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ABSTRACT

Neutron and gamma-ray cnergy spectra resulting from
the interactions of ~14 McV neutrons in laminated slabs of
stainless stez! 1ype-304 and borated pulyethylene have been
calculated using the Monte Carlo code MCNP. The calcu-
lated <pectra are compared with mecasured data as a func-
tion of slab thickness and material composition and as a
function of detector lccation behind the slabs. Comparisons
of the differential cncrgy spectra arc made for neutrons with
cnergies above 850 keV and for gamma rays with cnergies
abuve 730 keV. The measured neutron spectra and thaose
calculated using Monte Carlo metheds agree within 5% to
S0% depending on the sab thickness and composition and
acutron energy. The agreement betweer the measured and
calculated gamma-ray encrgy spectra are also within this
range. The MCNP data are also in favorable agreement
with attenuated data calculated pieviously by discrete ordi-
nates transport methods and the Monte Carlo code SAM-
CE.

L INTRODUCTION

The nuclear design calculations that are being carried
out for fusion reactors use radiation transport mcthods and
cross-section data that have not been verified for this appli-
cation.  Since neutron-producing fusion rcactors do not
currently exist, ihis venfication is being provided by a pro-
gram of integral expeniments at the Oak Ridge National
Laboratory. Mcasurements of the neutron and gamma-ray
- energy spectra that result from the reactions of 14-MceV
ncutrons arc being performed for a wide range of materials
and in assemblics typical of those proposed for use in fusion
reactors. In this paper, neutron and gamma-ray spectra cal-
culated using the Monte Carlo code MCNP' are compared
with mcasured specira as a function of thickness and
matcrial composition of laminated slabs of stainless steel
type-304 (SS-304) and borated polyethylene (BP). Thescl
materials were chusen since they have neutron attenuation
properties that are similai 1o those proposed for use in the
shiclds being designed for the first generation fusion eac-
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Thie spectra calculated using MCNP are also compared
with calculated spectra obtained previously using discrete
ordinates methods,® und also with calculated neutron spectra
obtained by Schriidt and Rose® with the Monte Carlo code
SAM-CE. The purpose of this calculation, as well as those
reported in Refs. 2 and 3, is to verify radiation transport
methods znd cross-section data in reprodrcing the neutron
and gamma-ray spectra that result from --14 MeV neutron
reactions in fusion reactor shicld materials and to determine
the adequacy of the codes and nuclcar data for the perform-
ance of nuclear design calculations for fusion reactors.

A brief description of the experiment is given in Section
11. Details of the calculations are given in Section 1II. The
results of this calculation and comparisons between the
measured spectra and those calculated in Refs. 2 and, 3 are
prusented and discussed in Section 1V,

Il. DESCRIPTION OF THE EXPERIMENT

Decuterons ure accelerated with an electrostatic generator
to a kinetic energy of 250 keV and are focused on a
4-mg/cm? thick titanium-tritide target. The deuterons react
with the tritium to produce ~ 14-MeV neutrons via the

D + T —-n + %ie + 17.6 MeV )

reaction. The target is enclosed in a cylindrical iron can
that has the dual function of shaping tne neutron spectrum
incident on the experiment slabs and of reflecting the neu-
trons emitted in the backward direction towards the slabs.
The iron source can was carcfully designed to modify the
D-T neutron source distribution 1o make it characteristic of
that incident on the first wall of a fusion reactor.*

The neutron- gamma-ray spectra were measured with an
MNE-213 liquid scintillator. Necutron and gamma-ray events

in the detector are

a ND-812 pulse-height analyzer/computer.
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and gamma-ray pulsc-height data were normalized tnh the
absolute ncutron yield from the target. which was deter-
mined using associated particle counting methods.

The pulse-height data were obtained for neutrons with
energies above 850 keV and for gamma rays above 750 keV,
The dynamic range of the neutron pulsc-height distribution
and the nonlinearity of light output from the scintillator lim-
its the detection of ncutruns to those with cnergies above
3%0 keV. The ncutron and gamma-ray pulse-height spectra
were unfolded using the program FERD' to produce energy
spevtra. The ncutron response matrix was obtained using
the pulsed neutron beam from the Oak Ridge Linear
A.cclerator® and the gamma-ray response matrix was gen-

erated using gamma-ray sources of known cnergies. The
cnergy resolution of the detector varies as

Ry ~ /300 - 300/¢, (2)
for aculruns of energy k, and as

R, = /170 + 8E, (3}

for gammu rays of energy E,. Ry and R, are the full width
of halfl maumum G(in percent) of the detector response to
Neutrons or gamMma rays, respectively.

Detailed descriptions of the experiment are given in
Refs. 2. 3, and 6.

1. DETAILS OF THE CALCULATIONS

The MONP calculations were carried out using the two-
dimensional model of the experimental conliguration shown
in Fig. 1. The coacrete shield-support structure, the source
can, and the slab geometries were modeled in r-z geometry
with cylindnical symmetry about the beam axis. The neu-
tron and neutron-induced gamma-ray flucnces were calcu-
lated using point estimators.

Neutrons produced in the D-T reaction have an angle-
energy dependence that must be accounted for in the calcu-
[ations 1o assure that the measured and calculated neutron
and gamma-ray spectra are compared to the same npeutron
wource. The ncutron and gamma-ray spectra were calcu-
lated with MCNP in two steps: first, by sampling from neu-
Lrons cmitted from the target into the polar angular interval
between 0 to 40° (forward calculation) and then by sam-
pling from neutrons emitted into the angular interval
between 40 and 180° (backward calculation). The probabil-
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Fig. 1.
Experimental Conliguration.

ities for the cnmussion of neutrons into these angular intervals
from the reactions of 250-keV  deuterons in  a
1-mg/cm®-thick titamum-tritide target are given as a func-
uon of neutron encrgy in Tabic 1.
Table 1. Angle-Energy Dependence for
Neutrons £mitted from the

T(D,n'He Reaction

(Deuteron Energy = 250 keV)

Encrgy

Interval Angular Interval

(MeV) 0.40° 40-180°
14.92-15.68 0.0i30
14.55-14.92 0.0902 0.0697
14.19-14.55 0.0168 0.2460
13.80-14.19 0.2913
13.50-13.80 0.2088
12.84-13.50 0.0642

Total 0.1200 0.8800

The source neutrons were angularly biasced by specifying
the probability for neutron emission into cones aof fixed size.
For the forward emitted neutrons, the cone angle 8, meas-
ured between the cone axis and the cone edge, was 40°. For
the backward emitted neutrons, the cone angle was 140°
{mcasured from the negative z axis). Particles were then
sampled uniformly in the cone, cas® € w'< 1, with probabil-
ity p = 1 (w s the direction cosine with z axis) and were



assumed 10 be emitted from the target with an isotropic dis-

| tribution in the conc.  Necutrons having dircction cosines u
and v with the x and y axes, respectively, were not angularly

| biased.

{

The forward- and backward-emitted source ncutrons
were assigned weights W according to the relation W = W’
{(1-cos®)/2p]. where W' is the unbiased source particle
weight.  For the forward emitied source particles, W, =
0.1170 W*. For the backward-emitted source particles, W,
= 0.8830 W".

The source ncutron cnergies were obtained by sampling
uniformly within the encrgy intervals given in Table I
according 1o the specified probabilitics.  To account for the
ansotropy of particle cmiission nto each cone, the probabili-
ties for neutron production in the angle-energy intervals
P(AL.28) were weighted using a solid angle factor given by

__2P(AE A8)

PUAEAG) = -
j“ sintrd @

Pl_\El‘.\al Q= fh . (4)

W .

where PL(AE.A8) is the solid angle-weighted probability for
neutrons in the encrgy interval AE and angular intcrval A8
{as shown in Table I, P(SE, 0-40°) = 0.1200 and P(AE,
40° - 180°) = 0.8800]. Thus, to maintain the weighting
according to the angle-caergy dependence, the weights W,
and W, are multiplied by the appropriate P_(3E,26) given

by Eq. (2).
The ncutron flux at each detector position was obtained

by combining the neutron fluxes calcwlated in the forward
and backward analyses according to the relation

OHE) = SRAE) + S}AE) + HdE) . )

where

¢HE) = the total ncutron flux at energy
E per source neutron,

¢HAE) = the uncollided ncutron flux at
energy E per source neutron from
neutrons emittcd in the forward
direction, and

o1 {E) = the collided neutron fluxes at
energy E per source neutron irom

¢3AE) = necutrons emitted in the forward
and backward directions,
respectively.

There is no contribution 10 the uncollided neutron flux at
the detectors from neutrons emitted in the backward direc-

tions.

The gamma-ray flux was obtained using

oHE) = oXKE) + o}F) ., (6)
where
¢¥ = the total gamma-ray flux at
energy E per source neutron,
¢k} = the gamma-ray fux at energy E per

source neutron producsd by neutrons
emitted in the forward and backward
directions, respectively.

Russiun rouletie and particle splitting were used to reduce
the variance of the calculated neutron and gamma-ray
fluxes.

The MCNP calculations were carried out for three
geometrics:  with the detectors 0.154 m from the source in
un open geometry with no shiclding material present, behind |
0.154 m SS-304, and bchind a laminated slab assembly con-
taining 0.356 m SS-304, 0.051 m BP, 0.051 m SS-304,
0.05] m BP, and 0.051 m SS-304. ENDF/B-V transport
cross sections were employed, and the compositions of the
materials used in the calculations are given in Table 11

1V. DISCUSSION OF RESULTS l
The neutron energy spectra calculated using the MCNP -
code are compared with the measured spectra and the calcu-
lated spectra from Refs. 2 and 3 in Figs. 2 and 3. In the ‘
figures, the solid curves are the measured spectra, the
squares arc the MCNP resuls, ane the circles and triangles
are the results trom Refs. 2 and 3, respectively, The two
solid curves for each of the comparisons represent a 68%
confidence interval in the measured spectra. The calculated
spectra from the MCNP analysis have been smoothed by
convoluting the neutron flux per unil energy with an



“adle ! FATT A O Weterialy ey 0 e a7.ulation
C@pcsitien
- T ateaceeparn T
Source .
t ot somrete are an ) (13
. ?oee -3 rTay-2)
[ LBty
s 19r-n
. Y2
* 3ed
[ES TN IS I Y 3 &8(-))
1280
1Ay
LT
) s
' . o4
. DS
-
o 1 l

Vo brited Polpetts e

Theei ot owart?

encrgy-dependent Gaussian function having a width deter-
mined from Ekq. {2). The MCNP data were initially binned
irto intervals having the same eaergy boundaries as the mul-
tigroup energy intervals used in the discrete ordinates calcu-
lations reported 10 Ref. 2. The error bars shown on the
MOUNP spectra andicate plus or minus one standard devia-
tien an the estimated spectra. The MCNP Monte Cario cal-

culations were carried out using a sample size sufficient to

obtain r 5% standard deviation in the unsmoothed ncutron

lux per unit energy above !0 MeV. The data from Ref. 3 '

were smoothed in the :ame manner as that used in this
work, but since the unsmoothed energy intervals had differ-
ent boundaries than those used here, the smoothed data are
shifted slightly 1n encrgy. Mo crror bars are shown on the
data from Ref. 3. They have been intentio, ally omitted to
avoid confusion. but they arc comparable with those
obtained for the MCNP spectra,

Figure 2 compares the measured and calculated ncutron
spectra for neutrons with energics above 850 keV for the
case with the detector on the axis of symmetry 1nd with no
shielding material in the cavity in the concrete experiment
support structure {see Fig. 1). The source-to-detector dis-
tance is 1.54 m. The spectrum calculated using the MCNP
code is in good agree.aent with the measured spectrum at all
neutror energies and compares very favorably with the spec-
tra calculated in Refs. 2 and 3. For ali of these spectra, the
neutron flux above ~12 MeV is dominated by neutrons
emitted directly from the D-v source. The spectrum at
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lower encrgies arises principally from neutions scattered
from the concrete structure. The agrecemsnt between the
calculated and measured socctra for this open geometry pro-
vides verification of the procedures used to represent the
angic-cnergy dependent source distribution in the calcula-
tions.

Figure 3 shows the comparisons between the measured
and various calculated ncutron energy spectra for the case
with the detector on the axis of symmetry behind both a
0.152-m-thick SS-304 slzh and also behind a laminated slab
assembly containing 0.457 m SS-304 and 0.102 m BP. The
spectrum calculated with the MCNP code behind the
0.152-m-thick SS-304 slab is in good agreement with the
measured sprctrum at all neutron energies. At neutron
energies above ~I11 MeV, the MCNP data agree more
favorably with the measured results than do the discrete
ordinates results. Bctween ~8 and ~11 MeV, the MCNP
spectrum is in good agrecement with the measured spectrum,
whereas the discrete ordinates spectrem is higher than the
measured ncutron flux. The spectra calculated using both
MCNP and SAM-CE agree with the measured data and
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also with the calculated data from Ref. 2. The spectrum

calculated using SAM-CE shows a slight deviation from the

measured data at neutron energies between ~6 and ~11

MeV and is also in slight disagreement with the results,
obtained ficre and from Ref. 2 at these energies.

with cach other at ncutron energies above ~8 MeV. At
neutron encrgics between ~2 and ~8 MeV, the spectrum
calculated usng SAM-CE falls slightly below both the
measured and MCNP data.

For the shicld assembly comprised of 0.'457 m 55'304 Similar comparisons with the detector off the axis of
and 0.102 m BP, the spectrum calculated with MCNP is in S
wvery favorabl ith th cured and symmetry show very good agreement with the measured
24 able agreement wi © med spectrum data and the calculated data obtained previously.>® These




comparnisons, along with comparions among integral neu-
. iron spectra, may be found in Ref. 7.

Figure 4 shows the comparson between the measured
gamma-ray cncrgy spectra and those calculated here and in
Ref. 2 for the 1wo cases with shield materials oresent.
(Gamma-ray specira were not reported in Ref. 3.) The
curves and the plotted points have the same meaning as
given above. The calculated spectra shown here have also
been smoothed but with an cncrgy-dependent Gaussian
response [aving a width determined from Eq. (3).

The gamma-ray cncrgy spectra calculated using MCNP

are in good agreement with the measured spectra and with -

those catculated 1in Rel. 2 for both slab configurations at all
gammua-ray ecnergies.  The calculation reproduces the meas-
urement 10 magmtude, but not in shape. The coarse energy
gnd used to bin the gamma-ray data washes out any line
structure.  The agreement between the MCNP results and
thove frum Ref. 2 arc also favorable. Comparisons of the
measured and caslculated gamma-ray energy spectra for the
case with the detector off the axis, along with comparisons
of the integral spectra. can be found in Ref. 7.

CONCLUSIONS

The results obtained here suggest that Monte Carlo radi-
ation transport methods that utilize continuous cross-section
data and appropriate source sampling procedures will oro-
vide a uscful tool for analyzing 14-McV neutron processes
and attenuation in fusion reactor shiclds. The differcnces
among the calculated data compared here are acceptably
small and suggest that the selection of the method of analy-

sis depends mainly on problem geomctry and the goals of

the analysis.
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