Advanced Inboard Shielding Design for Tokamak
Fusion Reactors

L.A. El-Guebaly and M.E. Sawan

February 1985

UWFDM-623

Presented at the Sixth Topical Meeting on the Technology of Fusion Energy, San
Francisco, CA, 3-7 March 1985; Fusion Tech. 8, (July 1985).

FUSION TECHNOLOGY INSTITUTE

UNIVERSITY OF WISCONSIN

MADISON WISCONSIN



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government, nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference herein to
any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United
States Government or any agency thereof.




Advanced Inboard Shielding Design for
Tokamak Fusion Reactors

L.A. El-Guebay and M.E. Sawan

Fusion Technology Institute
University of Wisconsin
1500 Engineering Drive

Madison, WI 53706

http://fti.neep.wisc.edu

February 1985

UWFDM-623

Presented at the Sixth Topical Meeting on the Technology of Fusion Energy, San Francisco, CA, 3-
7 March 1985; Fusion Tech. 8, (July 1985).


http://fti.neep.wisc.edu/

ADYANCED INBOARD SHIELDING DESIGN FOR TOKAMAK FUSION REACTORS
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ABSTRACT

The recent physics and technology advances in
the field of high power density compact tokamak
reactors have established the need for advanced
inboard shielding design. This work presents
the design of an optimal inboard shield and as-
sesses the limits on the radiation effects jn
the magnets of a high wall ‘loading (10 Mw/mé)
tokamak design. A new material, boron hydride,
was identified as a potential shielding material
and more optimum combinations of TiHp, B4C, and
W were identified as well.

INTRODUCTION

Recent studies have assessed the feasi-
bility of shaping the plasma cross section into
a "pean" shape to take advantage of the higher
volume average beta (10-20%), higher power out-
put, lower magnetic field, and reduced reactor
size. This work is a part of a study* of a com-
pact fusion power reactor operating in the
second stability regime. A cross section show-
ing the reactor is given in Fig. 1. A normal
bean coil (to produce a starting bean-shaped
plasma) encircles the inner legs of the TF S/C
magnets which operate in a severe radiation
environment and are designed for high perfor-
mance (high magnetic field, high current
density, etc.). The reactor is small in both
physical size and output power (~ 1000 MWyp).
Other features include the use of a He cooled
static LijjPbgy blanket and HT-9 structure with
no inboard breeding. The cost of the tokamak
reactor is extremely sensitive to the inboard
shield thickness. Millions of dollars could be
saved for every cm shaved off of the inboard
shield thickness. On this basis, methods to
improve the shielding capability of the inboard
region are needed by innovative materials and/or
geometric design modifications.

The optimum shield design depends on the
allowable radiation damage limits for the S/C
magnet. The radiation effects of concern in the
S/C magnet are the nuclear heat load, the atomic
displacement rate (dpa) in the stabilizer, the
fast neutron fluence in the superconductor,
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Fig. 1. Cross section of high wall loading com-
pact tokamak reactor.

and the dose to the insulators. In the normal
magnet the structural degradation of the insula-
tor appears to be the lifetime limiting factor.
The 1imited space available for the inboard
shield to protect the S/C magnet from the in-
tense neutron source strongly suggests the need
for a shield optimization study to minimize the
four most important responses mentioned above.

LIMITS ON RADIATION EFFECTS IN MAGNETS

A. Superconducting Magnet
The philosophy in this work is to use
the latest information for radiation limits with
possible extrapolation to future performance
levels to achieve the thinnest inboard shield
that protects the magnets from the severe



neutron environment. The magnet components most
sensitive to radiation are the superconductor,
the stabilizer and the insulators. To obtain
high magnetic fields, Nb3Sn was chosen. Normal
liquid helium (LHe-I) at 4.2 K is used as the
coolant.

1. Damage to the superconductor. The
most important property for the superconductor
is the critical current density (J.). Unlike
NbTi where a monotonic decrease in J. is ob-
served, an initial increase in_J. with neutron
fluence for NbySn was observed.? Sost available
experimental data involve irradiating the sams
ples at fission reactor ambient temper'atures.3
Experiments with cryogenic temperature irradi-
ation showed that the 1initial J. increase is
.larger by ~ 10% than that obtaine& with reactor
ambient temperature irradiation. The relative
increase in J. is also larger for higher applied
fields. An 80% increase in Je with fluence was
measured at a field f 10 T ?fter irradiation to
a fluence of 4 x 1018 n/em (E, > 0.1 MeV) in
the High Flux Beam Reactor (HFBR) at 400 K. A
larger increase in Je is expected at the field
of 12.3 T considered in this study.

Room temperature annealing of Nb3Sn results
in recovering the initial increase “in Jo and
should be avoided. Hence, the maximum allowable
neutron fluence should not be reached until the
end of life of &he magnet. A lifetime fluence
limit of 4 x 101% n/cm€ has been quoted by vari-
ous researchers, However, the experimental
results measured at 10 T after irradiation at
400 K show that J. drops tlo its pzr%hradiaﬁon
value at a fluence of ~ 1019 n/em€.3 This im-
plies that higher fluences can be used without
degrading J. much below its original unirradi-
ated va]ui In this work we use a fluence limit
of 4 x 1012 n/cm® (E > 0.1 MeV). This is based
on the prediction that the higher fields and
Tower temperatures used 1in this design will
result 1in Tlarger initial increases in J..
Furthermore, the effect of heat treatment of the
NbaSn superconductor filaments has not been
investigated. Extensive studies for NbTi have
indicated that cold work enhances de-

2. Damage to the stabilizer. Most de-
signs for fusion magnets have adopted the con-
servative principle of cryogenic stabilization.
A low stabilizer resistivity is required. Neu-
tron irradiation at cryogenic temperatures pro-
duces immobile point defects in the stabilizer
resulting in a radiation induced resistivity
dpp. This radiation induced resistivity must
therefore be limited to a maximum value for the
magnet to be cryostable. The upper limit on the
total resistivity at field B is given by

- " 2
Prax(8) = T AP/ (1)

where Acy is the stabilizer cross section area,

P is the wetted perimeter and I is the conductor
current. q" x is the maximum heat flux that can
be removed @? the coolant.

Determination of the dpa rate limit in Cu
is complicated by the dependence of the resis-
tivity at the operating field on the radiation
induced resistivity and the purity of Cu. Fur-
thermore, partial recovery (80-90%) of radiation
induced defects Ean be achieved by room temper-
ature annealing. We have generated charts for
determining the ma)éimum allowable damage rate in
copper stabilizer. In this design we assume_a
maximum S/C current density of 8 x 104 A/cm?,
The Cu:S/C ratio is taken to be 16:1 and the
conductor packing factor is assumed to be 85%,
implying an gverage winding pack current density
of 4000 A/cm¢. The conductor is assumed to have
a square cross section with 50% of the conductor
perimeter being wetted by the coolant.

LHe-I can handle a heat flux up .to 0.3
w/cmz. The coolant must remove the IR heat
produced in abnormal conditions and the con-
tinuous nuclear heating in the magnet. In thi
study, we considered q to be 0.29 w/cm5
leaving a 0.01 W/¢c maF'&‘fn to handle nuclear
heating. Cu with a residual resistivity ratio
RRR = 80 is considered here. The re1%tion be-
tween 4p, and Cu dpa obtained by Guinan® is

89, = 300[1 - 7240 2] g ¢p (2)

Originally, we assumed an operating con-
ductor current of 500 A yielding a conductor
size of 0.354 cm. Equation (1) yields p x(B) =
96.62 n@ cm, The charts of Ref. § imply that
App should not exceed &7.4 n cm which gives a
dpa limit of 2.5 x 10™*. The reactor life was
assumed to be 24 FPY and the minimum time be-
tween magnet anneals was set to 1 FPY. Assuming
a recovery fraction of 0.85, the charts of Ref.
5 indicate that the time before the first magnet
anneal should be at least 4.45 FPY and the dpa
rate should not exceed 5.6 x 1070 dpa/FPY. The
66 cm thick optimized shield that %igves a, fast
neutron fluence at the S/C of 4 x 1047 n/cm® wa
found to yield a dpa rate of ~ 1.5 x 10~
dpa/FPY in the stabilizer. This implies that
the magnet will not be unconditionally cryo-
stable if a conductor current of 500 A is used.
For unconditional cryostability without increas-
ing the shield thickness, one must reduce the
conductor current and size with the total coil
cross sectional area remaining the same. The
maximum conductor current that can be used for
the magnet tg be cryostable with a peak dpa rate
of 1.5 x 1077 dpa/FPY is 52 A. This corresponds
to a conductor size of 0.114 cm.

It is interesting to note that Eq. (2) im-
piies a saturation value of 300 nQ cm for Ap..
Hence, if the magnet is_designed such that tne
coolant can remove the IR heat corresponding to



the saturation radiation induced resistivity, it
will be unconditionally cryostable regardless of
the damage produced. In such a design, no Timit
needs to be specified for the dpa rate and no
magnet annealing will be necessary. To achieve
this, the conductor current should not exceed 35
A and the conductor size should be 0.093 cm at
most. This can be achieved by designing a
braided conductor placed in a steel jacket.
This is possible based on experience with the
Westinghouse Nb3Sn LCP forced flow conductor.
The largest damage occurs only in the innermost
layers of the coil and larger conductor sizes
and currents can be used in the outer layers.

3. Nuclear heating limit. The heat flux
margin that can be used by nuclear heating is
0.01 W/cm®. For the chosen conductor parame-
ters, 1:h‘is3 corresponds to a power density of ~
182 mW/cm® which does not impact the shield
design. However, much lower power densities are
required to avoid excessively high cryogenic
refrigeration and plant costs. The 66 cm thick
optimized shield used in this s3tudy yields a
peak power density of ~ 1.3 mW/cm®. Since this
high power density occurs only on the inboard
section of the coil where 1limited shielding
space is available, it does not result in exces-
sive cryogenic heat loads. The total power
generated in the inboard sections of the twelve
coils is ~ 3 kW.

4. Dose limit to the insulators. Mechani-
cal strength tests have shown that polyimides
are 5 to7 10 times more radiation resistant than
epoxies. More than 65% of the compression
strength of glass filled fiber (g%) polyimide
is retained up to a dose of ~ 10 rad. The
samples are representative of relatively thick
sheets of insulators placed between conductors.
Both compression and 1interlaminar shear are
important in this mode of application of the
insulator materials. Recently, thin disks of
gff epoxies and polyimides were irradjated at
325 K and tested at room temperature. These
are representative of thin sheets of insulators
sandwiched between large conductor plates and
held in compressive load only. The ffmples were
irradiated to doses of ~ 4 x 10 rads and
static compression tests to a stress level of
2750 MPa produced no fai]urﬁ . This indicates
that dose limits of ~ 4 x 10%** rads can be used
for the polyimide insulator provided it is used
as thin disks loaded in compression only.

The superinsulator is located in front of
the magnet case and is exposed to doses higher
than those in the electrical insulators. Alumi-
nized mylar was used in previous designs as
superinsulator. Recent experiments showed a
large dd'op in its strength after irradiation to
6 x 10° rads while no failure was obfsrved 18
aluminized Kapton up to a dose of 10*Y rads.
Aluminum sheets supported with glass paper are
even more radiation resistant and are used for
superinsulation in this design.

B. Normal Magnet

In this magnet, there is concern with
both electrical and mechanical degradation of
the ceramic insulation and the electrical resis~
tivity of the copper conductor due to neutron-
induced transmutations. In addition irradiation
radiolytic decomposition of water 1leads to
corrosion/erosion product formation. Among
these mechanisms, the neutron-induced swelling
in the ceramic insulator was ffgnd as lifetime
limiting for the normal coil. The neutron
fluence limits for the use of the solid poly-
crystalline spinel and compac%eéd powder magnes}g
in normal magnets are 4 x 10%¢ and 2.35 x 10
nfeme (£, > 0.1 MeV), respectively, in the tem-
perature range 100-300°C. These are based on 3
vol % swelling in spinel and 60% filling factor
for the powdered Mg0 (67% swelling).

NORMAL MAGNET SHIELDING

In view of the fact that the peak neutron
wall, Toading at the inboard shield is ~ 10
MW/m“, the normal magnet is highly irradiated.
It is designed to operate for 24 full power
years (FPY); the designed lifetime of the re-
actor. The one-dimensional calculations result
in an end of 1ife peak rbeutron fluence (E, > 0.1
MeV) of ~ 4 x 10¢% n/cm® for the case where the
normal coil is positioned with no intervening
shield between its coil case (0.02 m thick) and
the first wall. This indicates that some
shielding needs to be introduced in front of the
normal magnet in order to satisfy the design
limits for the insulators. Our results show
that 16 cm of W-shield [80 v/o W {(95% d.f.), 10
v/o Fe 1422, and 10 v/o H,0] adequately protect
the normal magnet. Moreover, the Mg0 powder
insulator can be used in the front 14 cm thick
layers of the magnet and the spinel in the back
layers where stresses are severe. In the cal-
culations the 0.2 m thick normal magnet compo-
sition was taken as 64 v/o Cu, 24 v/o insulator,
and 12 v/o Hy0.

INBOARD SHIELD OPTIMIZATION

The primary motive for the optimization
study is to find an optimal combination of the
shielding materials that minimizes the fast
neutron fluence in the S/C magnet which was
found to be the design driver for the shield.
However, it is beneficial from the cost stand-
point to reduce the nuclear heating as much as
possible. The space for the normal magnet and
the shield is constrained to 0.66 m in addition
to the 0.11 m thick cryostat (.08 m effective
steel). In this regard the use of tungsten in
the shield 1is essential to provide adequate
protection for the S/C magnet. A series of one-
dimensional (1-D} calculations was performed to
determine the optimal shield configuﬁtion using
the discrete ordinates code ONEDANT, the cross
section library XSLIB (30 neutron and 12 gamma
energy groups) based on the ENDF/B-V evaluation,
and the P3-Sg approximation, in toroidal
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cylindrical geometry.

Several materials have been considered for
the shield to reduce the fast fluence and the
nuclear heating in the S/C magnet. These mate-
rials are tungsten (W), stainless steel (Fe
1422), boron carbide (B4C), titanjum hydride
(TiHp), lead (Pb), and boron hydride {(BygH14) -
a new material for shielding app]icat%ons.
Boron hydride is a well-developed material. It
has been produced commercially on a large scale
although it s presently expensive for small
quantities (~ $450/kg). It is quite reactive,
kinetically stable up to 150°C, and decomposes
at higher temperatures. Thus, to avoid the re-
action of the products with air it must be kept
in an inert atmosphere; it slowly hydrplyzes in
water. It has a density of 0.94 g/cm® at room
temperature and a melting point of 100°C. It
should be emphasized that the BigHjq will only
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be placed at the back of the shield where the
temperature is surely below its melting point.
Also, the extent of radiation damage of BjgHig
in this position needs to be carefully ex-
amined. There is some concern for using BygHi4
in the shield from a safety standpoint. However,
it is a useful candidate and its applicability
for fusion reactor shielding deserves further
consideration. Many more stable products are
known and a very large number of polymers have
been produced. A11 of these have enhanced
thermal stabilities up to ~ 300°C. However,
none of them provides neutronically the required
properties as compared to the parent BioH14-

TiHo (95% d.f.), B4C (87% d.f.), and B oH1a
shield Tayers were used separately to bac]k up
the W-shield between the normal and supercon-
ductor magnets. In all shieldi.o 10 v/o Fe 1422
structure, 10 v/o Hy0, and 30% ““B in B were




Table I. Peak Radiation Effects in S/C Magnet (10 MW/m?)

Dose
Optimum Shield Fast Neufson Nuclear Hgating dpa in Cu Stabilizer in GFF Bolyimide
Composition Fluence (1017 n/cm?) (mW/cm?) (107 dpa/FpPY) (1010 raq)
Fga 26.25 11.28 8.39 44,07
W 7.37 2.65 2.16 12.25
H/B4CC 5.57 1.73 1.82 7.10
W/TiH,d 3.31 2.13 1.29 6.28
W/ByoHy4© 3.94 1.31 1.48 5.59
Design Limits 4 ~1 - 40

830 v/o borated water
18 v/o Hy0, 10 v/o Fe 1422 structure

used, The thicknesses of these layers were
varied between zero {(an all W-shield) and 0.14 m
and the total shield thickness was kept fixed.
A comparison between the effectiveness of these
shielding materials in reducing the radiation
effects in the S/C magnet is outlined in Fig. 2.
Obviously, hydrides are effective in minimizing
the fast neutron fluences by moderating the neu-
trons via elastic scattering interactions with
hydrogen. On the other hand, borides are supe-
rior in reducing the nuclear heating due to the
remarkably high absorption cross sections of
boron for intermediate and low energy neutrons.
Furthermore, boron hydride has proven to be com-
petitive with the other conventional shielding
materials and has the beneficial effect of mini-
mizing both responses simultaneously.

An attempt was made to reduce the nuclear
heating without substantially affecting the flu-
ence by using borated water to cool the shield.
The solubility of boric acid in water has a
strong temperature dependence. For an inlet
coolant temperature of ~ 100°C in the {inboard
shield, the maximum allowable coqsentration of
boric acid in water is ~ 11 vol %.1 Our results
show that the borated water was only effective
in the' case of the W/TiH, shield where the power
density was reduced by ~ 30%. However, a lower
nuclear heating was achieved with the optimum
combination of water cooled W/BjgHi4 shield.

The effect of the water content in the in-
board shield was examined. To minimize the fast
neutron fluence, as little water as possible is
required for the cases of W/TiHy and W/BygH
shields. Thus, the water content in the sk?e*é
should be dictated by cooling requirements,
rather than neutronics performance. In order to
meet the cooling demand for this high wall load-
ing reactor, a 10 vol % water content was con-
sidered in the shield. If all steel or tungsten
shields are used the optimal water contents are
30 and 18 vol %, respectively.

The optimum thicknesses of the B4C, TiHjp,
and BygHi4 shields that minimize the fast

€10 v/o Hy0, 10 v/o structure
le v/o borated water, 10 v/o structure
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Fig. 3. Comparison of the effectiveness of the
optimal shields.

neutron fluence are 0.07, 0.08, and 0.06 m, re-
spectively (Fig. 2). Table I summarizes the
radiation effects in the S/C magnet for the dif-
ferent optimal shields. The results are also
presented by bar charts in Fig. 3. It is worth
mentioning that extra ~ 0.04 m of shield is
required to reduce the radiation effects by a
factor of 2, 1if necessary. Evidently, the
W/BjgH14 shield is the best for meeting the com-
bineg criteria of reducing both responses and,
hence, provides the thinnest possible inboard
shield.
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Fig. 4. Modified cryostat to reduce the nuclear

heating in the S/C magnet.

The option of using lead in the shield was
also investigated. The motivation for consider-
ing Pb for the shield is that ~ 80% of the nu-
clear heating in the S/C magnet is gamma heating
and Pb is a good gamma absorber. A 2 cm thick
layer of Pb-shield was added behind the W/BjgH;4
shield and the clearance zone thickness be%ween
the shield and the S/C magnet was reduced to 1
cm.  The effect on the two most important re-
sponses is reported in Fig. 4b along with the
integrated total nuclear heating in the S/C coil
per unit length, It is worth mentioning that
the gamma heating in the S/C coil results from
gamma rays:

- transported from the shield,
- generated in the coil case and vacuum dewar,
- generated in the S/C coil itself.

Baking the W/BjgHi4 shield with Pb-shield
helps' attenuate the %irst source of gamma rays
and in order to attenuate the other two sources
a 2 cm thick Pb-shield was added inside the
cryostat as shown in Fig. 4c. In this case, the
Pb-shield is cooled at LN temperature and should
be strong enough to pass the magnetic forces to
the coil case. It is clear, from the comparison
of Fig. 4c with the other cases, that the Pb in
this position is very effective in reducing the
nuclear heating. A final option was considered
where the W/BigHjq shield thickness was in-
creased by 2 cm (keeping the W to BjgHyq ratio
the same). Figure 4d reveals that a remarkable
decrease in the fast neutron fluence and the
total nuclear heating is achieved in this case.
Therefore, the nuclear heating in the $/C magnet
can be reduced by increasing the thickness of
the optimal W/BjpHy4 shield which 1is more
effective than us{%g W/BigH14 and Pb shields.

This cq clusion is in agreement with previous
studies in which the shielding effectiveness
of the Pb was examined. The analysis was
carrfed out for the W/BjgH;jq shield and s
expected to hold true for ghe other shields.

CONCLUSION

The advanced shielding designs for the in-
board region of this system represent a signifi-
cant step forward. The conventional 1imits on
the radiation effects in the S/C magnet were
pushed to allow for progress in the next 5-10
years. The use of boron hydride or titanium
hydride significantly reduces the thickness of
the inboard shield required to protect the mag-
net. The design and philosophy 1in this study
should also have applicability in near term
facilities such as TFCX and INTOR.
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