
. » • •%. V O I O l l -
- DISCLAIMER -

TtiijiiooV vfaso'eDaied awnjccounio t wwk iDansofed by dn agency ol the United Slates Government.
Neither thu Uniwd State* Government not any agency thereat, nor any of iheir employees. mal*s any
w j i ' j n t y . eiut«s or implied, or assumes any legal lidbilily or leiponsibility 'or tt>e accuracy,
campleienfess. ur usefulness of any information, apparatus, product, or process disclosed, or
( e u ' w H i tn^i its u u vvould (lot infringe urivutelv o w e d rignis. Reference herein ta any specific
commercial product, process, or service by trade name, trademark, manufacturer, or othtrnvije. does
«r t neiessatiW constitute o» i^oW its erHJa'semefrt, lecottwendttion, ot lavofng by iha United
Siaifcs Govtifnment or any agency thereof. The views and "oinions of autnoti e*ptessed herein do not
neura l i!y stale Of reflect those of the United Stiles Government or any agency ttre'eaf.

"!*y ace
ackrsov/i
nor : -:.:•:•:;
cover:.v:

C'l Of U er O" recipient
H f : iv;ain a

;\::-i u> any copyright

ORNL FUSION REACTOR SHIELDING INTEGRAL EXPERIMENTS MASTiR
R. T. Santoro, R. G. Alsmiller, Jr., J. H. Barnes and G. T Chapman
Oak Ridge National Laboratory, Oak Ridge, Tennessee, U.S.A. 37830

Integral experiments that measure the
neutron and gamma-ray energy spectra resulting
from the attenuation of VI4 MeV T(D,n) ''He reac-
tion neutrons in laminated slabs of stainless
steel type 304, borated polyethylene, and a
tungsten alloy (Hevimet} and from neutrons stream-
ing through a 30-cm-diameter iron duct (L/D = 3)
imbedded in a concrete shield have been performed
at the Oak Ridge National Laboratory. The fa-
cility, the NE-213 liquid scintillator detector
system, and the experimental techniques used to
obtain the measured data are described. The two-
dimensional discrete ordinates radiation trans-
port codes, caTculatibnal models, and nuclear
data used in the analysis of the experiments are
reviewed. The measured and calculated neutron
energy spectra (>850 keV) obtained for the at-
tenuation experiments are in excellent agreement
(i-lOX) for shield compositions and thicknesses up
to 412 g/cm2 thick. The calculated gamma-ray
spectra (>750 keV) agree with the measured data
to within 15% for the slabs containing stainless
steel and borated polyethylene and within a factor
of 5 when Hevimet is included in the shield com-
position. The calculated neutron spectra ob-
tained for the streaming experiments are in good
agreement (-vlO-lBX) with the measured data for the
on-axis detector position. For the off-axis de-
tector locations, the calculations overestimate
the measurements by as much as a factor of 5 de-
pending on detector location. Current evidence
suggests that the angular distributions for elas-
tic and inelastic neutron scattering are not
properly represented in the discrete ordinates
analysis and more accurate methods are required.
The calculated and measured gamma-ray spectra
agree within ̂ 30?.

Introduction

A series of integral experiments is being
performed at the Oak Ridge National Labcratory to
provide verification of the radiation transport
methods and nuclear data currently being used in
nucleardesign calculations for fusion reactors.
Measurements of the neutron and gamma-ray energy
spectra due to the transport of M4 MeV T(D,n)'*He
neutrons through laminated slabs of stainless
steel type 304, borated polyethylene, and a tung-

sten alloy (Hevimet) and from neutrons streaming
through a 30-cm-diameter iron duct (L/D = 3) im-
bedded in a concrete shield have been made. The
spectra are measured using an NE-213 l iquid
scinti l lator with pulse shape discrimination to
resolve the neutron and gamma-ray events in the
detector. The experiments are complemented by an
analytic program that attempts to reproduce the
measured results by performing two-dimensional
discrete ordinates radiation transport calcula-
tions using representative geometries of the ex-
perimental configuration and the most recent
nuclear data and codes.

This paper compares neutron and gamma-ray
spectra measured behind shields of varying thick-
ness and composition and as a function of position
relative to the mouth of the iron duct. The
details of the experimental fac i l i t y and the radi-
ation detection system are described in Section 2.
The details of the calculational models, the
nuclear data, and the radiation transport methods
are described in Section 3, and the measured and
calculated neutron and gamma ray spectra are com-
pared and discussed in Section 4.

Details of the Experiment

The experimental fac i l i ty for performing the
attenuation and streaming experiments is shown in
an art ist 's rendition in Fig. 1. Deuterons are
accelerated to a kinetic energy of 250 keV and are
incident on a 4-mg/cm2-thick titarn"um-tritide
target that is housed in a cylindrical iron can
having a wall thickness of 7.5 cm. Neutrons are
produced via the TfD.n^He reaction. The 14-MeV
neutron source spectrum from the reaction is modi-
fied by the can so that the spectrum at the mouth
of the can resembles that incident on the f i r s t
wall of a fusion reactor.1 The source neutrons
are incident on laminated slabs of stainless steel
type 304, borated polyethylene, and a tunsten
alloy (Hevimet) which are stacked in layers in a
concrete test-slab support structure. For the
streaming experiments, the cavity in the concrete
structure is f i l l ed with a concrete shield that
surrounds a 30-cm-diameter iron pipe (L/D = 3)
that forms an extension of the source can.
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Details of The Experiment (Cont'd)

Fig. 1. Artist's rendition of the
Experimental Facility.

The neutron-gamma-ray detector consists of an
NE-213 liquid scintillator contained in a cylind-
rical aluminum can having a wall thickness of
4.32xlO"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 scin-
tillator was mounted on a RCi 8850 photomultiplier
tube. Neutron and gamma-ray event? in the dele-
ter were separated using pulse shape discrimina-
tion methods and stored in separate memory loca-
tions in a ND-812 pulse-height analyzer/computer.
The pulse-height data were transferred to a PDP-10
disk for storage and subsequent analysis. The
neutron ?nd gamma-ray pulse-height data were
normalized to the absolute neutron yield from the
target, which was determined using associated
particle counting methods.

For 250 keV incident deutarons, the neutrons
from the 0-T reaction are emitted isotropically in
the center-of-mass system. The alpha particles
produced in the reaction are emitted at 180° with
respect to the neutron so that if the alpha parti-
cles 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 spectra for both neutrons
and gamma rays are unfolded using the program
FERD2 to obtain energy spectra. The response
matrices required for unfolding neutron data were
obtained using ORELA and from sources of known
gamma rays for the gamma-ray matrix. Neutron
energy spectra for neutrons with energies from
850 keV to 14 MeV and gamma-ray spectra from
750 keV to 10 MeV were obtained for shield thick-
ness up to 412 g/cm2 and as a function of detector
distance perpendicular to the axis of the duct.
A complete discussion of the experimental, proce-
dures and the measured results may be found in
Ref. 3 and 4.

Details of the Calculation

All of the calculated results were obtained
using two-dimensional radiation transport
methods. The experiment room concrete support
structure, detectors, and, as appropriate, the
attenuation experiment slabs or the streaming
experiment duct, were modeled in r-z geometry
with cylindrical symmetry about the axis of the
deuteron beam. The components were represented
using 42 radial and 82 axial mesh intervals to
describe the attenuation experiment geometry and
62 radial and 82 axial mesh intervals to des-
cribe the streaming experiment geometry. To
reduce the computer core storage requirements
and the problem execution time, the walls, floor,
and ceiling were replaced in the model by albedo
surfaces having a reflection factor of 0.2 for
neutrons and gamma rays of all energies. A
detailed analysis comparing neutron and gamma
ray flux profiles at the various detector loca-
tions using a full room representation with
those obtained using the reduced geometry re-
vealed that the 20% reflection factor yielded
the same results.5

The sequence of radiation transport codes
used to calculate the neutr-^ and gamma ray
energy spectra is complex ana involves a net-
work of codes.5>6 Qniy a very brief description
of the calculational sequence can be given here.
The reactions of 250-keV deuterons in a tritium
target produce neutrons having an angle-energy
relation that depends on the energy at which the
deuteron reacts and the number density of tri-
tium atoms in the target. The angle of emission
of the neutron is determined by the angular dif-
ferential cross section of the D-T reaction and
the rate at which the deuteron slows down in the
target. When these are determined, the energy
of the emitted neutron is calculated using the
kinematic equations for a two-body reaction.
The distribution of neutrons in energy and angle
serves as the source term in the radiation
transport calculation.

The first collision and uncollided flux
distributions in the geometry mesh for each
experiment were obtained by defining the appro-
priate angular intervals with black absorbers
interspersed in the geometry mesh. These dis-
tributions were obtained for neutrons emitted
into the forward angles (defined by the experi-
ment being analyzed), those emitted essentially
perpendicular to the beam axis, and those emit-
ted in the backward directions. The separately
calculated distributions were then combined to
form a single input source term for use in the
two-dimensional discrete ordinates code DOT.'
A final scattering source was also computed
using DOT and was further analyzed to define
the neutron and gamma-ray omnidirectional flux
per unit energy at each detector location. Per-
forming the calculations in this sequence
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assures that ray effects are eliminated from the
transport calculations.

In all of the calculational procedures, the
radiation transport was carried out using a
coupled 53-neutron, 21-gamma-ray energy group
transport cross-section library. These data
were obtained by collapsing the 171-neutron,
36-gamma-ray VITAMIN C data set8 that was pre-
pared for the nuclear analysis of fusion
reactors. In this data set, the neutron scat-
terinq cross sections are represented by a P3
expansion. The broad-group library was ob-
tained using ANISN9 with the experimental
geometry represented in spherical geometry to
collapse the fine-group library. The energy-
angle dependence of the DT neutrons was used
as the weighting function to collapse the cross-
section data. The energy boundaries of the broad-
group library were selected so that the DT neutron
source spectrum could be accurately represented
in the transport calculations.

Discussion of Results

Attenuation Experiments

The measured and calculated neutron and
gamma-ray energy spectra as a function of the
thickness and composition of stainless steel 304
and borated polyethylene slabs are compared in
Figs. 2 and 3, respectively, when the detector is
off the axis of symmetry. The data are compared
for the slab configurations listed in Table I.
The solid lines are the measured data (the two
lines indicate the statistical uncertainty in the
unfolded pulse height data) and the dots are the
calculated results. The calculated data have
been smoothed by convoluting the flux per unit
energy in each multigroup energy interval with an
energy-dependent Gaussian distribution that
characterizes the response of the detector and
electronic system to neutrons or gamma rays. The
data are compared for neutrons with energies
above ^ 5 0 keV and for gamma rays with energies
above 750 keV. The low energy neutron response
is governed by the dynamic range and linearity of
the detector system. Although a lower gamma-ray
detection threshold is possible, it was not at-
tempted for these studies.

The measured and calculated neutron spectra
are in excellent agreement between 850 keV and
T-11 MeV and are in good agreement between 12.5
and 15 MeV; however, the calculated results ex-
hibit a more rapid roll-off at the higher neutron
energies. Since the maximum neutron energy from
the reaction of 250-keV deuterons in tritium is
15.1 MeV, the difference between the measured and
calculated data at the higher energies can be at-
tributed to a manifestation of the smoothing data
having energy boundaries that are widely
different.
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Fig. 2. Neutron flux per unit energy
vs. neutron energy as a function
of SS-304 and borated polyethylene
slab composition and thickness.

The agreement among the measured and calcu-
lated gamma-ray energy spectra shown in Fig. 3 is
favorable for energies up to ^9 MeV. At higher
energies, the difference between the results is
due mainly to the unfolding procedure and not to
physical causes. The calculated data were ob-
tained with a rather broad energy group structure
so any line structure would be averaged out in
the energy grid. However, the magnitude of the
calculated spectra agrees quite well over the
whole energy range. The important point to note
from these data is that most of the energetic
gamma rays result from thermal neutron captire
reactions. The favorable agreement strongly sug-
gests that the low energy neutron transport is
being properly treated and that the neutron cross
sections below 850 keV properly account for the
production of photons.

The integrals of the spectra in Figs. 2 and
3 show that the measured and calculated data
agree to within V10S for neutrons with energies
below 15 MeV and to within ̂ S% for ganma rays
with energies below ^& MeV.

Measurements were also carried out for a
slab configuration containing 5.08 cm of Hevimet
(tungsten alloy) po5itioned behind a stainless
steel borated polyethylene assembly having the
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Shield exposit ion

S5-304 BP*1 SS-3Q4 BP

Shield Thickness {cr.)

z
3

4

5

6

7

15.24
30.43

30.43

30.48

30.43

30.48

Stainless Steel 304

Borated Polyethylene

5.08

5.OS

5.08

5.08

5.08

5.08

5.08

5.08

5.08

5.08

5.08

5.03

5.08 5.03

neutron spectra. The difference between the cal-
culated and measured data becomes larger with in-
creasing radial displacement of the detector. The
calculated data are generally higher than the
measured data at all energies, but the most severe
discrepancies occur in the peak of the distribu-
tions at about ^14 MeV. Detailed investigations
are being made to attempt to isolate the causes
of these differences.

ORNL-OWG 8O-1G042

Fig. 3. Gamma ray flux per unit energy
vs. gamma ray energy as a function
of SS-304 and borated polyethylene
slab composition and thickness. I

same composition and thickness as that of config-
uration 5 in Table I . Spectral data were obtained
at two points on the axis of symmetry, but at dif-
ferent source-to-detector distances. The measured
and calculated neutron energy spectra were, for
the most part, in fa i r agreement (T-10-30%) at al l
neutron energies above 850 keV, but the calculated
gamma-ray spectra were lower than the measured
results by as much as a factor of 5 or more de-
pending on energy. The poor agreement suggests
that the gamma-ray production cross section data
for the components of this material (primarily
tungsten) may require further evaluation.

Streaming Experiments

The calculated and measured neutron energy
spectra resulting from D-T neutrons streaming
through and scattering in an iron duct imbedded
in a concrete shield and from neutrons that scat-
ter in the experimental room are compared in
Fig. 4 as a function of detector location with
respect to the deuteron beam axis. For the case
of the detector on axis (r = 0.0), the calculated
and measured spectra are in good agreement. At
this detector location, the spectrum is due
mainly to neutrons emitted directly from the D-T
source ( i . e . , uncoilided neutrons). When the
detector is displaced from the axis (r = 59 cm to
4 = 119 cm) and is no longer in line-of-sight with
the source, the calculations overestimate the
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Fig. 4. Neutron flux per unit enerqy
neutron energy as a function
detector location.
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ft series of calculations was performed to
estimate the sources of the neutrons that contri-
bute to the neutron flux. It was observed that
the single scattered neutrons (those which undergo
one, and only one, elastic or inelastic scattering
before reaching the detector) accounted for -v-SOS
of the contribution to the total neutron flux and
that the largest fraction of these is due to neu-
trons scattered from the duct liner and from a
5-cm-thick stainless steel slab positioned 50 cm
behind the detector. The stainless steel slab
serves as a shield against thermal neutrons pro-
duced in the concrete room wall behind the detec-
tor. These results imply that incorporating a P3
Legendre expansion to approximate the neutron
scattering angular distributions may not be ade-
quate. For example, for neutrons to reach any of
the off-axis detectors via a single scatter re-
quires a change in angle of :>90° from the duct
and >135% from the stainless steel slab. While it
is kinematically possible for neutrons to scatter
through large angles, the probability for such
occurrences is small, particularly in the case of
elastic scattering. It can be shown analytically
that the neutron flux at the detector from elas-
tically scattered neutrons from the duct or the
steel slab is less than that predicted by the dis-
crete ordinates calculation.

Figure 5 compares the calculated and measured
neutron energy spectra when the single scattered
neutron flux is subtracted. In all cases, the
agreement between the calculated and measured
spectra is very much improved, and, in fact, very
favorable. However, there is no physical basis
for categorically removing the single scattered
contribution in this manner, except if the calcu-
lations are significantly overestimating the
elastic and inelastic scattering. A cursory
examination of the contribution to the spectra
when the scattering cross sections are fitted by
a P7 Legendre series improves the agreement by a
factor of two at M 4 MeV, but with no marked ef-
fect at lower energies where the spectra are
dominated by inelastic neutron scattering. A more
stringent representation of the neutron scattering
cross sections may have to be utilized before the
discrepancies among the spectra can be resolved,
but the incorporation of high-order Legendre ex-
pansion increases computer storage requirements
to the extent that such calculations are prohi-
bitively expensive if even possible at all.

Studies are underway to determine the single-
scattering contribution using Monte Carlo methods
where the cross-section data are treated in point
rather than multigroup format and with the angular
distributions represented with higher order terms
in the Legendre expansions. It is anticipated
that the results of these calculations will deter-
mine the magnitude of the single-scatt-jred neutron
flux and the procedures to be used in correcting
the discrete ordinates data to properly account
for this effect.

'2 16 20
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Fig. 5. Neutron flux per unit energy vs.
neutron energy as a function of
detector location. Neutron single
scattering contribution has been
subtracted.

The calculated and measured gamma-ray energy
spectra are compared in Fig. 6 as a function of
detector location. The agreement between the cal-
culated and measured data is good at all detector
locations.



Discussion of Results (Cont'd)

OflNL-OwG SO-16039

I t
| f ' l - OETECTOR AT t' 208 cm
I U MEASURED
<= i0-'0 •_ . CALCULATED

Iff"
2 4 6 8 10

GAMMA RAY ENERGY |MeV>

Fig. 6. Gamma ray flux per unit energy vs.
gamma ray energy as a function of
detector location.
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