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ABSTRACT

Integral experiments that measure the transport of ~14 MeV D-T
neutrons through laminated slabs of proposed fusion reactor shield
materials have been carried out at the Q0ak Ridge National Laboratory.
Measured and ca]cu]ated neutron and gamma ray energy spectra are compared
as a function of the thickness and composition of stainless steel type 304,
borated polyethylene, and Hevimet (a tungsten alloy), and as a function
of detector position behind these materials. The measured data were
obtained using a NE-213 1liquid sciﬁti]lator using pulse-shape discrimina-
tion methods to reso]?e neutron and'gamma fay pulse height data and
spectral unfolding methods to convert these data to energy spectra. The
calculated data were obtained using two-dimensional discrete ordinates
radiation transport methods in a complex calculational network that takes
into account the energy-angle dependence of the D-T neutrons and the
nonphysical anomalies of the Sn method. The transport calculations incor-
porate ENDF/B-IV cross section data from the VITAMIN C data library. The
measured and‘ca]cd]ated neutron energy spectra are in good agreement
behind slab configurations of stainless steel type 304 and borated poly-
ethylene (~10% for all neutron energies above 850 keV). When 5 ¢m of
Hevimet is Added‘to a‘45-cm-thick $S-304 plus BP slab assembTy,'the
agreement is less favorable. The agreement among the measured and calcu-
lated gamma ray spectra for energies above 750 keV ranges from ~25% to

a factor of ~5 depending on the slab composition.

iv



I. INTRODUCTION

The nuclear performance of the blanket and shield in a fusion reactor
will have a significant impact on the overall operation and capital cost
of the reactor. It is necessary, therefore, to have experimental verifi-
cation of the nuclear data and radiation transport mefhods that will be
used to carry out the nuclear design calculations. Integral experihents
are being performed at the Oak Ridge National Laboratory to provide the
experimental data needed for this verification. The experiments begin
with measurements of the transport of ~ 14 MeV neutrons through laminated
slabs of materials that are énticipated for use in the blankets and shields
of fusion reactors. The experimental program proceeds from attenuation
measurements to the determination of the effects of neutron streaming through
penetrations in these assemblies. These data will be important in assessing
the effects on reactor performance of the penetrations through the blanket-
shield assembly for neutron beam injection, rf heating, diagnostics, and
evacuation,

The experiments are complemented by an analytic program that provides
verification of the calculational methods and nuclear data by making extensive
comparisons between the measured results and those obtained from calculation.
The calculated data are obtained using the best avai]a51e cross section data
and the radiation transport codes that are most widely used in the fusion

community fTor the nuclear analysis of reactor systems.

Measurements and calculations have been carried out to determine the
transport of ~ 14 MeV neutrons through laminated slabs of stainless steel
type-304, borated polyethylene, and Hevimet (a tungsten alloy). A complete

description of the experiment and compilations of the measured neutron and



gamma ray pulse-height spectra as a function of the slab thickness and com-
position and the detector position behind the slabs are given in Ref. 1.
Also included in this document are the neutron and gamma ray energy spectra
obtained by applying spectral unfolding methods to the pulse height data.
In this paper, calculated neutron and gamma ray energy spectra are compared
with those obtained from the measurements. The calculated results were ob-
tained using two-dimensional discrete ordinates radiation transport methods
with the experimental geometry represented in cylindrical geometry.

The details of the experimental configuration and the radiation detection
system are described in Section II. The details of the calculation including
a description of the calculational model of the experiment, radiation transport
sequences, and the nuclear data are given fn Section III. The measured and

calculated neutron and gamma ray energy spectra are compared and discussed

in Section IV.

[I. DETAILS OF THE EXPERIMENT

The experimental facility tor performinyg Lhe integral measurcmente is
shown in an artist's rendition in Fig. 1. The important components include
an electrostatic generator, a tritium target-source can assembly, a concrete
test slab support structure, the neutron and gamma ray detection system, and
a thermal neutron shield.

Deuterons are accelerated in the generator-to a kinetic energy of 250 KeV
and are focused on a 4 mg/cm2 thick titanium-tritide target. The

deuterons react with the tritium to produce ~14 MeV neutrons via the
D+ T-n+ %He +17.6 Mev | (1)

reaction. The target is enclosed in a cylindrical, re-entrant iron can having
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Fig. 1. Artist's rendition of the experimental facility.



a wall thickness of 7.5 cm. This can has the dual function of shaping
the neutron spectrum incident on the test slabs and of reflecting the
neutrons emitted in the backward direction towards the slabs. Lithiated
paraffin is also located behind the source can to minimize the neutron
leakage in the backward direction thereby reducing the scattered neutron
component from the wall that separates the accelerator from the concrete
support structure. The iron source can was carefully designed to modify
the D-T neutron source distribution to make it characteristic of that

incident on the first wall of a fusion reactor.2’3

The neutron spectrum
on the first wall is characterized by a 14-MeV neutron peak plus a low-
energy neutron distribution that arises from neutron elastic and inelastic
scattering reactions in the materials that surround the plasma.

The concrete structure acts both as a biological shield and to re-
duce the neutron background at the detector from radiation scattered from
the experimental room walls. The thickness of the concrete in directions
perpendicular to the dcutcron tritium target axis 1s nominally 1 m.
Detailed analyses were carried out to optimize the shape and thickness of
the concrete structure to minimize the neutron and gamma ray flux at the
detector locations. The analysis was performed by calculating the flux
distributions at these locations when the test slab cavity was filled with
a 1-m-thick slab of stainless steel. The neutron and gamma ray background
at the detector locations was estimated to be less than 10% of the fore-
ground. Since the thickest slab configurations proposed for study in the
experiment are much less than 1 m, the foreground-to-background ratio

would be correspondingly higher in the experiments with the test slabs in

place.



These scoping studies also revealed a significant contribution to the
babkground counting rates from a high thermal neutron flux emanating from
the wall behind the detector. An iron slab was placed between the detector
and the wall to reduce the intensity of the thermal neutron return from
the wall. The distance from the detector to the slab was determined to be
50 cm for optimum shielding. Detailed descriptions of the experimental
facility and the analyses to optimize the design of the concrete slab support
structure may be found in Refs. 2 and 3.

The neutron-gamma-ray detector consisted of 66.1 g of NE-213 liquid
scintillator contained in a cylindrical aluminum can having a wall thickness
of 4.32x10'2 cm and coated on the inside with titanium oxide paint. The
active volume of the detector is 79 cm3 (4.658 cm dia. x 4.658 cm high). The
scintillator was mounted on a RCA 8850 photomultiplier tube. Neutron and
gamma ray events in the detector were separated using pulse shape discrimi-
nation methods and stored in separate memory locations in a ND-812 pulse
height analyzer/computer. ‘The pu]seAheight'data were transferred to a PDP-10
disk for storage and subsequent ana]ysié. The neutron and gamma ray pulse
height data were normalized to the absolute neutron yield from the target
which was determined using associated pakticTe counting methods.

For 250 keV incident déuterons, the neutrons from the D-T reaction are
emitted 1sofrdpica11y in the center-of-mass system. The alpha particles pro-
duced in the reaction are emitted at 180° with respect to the neutron so
that if the a]ﬁha particles counted are within a well-defined solid angle,
the number of conjugate neutrons is known and the total neutron source

strength can be determined from the kinematics of the reaction.



The pulse height data were obtained for neutrons Qith energies
above 850 keV and for gamma rays above 750 keV. The dynamic range of the
neutron pulse height distribution and the nonlinearity of light output
from the scintillator limits the detection of neutrons to those with ener-
gies above 850 keV. The gamma ray pulse height was biased for energies
above 750 keV although a somewhat broader energy range is possible since
for gamma ray events the response of NE-213 is linear. The neutron and
gamma ray pulse hcight spectra were unfolded using the program FFRD4 tn
produce energy spectra. The neutron response matrix was obtained using
the pq]sed neutron beam from the Oak Ridge Linear Acce]erator] and the

gamma ray response matrix was generated using gamma ray sources of known

energies. The energy resolution of the detector varies as

R

il

v300 + 800/EN

for neutrons of energy EN and as

R = ¥ 2
Ry /70 2887

for gamma rays of energy Ey. RN and RY are the full width of half maxi-
mum (in percent) of the detector response to neutrons or gamma rdys,
respectively. Figure 2 shows the response of the NE-213 detector to
14-MeV neutrons and Fig. 3 shows the response of the detector to the

1.37 and 2.76 MeV gamma rays from 24

Na. In Fig. 2, and all of the
measured curves given below, the two curves indicate the statistical

uncertainty in the unfolded results.
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Fig. 2. NE-213 detector response to T(D,n) neutrons.
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ITI. DETAILS OF THE CALCULATION

A1l of the calculated results were obtained using two-dimensional
radiation transport methods. Figure 4 shows the calculational model used
to approximate the experimental configuration. The concrete suppport
structure, the test slabs, room and detectors were modeled in r-z geometry
with cylindrical symmetry about the axis of deuteron injection. The com-
ponents were modeled using 42 radial and 82 axial mesh intervals in a re-
duced geometry of the experimental room. That is, tHe walls and ceiling
of the facility are replaced in the model by albedo surfaces at the axial
and radial boundaries. An analysis was carried out to determine the
validity of incorporating the albedo surfaces at these boundaries and the
results of these studies may be found in Ref. 2. However, it was deter-
mined that a reflection factor of 20% for neufrons and gamma rays of all
energies reproduced the scalar flux profiles in the vicinity of the
detector locations in the reduced geometry compared to those obtained using
a cylindrical representation of the full room. Compressing'the geometry
results in a smaller computer core size requirement and concommittant
reduction in the transport code running time. |

A typical test slab configuration is shown in the cavity in the concrete
support structure in Fig. 4. Neutron and gamma ray energy spectra were
measured and calculated as a function of the thickness and composition of
the test slabs when the NE-213 scintillator detector was on the axis of
symmetry and at a distance of 46 cm normal to the axis. In all cases, the
source-to-detector axial distance was fixed at 154.5 cm. (The source-to-

detector distance for the off axis detector location is 161.20 cm.)
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The sequence of radiation transport €é1cu1ations to obtain the
neutron and gamma ray spectra is complex and very detailed and is des-
cribed fully in Ref. 2, so only the salient features are discussed here
to facilitate the coﬁparison of the measured and calculated neutron
and gamma ray spectra.

The probability that a deuteron of energy Ed reacts while traveling

a distance dx in a target coentaining Nt tritium atoms per cm3 is

Eq
P = Nt J odE/(dE/dx) (4)
[0}

where o is thevmicroscopic cross section for the T(D,n) 4He reaction and
dE/dx is the stopping power for deuterons in the target material. If

o is expressed as the angu]ar‘differentia1 cross section for the reaction,
then P is also the probability for the emission of the neutron into any
solid angle. Equation (4) can be used to determine the neutron emission
probabilities for all deuferon energies and for all angles into which the
neutron is emitted. The energies of thg neutrons are then obtained as a
function of Ed and emission angle using the kinematic equations for a two-
body reaction. The probabilities for the emission of neutrons into the
angular intervals of 0-40, 40-90, and 90-180 degrees with respect to the
axis of deuteron ihjection from the reactions of 250 keV deuterons in a

4 mg/cm2 thick titanium-tritide target are given as a function of neutron
energy in Table I;* The energy dependence of the neutrons from the D-T
reaction varies by ~14% between O and 180 degrees. The anglar interval of

0-40 degrees corresponds to the angle at which neutrons are emitted

*
The energy intervals correspond to the energy boundaries of the group
structure used to describe the multigroup cross sections.
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directly out of the mouth of the can. (The polar angle defined by a ray
from the D-T source to the mouth of the can is 40 degrees.) The 40-90
and 90-180 degree angular intervals correspond to the angles at which
neutrons are emitted into the lateral surface and towards the rear of the
can, respectively. These angular intervals were selected on the basis of
the source can geometry. A finer angular mesh could have béen adopted
with no affect on the final results, but at the expense of additional com-
puting time. These data serve as the input to the radidaliun Lransport

codes used to calculate the neutron and gamma ray energy spectra.

Table 1

Angle-Energy Dependence for Neutrons Emitted
From the T(D,n) 4He Reaction
(Ed = 250 keV)

Energy Interval Angular Interval
(MeV) 0v-40" 4u°-90° 90°-180"

14.92 15.68 U.013u

14.55 14.92 0.0a0?2 N.NA97

14.19 14.55 0.0168 0.2460

13.80 14.19 | 0.0750 0.2163

13.50 13.80 (0.2088

12.84 13.50 0.0642

0.1200 0.3907 0.4893
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A1l of the radiation transport calculations used to obtain the data
reported here incorporated a 53-neutron, 21-gamma-ray energy group library
obtained by collapsing the 171-neutron, 36-gamma ray VITAMIN C data

library (ENDF/B-IV).°

The VITAMIN C library was created as a general
purpose cross section data set for the analysis of fusion neutronics prob-
lems. The fine group library was collapsed using the'ANISN6 code by repre-
senting the experimental components in the angular intervals given in |
Table I in spherical geometry and using the neutron angle energy distribu-
tion in that angular interval as the energy weighting function. The energy
boundaries of the collapsed data 1ibrary, given in Table II, were based in
part on those used in the DLC-47 11brary7, but expanded at high energies

so that the D;T neutron source could be more accurately represented in the
transport calculations. The angular dependence of the cross sections for
all nuclei was approximated using a P3 Legendre expansion. The composition
of the materials used in the calculations is given in Table III.

The sequence of radiation transpért calculations used to obtain the
neutron and gamma ray energy spectra is shown in Fig. 5. TheAsequence is
initiated by performing three separate calculations using the GRTUNCL
code & to obtain the uncollided neutron and first collision source distri-
butions at all spatial mesh intervals in the calculational geometry. The
purpose for performing these calculations separately is to account for the
angle-energy dependence of the D-T neutron source. To insure that the
contributions to the uncollided neutron flux and first collision sources
were due to neutrons emitted into the angular intervals specified in
~Table I, black absorbers were interposed in the calculational geometry to

confine the source neutrons to those angles. Also, the GRTUNCL code assumes
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Fig. 5. Sequence of calculations to obtain neutron and gamma ray
energy spectra.
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Table II. 53-Neutron, 2]-Gamma-Ray Energy Radiation
Transport Cross Section Group Structure
Neutron Neutron Gamma Ray Upper
Group Upper Energy Group Upper Energy Group Energy
' (ev) (ev) (MeV)
1 0.17333E + 08 28 0.60810E + 06 54 1 14.0
2 0.15683E + 08 29 0.49787E + 06 55 2 12.0
3 0.14918E + 08 30 0.36883E + 06 56 3 10.0
4 0.14550E + 08 31 0.29850E + 06 57 4 8.0
5 0.14191E + 08 32 0.29720E + 06 58 5 7.5
6 0.13840E + 08 33 0.18316E + 06 59 6 7.0
7 0.13499€ + 08 34 0.11109E + 06 60 7 6.5
8 0.12840f + 08 35 0.67379E + 05 61 8 6.0
9 0.12214E + 08 36 0.40868E + 05 62 9 5.5
10 0.11052E + 08 37 0.24788E + 05 63 10 5.0
n 0.10000E + 08 38 0.23579E + 05 64 11 4.5
12 0.90484E + 07 39 0.15034E + 05 65 12 4.0
13 0.81873E + 07 40 0.91188E + 04 66 13 3.5
14 0.74082E + 07 N 0.55308E + 04 67 14 3.0
15 0.60653E + 07 42 0.33546E + 04 68 15 2.5
16 0.49659E + 07 43 0.20347E + 04 69 16 2.0
17 0.40657E + 07 44 0.12341€ + 04 70 17 1.50
18 0.36788E + 07 45 0.74852E + 03 71 18 1.0
19 0.27253€ + 07 46 0.45400E + 03 72 19 0.60
20 0.23653E + 87 47 0.27536E + 03 73 20 0.20
21 0.23069E + 07 48 0.16702€ + 03 74~ 2] 0.10
22 0.22313E + 07 49 0.10130E + 03 0.010
23 0.16530E + 07 50 0.61442E + 02
24 0.13534E + 07 51 0.37267E + 02
25 0.B6294E + 06 52 0.10677C + 02
26 0.82085E + 06 53 0.41399E + 00
27 0.74274E + 06 0.10000E - 04



_Table III. Composition of Materials

Used in the Calculation

Conposition
(atom/cm-Barn)

Element Concrete 55-304 BP* Hevimet
H 7.86x1073 7.13x1072

B-10 4.87x107%

B-11 1.97x1073

C 3.41x107°

N .

o 4.392107¢ 3.64x1073

Na 1.05x10°3

Mg 1.40x10"*

Al 2.39x1073

si 1.58x10"2

K 6.90x10°%

Ca 2.92x1073

cr 1.77x1072

Mn 1.77x1073

Fe 3.10x107% 6.02x1072

i 7.83x10°3 . 1.05x1072
Cu 6.45x1073
W-182 1.32x1073
W-183 7.21%1073
W- 154 1,54x|u“§
W-196 1.43x10°°
*BP = Borated Polyethy
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isotropic neutron emission from a point source. To account for the
anisotropy of the D-T neutrons the neutron angle-energy probabilities,

P(AE,00), from Table I were weighted using a solid angle factor given by

(a€.00) = ZDLAELLO) (5)

sin@”°do”
9

Py

where Pw(AE,AO) is the solid angle weighted probability for neutrons in
the energy interval AE emitted into the angular interval Ao and o is
measured relative to the deuteron-target axis.

The first collision source data from each GRTUNCL calculation
is combined to form a single source which is the input data
to the two-dimensional discrete ordinates code DOT.9 This code calculates
the collided flux distributions using the first collision data as a
spatially distributed source. These calculations were completed using an
S]2 angular quadrature. A final scattering source tape is generated in
DOT and is employed to carry out a last-flight transport calculation using
the FALSTF code8 to obtain the neutron and gamma ray energy dependent flux
at each detector location. The output from FALSTF is combined with the
uncollided flux data from GRTUNCL to yield the total flux at each detector
location. These total fluxes are processed to obtain the neutrgn and
gamma ray energy spectra by smoothing the flux per unit energy in each
multigroup energy. interval with an energy-dependent Gaussian response
function having a width determined by Eq. (2) for neutrons, and Eq.(3)
for gamma rays. Performing the calculations in the sequence shown in

Fig. 5 assures that ray effects from the DT neutron source, as well as
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those from intense last collision sources from neutron reactions with

experimental components are eliminated.

ITI. DISCUSSION OF RESULTS
Neutron and gamma ray energy spectra have been measured and calcu-
lated as a function of detector position behind laminated slabs of

stainless steel type-304 (SS-304) and borated polyethylene (BP) having

compositions and thicknesses as shown in Tab1e'IV. In configurations
1-3, Lhe 35=304 thickness varicd between 0 to 30.48 tm in steps
of 15.24 em. Thercafter, the total shield thickness was increased by
the addition of 5.08-cm-thick slabs of SS-304 and BP, in various combi-
nations, to a maximum thickness of 55.88 cm. The composition and thick-
ness of the laminated slabs were selected on the basis of being ‘repre-
sentative of the stainless steel plus hydrogeneous material combinations
that may be used in fusfon reactor shields. The incorporatidn of thick
stainless steel layers immediately behind the neutron source slow down
the 14-MeV neutrons to energies where Lhe hydrogéneous matcrial layers
are effective in moderating the neutrons. Borated polyethylene was
selected as the hydrogeneous material because it was readily available
(in the appropriate thickness and c¢ross sectional dimensions for use in
the experiment) and because, from the point of view of both the ueasure-
ments and analysis, it would serve the same purpose neutronically as
other candidate shield materials such as borated water or boron carbide.
The measured and calculated differential neutron energy spectra as
a function of SS-304 and BP slab composition and thickness are compared
in Fig. 6 when the NE-213 detector is on the axis of symmetry. The

neutron source-to-detector distance is 154.5 cm. In Fig. 6, and the-
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NEUTRON FLUX PER UNIT ENERGY  (neutrons/cm2/MeV) /DT NEUTRON)

SOURCE TO DETECTOR DISTANCE =’154_.5 cm

. CONFIGURATION 1 .

[ | I | I | I
DETECTOR ON AXIS

MEASURED
+  CALCULATED

12
'NEUTRON ENERGY (MeV)

Fig. 6. Neutron flux per unit energy vs. neutron energy as a function
of SS-304 and BP slab composition and thickness for the detector on axis.
(Note breaks in ordinate)
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Table IV.. Compoéition and Thickness of Stainless Stée] 304
and Borated Polyethylene Slabs

Compositionv
s5-304%  $5-304  gp° $5-304 - BP  $S-304 Total Slab
Configuration Thickness
g - (cm)
Slab Thickness {(cm)
1 0 ) ]
2 15.24 15.24
3 30.48 LT . . 30.48
4 30.48 5.08  5.08 40.64
5 . 30.48 5.08  5.08 5.08 - 45.72
6 30.48 5.08  5.08 5.08 5.08 50.80
7 30.48 5.08 - 5.08 5.08 5.08 5.08 - 55.88

3Stainless steel type 304
bBor-ated polyethylene -
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comparisons of other data given be1ow; the.so1id~curves are measured
spectra and the points are the calculated results. The two solid curves
for each configuration represent one standard deviation in the measured
spectra and is introduced by the unfolding procedure to obtain energy
spectra from the pulse height data.. The spectra are arranged in order
of increasing slab thickness from top-to-bottom in the figure and both
the measured and calculated data are ﬁorma]ized to one D-T neutron.

The spectra are compared for neutron energies above 850 keV. The
calculated and measured spectra are in excellent agreement for all of the
configurations except when the slab contains 15.24 cm of SS-304 (configu-
ration 2).

In all of the spectra, however, the agreement is favorable in
the neutron energy range between 850 keV and ~11 MeV. The calculated
results are systematically higher than the measured. data between ~11 aﬁd
12.5 MeV, in good agreement between 12.5 and ~15 MeV and then the calcu-
lated data exhibit a more rapid roll-off at the higher neutron energies.

It is not kinematically possible for the. incident deuterons (250 keV)
to produce neutrons with energies above 15.1 MeV in the D-T reaction. The
indication of more energetic -neutrons in the spectra is a manifestation
" of the response of the experimental instrumentation and the difference in
the roll-off at neutron energies above 15 MeV can be attributed to the
Gaussian response function being convoluted with neutron energy bins
(pulse height channels and multigroup energy intervals) that differ between

measured and calculated data.
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The integrated neutron energy spectra, obtained by integrating the
distributions in Fig. 6, are compared in Fig. 7. The measured and calcu-
lated dafa are in excellent agreement for all of the slab configurations
except for that comprised of 15.24 cm of SS-304 (configuration 2). The
data agree within 5% for neutron energies between 850 keV and ~15 MeV;

At the higher neutron energies, the measured and calculated data exhibit
larger differences, but these can be attributed to the Gaussian smoothing
phenomena as noted above,

The measured and calculated differential and integral neutron'energy
spectra as a function of SS-304 and BP slab composition and thickness when
the detector is off the axis of symmetry are compared in Figs. 8 and 9,
respectively. The NE-213 detector was positibned at a distance of 46.0 cm
normal to the deuteron beam - tritium target axis for all of the slab
configurations except tor that comprised of 30.48 cm vl 55-304 (configu-
ration 3). For this measurement, the detector was located at a distance
of 100 cm from the beam axis. A series of measurements of neutron spectra
in the plane perpendicular to the deuteron beam axis revealed that‘the
neutron yield was symmetric about the axis. Consequently, the incorpora-
tion of the two-dimensional representation of the experimental apparatus.
and the detector location in the r-z -geometry of the calculational model
can be correlated with the actual detector location in the cartesian
coordinate system of the experiment.

The measured and calculated data are compared for slab configurations
2-7. The data compare favorably for all of the cases except for the slab
configuration coﬁprised of 30.48 cm of SS-304 (configuration 3). The

neutron flux distributions in the reduced geometry of the ca]cu]ationa]
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model are not reproduced to the same precision as those obtained in the
full room geometry at 100 cm from the axis as they are at 46.0 cm from
the axis.2 For this case, a different neﬁtron reflection factor hay be
required at the albedo surfaces in the calculational model to reproduce
the measured results.

The differential and integral gamma ray energy spectra for the cases
with the detector on and off the axis of symmetry as a function of SS-304
and BP slab thickness and composition are compared in Figs. 10-13. The
measured and calculated spectra are compared for gahma rays having energies
above 750 keV. The measured aﬁd calculated data are in good agreement for
gamma rays with energies to ~8 MeV. The calculation reproduces the measure-
ments in magnitude but because of the rather coarse energy group structure,
the various peaks in the measured differential distributions are not repro-
duced. The important point to note in these comparisons is that the gamma
rays that contribute to these spectra are due, in large part, to the
reactions of low energy neutrons (<850 keV) with tHe slab materials.
Although the neutron spectra are compared for energies greater than
850 keV, the radiation transport calculation was completed for neutrons
down to thermal energies. Correspondingly, some of the gamma rays ap-
pearing in the distributions in Figs. 10-13 are due to thermal neutron
capture reactions and these photons aré accounted for in the calculation.

Ine calculations Lu determine the neutron and gamma ray energy spectra
for the slab configuration containing the tungsten alloy, Hevimet, were
carried out using the model of the experimental geometry shown in Fig. 14.

The slab configuﬁation consisted of layers of SS-304 and BP in the same

order and thickness as configuration 5 (see Table IV) but with the addition
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of 5.08 cm of Hevimet as the last layer. However, the Hevimet slab had
lateral dimensions that were larger than the SS-304 or BP which prevented
its insertion in the cavity in the concrete support structure, so this
slab was mounted on the face of the concrete across the mouth of the
opening. The axial dimension of the calculational model was also in-
creased compared to that in Fig. 4 since the measurements were made with
the detector at distances from the target of 198.5 and 229.5 cm. Both
measurements were made with the detector on axis. The distance from the
detector locations to the thermal neutron shield was maintained al 'v50 cm.
| The measured and calculated neutron differential and integral
energy spectra at the two detector locations are compared in Fig. 15.
The differential spectra are compared in the upper portion of the figure
and the integral spectra are compared in the lower portion of the figure.
In both cases, the éa]cu]ation reproduces the shape of the spectra. How-
ever, the ca]culafed data are systematically lower than the measured
results for the detector at 198.5 cm. For the detéctor at the greater
distance, the comparison is quite favora51e.

In both comparisons, it can be noted that the calculation does not
reproduce the slope in the differential spectra between ~2 and 4 MeV.
This anomaly is being investigated. The data agree within a Tactor of
2 or less over the neutron energy range from 850 keV to 15 MeV.

The differential and integral gamma ray spectra are cdhpared in
Fig. 16. The calculated data are lower than the measured results at all
gamma ray eneréies. This disagreement seems to indicate that the gamma
ray production cross sections for the components of Hevimet are not as

well established as those of stainless steel and borated polyethylene.
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Since the gamma ray spectra compare more favorably for configuration 5
(see Table IV and Fig. 10) when the Hevimet is not present, it can be
concluded that the disagreement between the measured and calculated

spectra arises from the Hevimet.

IV. CONCLUSIONS

The calculated and measured neutron and gamma ray energy spectra
compared here suggeét thaf two-dimensional discrete ordinates methods in
combination with ENDF/B-IV cross section data are satisfactory for the
analysis of 14-MeV neutron transport through fusion reactor shields when
the slabs are comprised of SS and BP and for the thicknesses and composi-
tions given in Table IV, the ca]tu]ated neutron energy spectra are in
good agreement with those obtained from measurements. The agreement is
less favorable when Hevimet is included as a shjé]d material. The gamma
ray spectra are, for the most part, in good agreement particularly in
magnitudé. The structure in the meésured gamma ray specfra are not repro-
duced. The calculated gamma ray spectra behind slabs containing Hevimet
are in poor agreement with the measured spectra which suggests that the
gamma ray production cross section data for components of this material

may require further evaluation.
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