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ABSTRACT

Three-dimensional neutronics and photounics
analysis has been performed for the neutral beam
injection system of TDF. Using tungsten shield
in the 0.35 m space available between the corner
of the central cell solenoid and the duct wall
provides adequate protection for the magnet.
The peak radiation damage and nuclear heating in
the magnet are well below the specified design
limits. Acceptable heat loads were obtained in
the cryopanels and superconductive shield. The
radiation dose absorbed ian the MACOR insulator
of the ion source implies that it will last
approximately 2.8 full power years.
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INTRODUCTION

The Technology Demonstration  Facility
(TDF)" is a tandem mirror machine which provides
a steady state neutron environment sufficient to
test materials and integrated blanket concepts.
Figure 1 i3 a cutaway view of the facility show-
ing the major components of TDF. Most of the
fusion neutrons are produced in the 8 m long

central cell extending between the two high
field 2choke coils. A neutron wall loading of
2 MW/m® 18 obtained in the central cell where

blanket and material testing are performed. 1In
addition to the two normal conductor choke
coils, the central cell contains three super—
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Fig. 1.

A cutaway view of TDF.



conducting solenoid coils; one at the center of
the machine (S0) and two at the ends of the
central cell (S1).

Fusion reactors are required to accommodate
a variety of penetrations. The purpose and size
of these pegggrations vary depending on the re-
actor type. Proper shielding is required to
protect the vital components in the penetration
from excessive radiation damage caused by radi-
ation streaming. In TDF, different penetrations
are used for pumping, heating, fueling, and ion
sloshing beams. Since the neutron source densi-
ty in the anchor and end cells is about six
orders of magnitude lower than that in the
central cell, only radiation streaming into the
central cell penetrations is analyzed. The
central cell penetrations in TDF have different
sizes and injection angles and must fit between
the central cell magnets. Radiation streaming
into these penetrations can lead to adverse
radiation effects in the superconducting mag-
nets. It is, therefore, essential to provide
sufficlent shielding between the duct wall and
the magnets.

A major penetration in the central cell of
TDF 1is the neutral beam injector (NBI) duct
which 18 characterized by a large size. The
duct opening at the first wall is 0.3 by 0.6 m.
There are four such penetrations at each end of
the central cell. In this work, a detailed
streaming and shielding analysis for the NBI
system 1s presented. Other central cell pene-
trations include pellet fueling and test speci-
men tube penetrations. These are small in size
(approximately 7.5 cm in diameter) and have less
severe streaming problems than the NBI ducts.
Using a simple neutronics calculation, it was
estimated that a minimum shielding thickness of
0.15 m is needed between these penetrations and
the magnets. Hence, these penetrations can be
accommodated in the ceatral cell without causing
any serious radiation streaming problem for the
superconducting magnets.

RADIATION STREAMING INTO THE NBI DUCT

Evaluation of the radiation flow into the
ducts requires an accurate knowledge of the
neutron source and the geometrical configuration
of the shjeld, as well as the size of the ducts.
The MCNP~ continuous energy coupled neutron-—
gamma Monte Carlo code was used to model the re-~
actor geometry. The neutron source was sampled
from the neutron linear source density distri-
bution along the machine axis. The source
density was normalized to a central cell neutron
wall loading of 2 MW/m“ at a radius of 0.25 m.
A trapping surface was located at the entrance

surface to the NBI duct. At this surface all
particles entering the duct were counted accord-
ing to energy and angle bins. Cross section
data based on ENDF/B-V evaluation were usged in
the calculation.

The energy spectra of neutrons and gamma
photons streaming into the NBI duct are shown in
Fig. 2. The pronounced peak at 14.1 MeV in the
neutron energy spectrum is due to the uncollided
source neutrons streaming directly into the
duct. This amounts to 44%Z of thf7 streaming
neutrons. A total of 3.08 x 10 neutrons
stream per second into the duct with an averaig
energy of 6.91 MeV. A total of 5.63 x 10
gamma photons averaging 1.44 MeV 1in energy
stream per second into the duct. The angular
distribution of neutrons and gamma photons are
given in Fig. 3. The angle € is measured from
the normal to the duct entrance surface. It is
clear that the angular distribution peaks at
normal incidence. The injection angle (angle
between duct and plasma centerlines) 1is 65°,
implying that cos 6 = 0.9. Therefore, a large
fraction of streaming radiation will go directly
towards the ion source at the end of the duct.
In general, shielding requirements for the ion
source are more severe for larger injection
angles. These results were stored to serve as
source distributions in later modeling of the
NBI duct itself.

SHIELDING OF CENTRAL CELL SOLENOIDS AGAINST
RADIATION STREAMING INTO THE NBI DUCT

Figure 4 shows the geometrical model used
for modeling the NBI system of TDF. The model
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Fig. 2. Energy spectra of neutrons and gamma
photons streaming into NBI duct.
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Fig. 3. Angular distribution of neutrons and
gamma photons streaming into NBI duct.

is an idealization and adaptation of the actual
NBI system design. The duct opens from a size
of 0.3 by 0.6 m at the first wall to a size of
0.7 by 1.18 m at a distance of 3.2 m from the
plasma centerline. A 1 cm thick stainless steel
duct 1lining was wmodeled in the calculation.
Only the corner of the central cell solenoid S1,
which has the 1largest radiation effects from
streaming particles, was modeled. The magnet
winding pack consists of 2 volX NbTi, 23.88 volZ
Cu, 54.12 vol% 304 SS, 10 volZ 1liquid helium,
and 10 vol? polyimide insulation. The magnet
case, cryostat, and vacuum vessel surrounding
the winding pack have a total effective stain-
less steel thickness of 0.125 m which was
modeled in the calculation. Only 0.35 m space
is available for shielding between the vacuum
vesgel at the magnet corner and the duct wall.
The low activation steel Fe~1422 (14 wtZ Mn, 2
wt? Cr, 2 wtX Ni, and 82 wt¥ Fe) was used in the
shield. The shield consists of 56 volZ Fe-1422,
26 volX B4C, 14 volZ Pb, and 4 volZ Hy0. The
option of replacing Fe~1422 by tungsten in the
shield zone at the magnet corner was considered
to provide adequate magnet protection.

The NBI system model used in the three-
dimensional Monte Carlo calculation enmploys
neutron and gamma surface sources at the duct
opening with energy spectra and angular distri-
butions obtained from the previous streaming
calculation. An angular source biasing tech-
nique was used to get statistically adequate
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Fig. 4. Geometrical model of NBI system for MCNP calculation.



estimates for the quantities of interest. MCNP
runs of 50,000 histories were carried out, re-
sulting in statistical uncertainties less than
20%.

The shielding requirements for the central
cell superconducting magnet Sl are determined by
a number of radiation limits. A 20% increase in
the electrical resistivity of the copper sta-
bilizer, resulting from 1rrad£ation, 1s allowed.
This corresponds to 1.1 x 107" displacements per
atom (dpa) which should not be exceeded before
the first magnet anneal. Annealing at room
temperature results in only 89—85% recovery of
the radiation induced defects. Hence, anneal-
ing frequency should increase as one approaches
the end of 1ife of the machine. Based on
machine availability requirements, a mninimum
period of one full power year (FPY) should be
maintained between magnet anneals. For an esti-~
mated reactor lifetime of 5.4 FPYs, this implies
that the first magnet anneal should occur after
at least 2 FPYs. Thetefors? the dpa rate in Cu
should not exceed 5.5 x 10~ ~ dpa/FPY.

Mechanical strength tests of irradiated
magnet insulators have shown that polyimides are
S to 10 times more radiation resistant than com-
parably prepared epoxies. The polyimide insu-
lator retains more than 80Z of igf compressive
strength up to a dose of 5 x 10° rads. This
represents the limit on the radiation dose that
should not be exceeded at the end of the
machine's 1life. Irradiation of the supercon-
ducting material (NbTi) results in degradation
of the critical current density. In this work,
we require the peak neuttsg flufnce (E > 0.1
MeV) to not exceed 3 x 10 n/m“ which corre-
sponds tg a 10% decrease in the critical current
density. The peak magnet heat load resulting
fron neutr?P and gamma heating should not exceed
0.06 mW/cm”. This requirement was established
to ensure that the nuclear heat load on the
magnet does not cause excessively high cryogenic
plant costs and powers.

Since in this calculation, only radiation
effects in the magnet resulting from streaming
into the NBI duct are considered, the extra
contributions from the bulk shield must be ac~
counted for. Based on detailed one-~dimensional
neutronics analysis, a bulk shield consisting of
a 0.8 m thick zone made of 85 volZ Fe-1422 and
15 volX Hy0 followed H? a 0.1 m thick B,C shield
was designed for TDF. The bulk shield contri-
butions to the radiation effects in the central
cell solenoids are given in Table I. These
values must be added to the beam duct streaming
contributions to determine the peak radiation
effects.

TABLE I
Bulk Shield Contributions to the

Radiation Effects in Central Cell Coils

Peak dpa rate in Cu stabilizer,

dpa/FPY 7.6 x 107°
Peak dose in electrical insulator

after 5.4 FPYs, rads 1.3 x 108
Peak magnet heat load, mw/cm3 0.01
Peak neutron fluence éE > 0.1 MeV) 21

after 5.4 FPYs, n/m 1.4 x 10

The MCNP results for the peak radiation
effects in the Sl coil resulting from radiation
streaming into the NBI duct are given in Table
II. The results are given for the case when 56
vol% Fe-1422 is used in the shield and for the
options in which Fe-1422 is replaced by tungsten
along the duct at the magnet corner. In options
I, II, and III, the tungsten shield lengths are
0.4, 0.5, and 0.6 m, respectively. The extra
tungsten shield is added to the side close to
the first wall as shown in Fig. 4 because most
of the streaming neutrons will impinge on that
part of the shield. Only option III will meet
all design criteria and, hence, it is adopted in
shielding the magnets against radiation stream-
ing.

Adding the bulk shield contributions, it is
clear that all design limits are met with sub-
stantial %argin. The peak dpa rate in Cu is
1.6 x 1077 dpa/FPY implying that no magnet an-
nealing will be needed during the whole life of
the machine. The peak radiation dose in the
insulator gt the end of life of the machine is
2.13 x 10° rads. Hence, the less expensive
(about a factor of five cheaper) epoxy can
replace the polyimide. Further cost reduction
might be achieved by slightly reducing the tung-
sten shield length at the magnet corner.

RADIATION EFFECTS IN VITAL COMPONENTS IN THE NBIL
SYSTEM

Radiation streaming into the NBI duct can
cause adverse radliation effects 1in the wvital
components of the system. The geometrical model
used in the calculations included the different
critical components in the NBI system. Aluminum
cryopanels are used to pump the tritium and
deuterium gas. The 0.25 m thick cryopanels were



TABLE II1

Peak Radiation Effects in Magnets from Radiation Streaming into the NBI Duct

Fe~1422 W Shield
Shield opt. I Opt. II opt. III
Peak dpa rate in Cu -4 -4 5 6
stabilizer, dpa/FPY 3.84 x 10 1.1 x 10 5.8 x 107 8.4 x 107
Peak dose in polyimide 9
after 5.4 FPYs, rads 3.56 x 10 9.5 x 108 5.7 x 108 8.26 x 107
Peak magnet heat load,
oW/cm 0.1 0.052 0.041 0.025
Peak neutron fluence
(E > 0.1 MeV) in
s/c after 5.4 FPYs
n/m ’ 4.16 x 1022 1.13 x 1022 6 x 1021 8.7 x 1020

modeled as shown in Fig. 4. The heat deposition
in the cryopanels has an impact on both the
capital and operating cost of the system. The
limit on, the cryopanel heat load was set to be
10 m#/cm>. The average heat loads in the fromnt
and rear csyopanels were found to be 0.96 and
0.027 mW/cm”, respectively, which are well below

the design limit.

Proper operation of the neutral beam lines
requires that the area between the ion source
and the deflection magnet 1s free of external
magnetic fields. A superconductive shield is
used for this purpose. This 0.05 m thick mag-
netic shield was modeled as shown 1in Fig. 4.
The results for the superconductive shield are
glven in Table III. The results for dpa rate

TABLE III

Results for the Superconductive Shield

Average heat load, mN/cm3 0.47
Neutron fluence (E > g.l MeV) 22
after 5.4 FPYs, n/m 1.76 x 10
Dose in polyimide after 5.4 9
FPYs, rads 2.57 x 10
Dpa rate in Cu, dpa/FPY 2.1 x 1074

and heat load exceed the 1limits set for the
central cell magnets. However, because of 1its
small volume, the superconductive shield can be
annealed more frequently. Furthermore, the
total nuclear heating 1s small and does not
require an excessive refrigeration system.

The radiation problem of greatest concern
in the ilon source is the effect on the insu-
lating electrode support structure. Because of
its fabricability, MACOR machinable glass-—
ceramic 1is an attractive candidate insulation
material. The structure of MACOR consists of a
set of mica crystals embedded in a glass matrix.
Since both glass and mica may undergo radioly-
sis, an enhanced damage rate in MACOR is possi-
ble. The MACOR used in the ion source is con-
cealed from direct line of sight of source
neutrons by a 0.1 m thick steel structure. Pre-
liminary results showed that the ion source
structure is not adequate to protect the MACOR
from excessive radiation effects. An extra
0.1 m thick tungsten shield, with holes allowing
for the beams to go through, is used in front of
the steel structure.

For simplicity, only the MACOR insulator,
steel structure, and tungsten shield were used
to model the ion source. The 0.75 m thick de-
flection magnet, which provides further shield-
ing for the 1lon source, was included in the
model. Not included in the model are the thin
neutralizer tubes which will have a very small




effect on radiation damage to the ion source
insulator.

An experimental study of radiation effects
in MACOR indicated slight iymnagez by 14 MeV
neutrons at a fluence of 10 n/m*, which wag
estimised to correspond to a dose of 6 x 10
rads. Our calculations show that the dose
rate in MACOR {s 2.17 x 10° rad/FPY implying
that the 1ion source insulators will last 2.77
FPYs as far as radiation is concerned.

SUMMARY

A detailed three-dimensional neutronics and
photonics calculation has been performed to
analyze radiation streaming and shielding in the
neutral beam injection system of TDF. Adequate
shielding 1s required to shield the supercon-
ducting solenoids against radiation streaming
into the NBI duct. Because of the limited space
available between the magnet and duct wall, the
option of wusing the more effective tungsten
shield was considered. This results in peak
radiation effects in the magnet which are well
below the design 1limits. The radiation damage
and nuclear heating of the various components in
the NBI system were calculated. Acceptable heat
loads were obtained in the cyropanels and super-—
conductive magnetic shield. Because of the low
radiation dose 1limit for MACOR, an additional
0.1 m thick tungsten shield in front of the ion
source steel structure was required to increase
the life of the fon source to 2.77 FPYs. We
conclude from this study that the NBL pene-
tration shield design for TDF will provide ade-
quate protection for the superconducting magnets
and other vital components in the system.
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