OAK RIDGE NATIONAL LABORATORY LiBR,

(T

3 4456 0003934 9§ ORNL / TM-9888

Comparisons of Calculated and
Measured Speciral Distributions of
Neutrons From a 14-MeV Neulron
gource Inside the T okamak Fusion

Test Reactor

©. 7. Sanioro
4. 8. Bames
@ G, Alsmiller, Jr.
8. B, Emmett
0. Drischier

J.




Printed in the United States of America. Availabie from
C niormation Sarvice

U.S. Department of Cominigice

7 c Road, Soringfield, Virgiria 22161

NTIS price codes—Pririted Copy: A03; Microfichie A1

pd
oY)
jang
o
)]
4y
[
c
Q

11iis report was prepared as an account of work sponsored by an agency of the
United States Government. Neither theilnited States Government nor any agency
thereof, nor any of their employees, miakes any wasanty, express or implied, or
assumes any legal liability or responsicility for the accuracy, coimpleteness, or
usstuinsss of anv information, apparatus, praduct, or process disclesed, or
represents thatits use would notinfringe privately owned riahiis Heterence hiergin
to any specific commercial product, pracass, orservice by trade naime, tragemark,
manufacturer, or otherwise, does ot necessaiily constitute or imply iis
endorsem:ant, recommenaation, or favoring by the United Staies Government or
any agency thereof. The views and opinions of authors gxpressed herein go not
necessarily state or refisui those of the Linited States Goveriiment or any agency
thersot,




ORNL/TM-9888
Distribution Category UC-20d

Engineering Physics and Mathematics Division

Comparisons of Calculated and Measured Spectral Distributions of Neutrons
from a 14-MeV Neutron Source Inside the Tokamak Fusion Test Reactor®

R. T. Santoro, J. M. Barnes,* R. G. Alsmiller, Jr.
M. B. Emmett," and J. D. Drischler

"Submitted for Journal publication
*Computing & Telecommunications

Date of Issue: December 1985

Research sponsored by
Office of Fusion Energy
U.S. Department of Energy

Prepared by the
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831
operated by
Martin Marietta Energy Systems, Inc.
for the
U.S. DEPARTMENT OF ENERGY
under Contract No. DE-AC05-840R 21400

2ATORY LIBRARY

U






ACKNOWLEDGMENT

The authors gratefully acknowledge many helpful discussions with J. K. Dickens
concerning the experimental data.






TABLE OF CONTENTS

A. Geometry and Materials ........... ......................................
B. Transport Calculations . ....... ... .. ... . . . . . . . . .

C. Experimental Data and Details of Obtaining Calculated Results
for Comparison With the Experimental Data ................................

II. RESULTS AND DISCUSSION ...
IV, SUMMARY

REFERENCES .






Abstract

A recent paper presented neutron spectral distributions (energy 20.91 MeV) measured
at various locations around the Tokamak Fusion Test Reactor (TFTR) at the Princeton
Plasma Physics Laboratory. The neutron source for the series of measurements was a
small D-T generator placed at various positions in the TFTR vacuum chamber. In the
present paper the results of neutron tramsport calculations are presented and compared
with these experimental data. The calculations were carried out using Monte Carlo
methods and a very detailed model of the TFTR and the TFTR test cell. The calculated
and experimental fluences per unit energy are compared in absolute units and are found to
be in substantial agreement for five different combinations of source and detector positions.
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L. INTRODUCTION

Fusion reactors will, of necessity, have very complex geometric configurations and
because of this complexity and the high-energy (~14 MeV) neutrons involved there is
some question as to whether state-of-the-art radiation transport methods are adequate for
the design of the shielding and blankets for such reactors.

The Tokamak Fusion Test Reactor (TFTR)! being constructed at the Princeton Plasma
Physics Laboratory will not have a blanket, but it will have much of the complexity, e.g.,
toroidal and poloidal coils, of a fusion reactor. Deuterium-—tritium operation, i.e., 14-MeV
neutron production, at the TFTR is still in the future. Recently, however, a series of
measurements were made of the neutron spectral distributions (energy >0.91 MeV)
around the TFTR from a point source of 14-MeV neutrons inside the TFTR vacuum
vessel.2 In the present paper calculated results of neutron spectra carried out using Monte
Carlo methods (MORSE?) and a realistic model of the TFTR are presented and compared
with experimental data.

In Section II the method of calculation is described, and in Section III the comparisons
between calculated and experimental data are presented and discussed.

II. METHOD OF CALCULATION

A. Geometry and Materials

The TFTR was modeled in considerable detail using the combinatorial geometry
routines that are contained in the MORSE? code system. The dimensions used in the
modeling were taken from Ref. 1.

In Fig. 1 four diagrams of the TFTR model that was used in the calculations are
shown. The material of the various elements in the diagrams is also specified in the
diagrams. These diagrams were drawn from the MORSE code geometry input using the
code JUNEBUG-IL* The four diagrams are shown separately for clarity, but it is to be
understood that they are superimposed in the complete model. The central column shown
in each diagram is the basis of the superposition. Figure 1A shows, in addition to the
central column, the toroidal vacuum vessel and the concrete machine support. The
concrete machine support contains a variety of holes into the basement (not shown) of the
test facility. In Fig. 1B the toroidal field coils are shown. In Fig. 1C the poloidal field
coils are shown, and in Fig. 1D the umbrella structure and the machine support columns
are shown. The concrete in the support columns (see¢ Fig. 1D) has a cross-sectional area of
0.20 m by 0.52 m. In addition to the structural elements shown in Fig. 1, the calculational
model also includes the concrete {(ordinary) floor (thickness = 1.22 m) that separates the
test cell from the basement, the walls and roof of the test cell, and the walls and floor of
the test cell basement. The test cell has a cross-sectional area of 35 m by 43 m and a
height of 7.1 m. The roof and walls of the test cell are made of ordinary concrete and
have thicknesses of 1.2 m. The distance from the test cell floor to the concrete basement
floor is 5.48 m. Finally, in the calculations the test cell was assumed to be filled with air.
The atomic compositions of all of the materials used in the calculations were taken from
the work of Long-Poe Ku> and are given in Table 1.
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Table 1

Composition of Materials Used in the Calculations

Number Densities
[Atom/cm X barn]

Borated Toroidal Poloidal

Limestone  Ordinary Field Field
Element SS-304 Concrete Concrete Coil Coil Air
H 8.25X1073 7.83X107? 2.64X1073 4.40%X1073
B 1.09X 1073 2.06X1074 3.42X1074
C 1.05X 1072 1.10X1073 1.84Xx1073
N 4.20X1073
0 4.32X1072 4.38X1072 3.00X1073 5.00X1073 1.13X107°
Na 1.31X107° 1.05X1073
Mg 1.88X1074 1.49X1074
Al 2.63X107% 2.39%X1073 1.40X107% 2.34x107*
Si 1.09X1073 1.58X1073 1.37X107% 1.18X1073
S ; 5.64X 107
A 2.54%1077
K 1.39X107° 6.93X1074
Ca 1.31X107°  2.92X1073 2.53X1074 4.21X10™*
Cr 1.74X1072 6.46X1073
Mn 1.19%x107? 4.42X1073
Fe  6.13X1072 1.50X107* 3.13X107¢ 2.17X1072
Co
Ni  6.79X107? 9.54X 1074
Cu 4.33X107% 7.21X1072
Ba 1.24X 104




i

B. Transport Calculations

All of the transport calculaticns were carried out using MORSE? and the FLUNG?®
multigroup cross-section library that is based on ENDF/B-IV. Only neutron transport at
energies greater than 0.91 MeV is considered here since this is the lowest energy neutron
that was considered in the cxperiments. The experiments did include measurcments of
photon spectra but these spectra are not considered here.

Experimentally the neutron source was provided by a D-T generator that was placed
inside the TFTR vacuum vessel. In the calculations the source neutrons were assumed to
emanate isotropically from a point. That is, the small measured anisotropy in the source
ncutrons was neglected in the calculations.? The measured anisotropy does not include,
because of the generator structure, measurements at the very back angles and these angles
are invoived in at least one of the experiments (see discussion of Exp. 5 at the end of
Section III). The source neutrons in the calculations were taken to be in the group
between 13.5 to 14.9 MeV.

The position of the source and the detector with respect to the TFTR geometry varied
with the experimeats (see below). To improve the statistical accuracy of the calculations
the neutron source was biased, and the particles weighted appropriately, so that 90% of the
neutrons were cmitted uniformly into a cone of half-angle 15° about the line joining the
source and the detector.

C. Experimental Data and Details of Obtaining Calonlated Results for Comparison with
the Experimenta! Dats

In Fig. 2 a schematic of the TFTR test cell as it existed at the time of the experiments
is shown. The ncutral beam injector, the horizontal limiter, the tokamak vacuum pumping
system, aud the x-ray experimental setup were present during the experiments but were not
included in the calculational model. The points Pl to P5 in Fig. 2 represent the source
positions for what will hereinafter be termed Exps. 1 to 5. The positions P1 to PS5 are
located at the center of the toroidal vacuwm vessel (radius 2.65 m). If north is taken to be
0°, then the points P1 to PS5 arc located with respect to the center of the central column at
angles of 0°, 36°, 72°, 108°, and 180°. Again, taking 0° to be north, the direction of the
deuteron beam in the D-T generator in Exps. ! to 5 is 90°, 126°, 162°, 128°, and 270°,
respectively. The direction of the deuteron beam does not enter into the calculations since
the ncutron source is assumed to be isotropic. In Exps. 1, 3, 4, and 5 the detector was
located at position D1 (radivs = 8.85 m, angle = 117.8°) and in experiment 2 the
detector was at position D2 (radius = 4.37 m, angle = 108.0°). The source positions and
the detector positions are located in the samc horizontal plane. Measurements were also
made for source positions other than those shown inm Fig. 2, but these additional
experiments are not considered here.

The experimental data presented in Ref. 2 are the unfolded neutron fluence spectra at
the position of the detectors. The number of source neutrons that were emitted during
each of the experimenis was measured independently, and the results are given in Table 2.
The calculated results that are compared with the cxperimental fluence spectra in Section
I11 have been normalized to the number of source neutrons given in Table 2.
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Table 2

Measured Number of Source Neuwtrons
in Kach of the Experiments

Exp. No. of Source Neutrons
1 (4.21+0.25) X 10"
2 (2.78 +0.17) X 10!
3 (4.66+0.28) X 10"
4 (3.20+0.19) X 10"
5 (6.03+0.30) X 10"




To obtain calculated results that are directly comparable with the experimental fluence
spectra, it was necessary to convolute the calculated neutron fluence per unit energy with
the energy resolution of the detector used in the measurements. In accordance with Ref.
2, the response function was assumed to be Gaussian with a resolution determined by

-~ -E 2000 (D
T \/30 T 7E

where

R = full width at half-maximum in MeV,
E = neutron energy in MeV.

1. RESULTS AND DISCUSSION

In Figs. 3-7 the experimental and calculated neutron fluences per unit energy at ener-
gies 20.91 MeV are compared for Exps. 1 to 5, respectively. Note that in Figs. 3-7 the
experiments are presented in the order Exp. 2, Exp. 4, Exp. 3, Exp. 1, and Exp. 5, since
this is the order in which it will be convenient to discuss them. In Figs. 3-7 the
crosshatched region represents the 68% confidence interval in the experimental measure-
ments and the solid curves represent plus and minus one standard deviation of the statisti-
cal error in the calculations.

Table 3 shows the measured and calculated fluences of neutrons with energy 2>0.91
MeV obtained from the data shown in Figs. 3-7. The uncertainties in the neutron fluences
in Table 3 were obtained assuming uncorrelated data. Also given in Table 3 are the ratios
of the calculated to measured fluences.

Experiment 2, for which the source is at the point P2 and the detector is at the point
D2 in Fig. 2, will be considered first. In this experiment there is only a small amount of
material on a direct line between the source and the detector and thus the details of the
TFTR geometry are not expected to have as significant an effect on the results as in the
experiments discussed below. In other words, this experiment is considered first because it
is thought to provide the least challenge 1o the calculational procedures. In Fig. 3 the cal-
culated results are in substantial agreement with the experimental data at energies below
approximately 13 MeV and overestimate slightly the high-energy peak above 13 MeV. In
Table 3 the ratio of the calculated to the experimental fluence at energies 20.91 MeV for
Exp. 2 is only moderately larger than unity so the calculated results reproduce the experi-
mental data quite well in both shape and magnitude.

Experiment 4, for which the source is at P4 and the detector is at D1 in Fig. 2, will be
considered next. In this experiment a direct line between the source and the detector
passes through a toroidal field coil. Nevertheless, the position of the source and detector
are such that the results in this experiment are expected to be only moderately dependent
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Table 3

Comparisons of Calculated and Measured Neutron Fluences

Fluence of Neutrons Ratio of
With Energy 20.91 MeV Calculated
Experiment [Neu. cm™] to Measured
No. Measured Calculated Fluence (=0.91 MeV)

1 4.4X10°+£4.2X10? 1.5X10%+1.4X10° 34£0.5
2 1.8X10°+3.7X10° 3.2X105+2.7X10* 1.8+0.2
3 1.4X10*+6.5X 102 3.2X10*+2.0X10° 2.3+0.2
4 3.2X10%+1.3X103 5.7X10%*+5.5%103 1.840.2

5 1.3X10*+4.3X 10?2 3.8X10*+2.3X10° 2.940.2
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on the details of the TFTR geometry. In other words, this experiment is expected to pro-
vide more of a challenge to the calculaticnal procedures than Exp. 2, but less than the
experiments discussed below. In Fig. 4 the calculated results are in substantial agreement
with the experimental data at all energies considered. In Table 3 the ratio of the calcu-
lated to the experimental fiuences for Exp. 4 is, as it is for Exp. 2, only moderately larger
than unity, so again the calculated results reproduce the cxperimental data quite well both
in shape and magnitude.

Experiment 3, for which the source is at position P3 and the detector is at position D1
in Fig. 2, will be considered next. The details of the TFTR geometry should, in this case,
cnter significantly in determining the experimental results. To illustrate this it may be
noted that the uncollided fluence at the position of the 1 cm? detector is approximately
2X10° while the measured fluence at energies =12.9 MeV is approximately 5X 107 so the
experimential data indicate that there has been a substantial attenuation of the source
neutrons. In Fig. 5, the calculated flueace per unit energy overestimates the experimental
data at low energics (<6 MeV) and underestimates the cxperimental data at the higher
energies (=10 MeV). In particular, the calculations underestimate the peak in the vicinity
of the source energy by approximately a factor of 4 and show a high-energy peak in the
13- to 14-MeV region rather than in the 14- to 15-MeV region. Of all of the experiments
considered here, it is only in this experiment that there is substantial disagreement in shape
at the higher energies between the calculated and experimental data. In Table 3 the ratio
of the calculated to experimental fluence for Exp. 3 is 2.3 + 0.2, which is not
unreasonable for an absolute comparison in such a complicated geometry.

The compariscn of the calculated and measured fluence per unit energy for Exp. 1 is
shown in Fig. 6. In this experiment the source was at position P1 and the detector was at
position D1. The uncollided fluence at the position of the detector is ~1X10° and the
measured fluence =12.9 MeV is ~2X 10? so in this cxperiment, as in Exp. 3, substantial
attenuation of the sovrce neutrens is indicated. In Fig. 6 the calculated results are signifi-
cantly larger than the experimental data at cnergies <4 MeV, but at the higher energies,
and in particular in the vicinity of the source energy, the experimental and calculated flu-
ences per unit energy arc in very good agreemeni. There is no known reason why the
agreement at the higher energies should be better in Exp. 1 than it was in Exp. 3, but
presumably geometric unceriainties were more crucial in Exp. 3 than in Exp. 1. In Table
3 the ratio of the calculated to the measured fluence is larger than in the experiments con-
siderced previously because of the overestimation by the calculation of the fluence at the
lower energics.

_ The calculated and experimental fluences per unit caergy for Exp. 5 are compared in
Fig. 7. This experiment is somewhat different than the other cxperiments in that the beam
direction, i.e., the direction of the accelerated deuteron bears with respect to north, is 270°
so that the scurce neutrons that are directed from source position PS to the detector at
position D1 are these ncutrons that are emitted at very back angles with respect to the
direction of the deuteron beam. Thus, the source neutron anisotropy due to the presence
of the D-T generator structure should have the most pronounced effect in this experiment.
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For this reason, this experiment is thought to provide the greatest challenge to the calcula-
tional procedures. In Fig. 7 the calculated fluence per unit energy is somewhat larger than
the measured fluence per unit energy at all energies. The calculated shape appears to be
very similar to the experimental shape so in this case the differences appear to be pri-
marily a difference in normalization. In Table 3 the ratio of the calculated to measured
fluences is 2.9 + 0.2, which is only slightly less than the ratio found in Exp. 5.

IV. SUMMARY

Calculated results have been compared with experimental data to determine the extent
to which state-of-the-art neutron transport methods can be used to design the shielding for
fusion reactors such as the TFTR. Substantial agreement has been obtained between the
calculated and experimental fluences per unit energy for various combinations of source and
detector positions. The calculated spectral shape is, in all cases, similar to the measured
shape, but there are significant variations in the comparisons for different combinations of
source and detector positions. In all cases considered the calculated fluence at energies
20.91 MeV are less than a factor of 4 larger than the measured fluence.

Full power D-T fusion experiments are not planned for some time in the future, but
based on the results obtained here, it seems that one may have some confidence that the
shielding requirements for such fusion reactor experiments can be reliably obtained using
currently available state-of-the-art neutron transport methods.
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