely eliminated In Sec. 5.3.3
which compares measured and calculated attenuation factors

for the varlous shleid mockups.

Comparisons of measured and calculated neutron and
gamma-ray spectra are giver Iin Fig. 20 for a ThO2 blanket
followed by the first row (15=-cm boronated graphite) of the
reference Inner shield, and in Fig. 21 for the addition of

the second row (15«cm stalinless steel). The calculated
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Table 13. Calculation-To-Experiment Ratios for Bonner Ball Detectors
Behind Inner Shield Configurations

b C/E
Distance
Conf. Description? (cm) 3*BB 6" BB 10" BB
III.A  45-cm ThO, + 30.5 1.57 1.43 1.29
15-cm (C+8,C) 304.8 1.53 1.39 1.25
1280.6 1.83 1.70 1.52
I11.B 45-cm ThO, + 30.5 1.09 1.00
15-cm (C+8,C) + 304.8 1.19  1.03  0.97
15-cm Stainless Steel 1263.0 1.36  1.22  1.10
I:.B 30-cm UO, + 30.5 0.89 0.79 0.71
15-cm (C+8,C) + 304.8 0.82 0.69 0.64
15-cm Stainless Steel 1277.2 0.97 0.83 0.73
V.B  30-cm UO, + 30.5 0.97 0.87 0.73
15-cm Graphite 304.8 0.94 0.84 0.72
1294 .4 1.30  1.15 0.95
V.C  30-cm U0, + 30.5 0.91 0.81 0.72
15-cm Graphite + 304.8 0.82 0.75 0.69
15-cm (C+B,C) + 1270.0 0.91 0.88 0.73

4.5-cm S*ainless Steel

%Each configuration was preceded by spectrum modifier. Dimensions
represent nominal thickness of slabs.

bDistance between detector and final surface in configuration.

neutron spectrum behind the first row shows that the
significant overprediction observed In the Bonner ball data
for thls configuration Is apparently due to a uniform
overprediction of the measured spectrum below about 2 MeV.
This discrepancy Is mostly removed when the 15-cm stainless
steel row wss added; however, an underprediction above 4 MeV
Is observed. The relatively broad structure In the spectra
sappear to be well calculated In both cases. As wlith the

blanket mockups, substantlial discrepancies are observed In
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the comparison of gamma-ray spectra, and comments on these

discrepancles are deferred to Sec. 5.4.

Figure 22 shows comparisons of measured and calculated
spectra behind the U0 blanket followed by the reference
Inner shleld. Both the neutron and gamma-ray resuits are
similar to those glven In Fig. 21, except that the neutron
spectrum Is more uniformly underpredicted (although to a

lesser extent) than In the previous case.

Neutron and gamma-ray spectra are compared In Fig. 23
for the case of a U0, blanket followed by @ 15-cm graphite
shield, and In Fig. 24 for the same configuration with an
additional 15-cm boronated graphite shield and a 4.5-cm
stainliess steel siab. The steel slab was added to simulate
the lateral core restraint system (core barrel). Both cases
show a slight underpredlcfion of the neutron spectra,
especlally near the broad peak at 5 MeV. In general,
however, the agreement Is quite satisfactory. The gamma-ray
spectra show consliderably better agreement than with the
reference shield cases, although discrepancies on the order

of 200 to 400% are still present.

Data for the TLD measurements made wlthin the shield
conflguations are compared to calculated values In Table 14,
The first two cases Ilsted In Table 14 do not represent
"clean" comparisons since In both cgses, somewhat different

materials were present behind the last detector position for
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Table 14. Comparison of Measured and Calculated TLD Results
for Inner Shield Configurations
Response [MeV/(g-s-ki)]
Conf. Description Meas. Calc(y) Calc(n) C/E

I1.B Spectrum Modifier
(V.E) 30-CIWz
Vi 1.03(6) 9.81(5) 1.06(5) 1.06
15-cm (C+8,C)
| b 2.08(5) 2.64(5) 1.47(4) 1.34
Stainless Steel

I11.8 Spectrum Modifier
(1¥.0)  45-cm THhO,
' 5.60(4) 8.01(8) 2.72(3) 1.48
15-cm (C#8,()
v, 8.50(3) 9.77(3) 5.66(2) 1.22
15-cm Stainless Steel
Reference Outer Shield®

v.C Spectrum Modifier
30-cm U0, :
v; 1.98(6) 1.77(6) 1.94(5) 0.99
15-cm Graphite
Y, 1.02(6) 9.86(5) 6.6(4) 1.03

15-cm (C+B,C)
| 1.35(5) 1.43(5) 2.72(3) 1.08
4.5-cm Stainless Steel

%Read as 1.03 x 105

bcalculation had 15.2-cm stainless steel (Conf. 11.8) while measurement
had only 4.5-cm steel {Conf. V.E).

®Calculation had nothing beyond 15-cm steel (Conf. I11.B) while measure-
ment had outer shield and PCRYV (Conf. IV.D).

the measurement than for the csiculation. This occurred
since not sl confligurations were cezlculated, but |t was
felt that similar cases could be substituted.
Unfortunately, the differences did appear to have some
effect on the C/E ratios for the last TLD position, so that

the dats should be viev:d accordingly. The third case
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listed In Table 14 (Configuration V.C) vas a-clean
comparison, and the agreement between the measurement and

calculation Is excelient.

5.3.2 Inner plus outer shield configurations

Bonner ball results for the reference Inner plus outer
shield confliguration are given in Table 15. Two separate
mockups were snalyzed -~ one with a 45—;- ThO2 blanket
preceding the shield and one with no blanket. The
no-blanket case was Included since the presence of the
blanket Introduced an additional uncertalnty in the total
fransulsslon'dafa. and because the overall a?fenuaifon of
the blanket and shield assembly resulted Iin an unacceptably
low detector counting rate for the spectrum measurements.
Both cases yield very good agreement between the

measurements and calculations, except for the 3" and 6"

balls at the most dlstant detector locafion.'

Table 15. Calculation-Tb-Experiméht Ratios for Bonner Gall Detectors
Behind Reference Inner-Quter Shield Configurations

b C/E
a Distance

Conf. Description (cm) 3”88 6" BB 10" BB
1v.C 45-cm ThO, + 30.5 1.08 1.06 0.98
Ref. Inner Shield + 304.8 1.04 1.13 1.0

Ref. Quter Shield 1210.5 1.38 1.23 1.00

IV.E Ref. Inner Shield + 30.5 1.15 1.01 0.93
Ref. Outer Shield 304.8 1.18 1.04 0.97

1264.9 1.46 1.29 1.10

%Each configuration was preceded by a spectrum modifier. The
"reference