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A study of barrier tandem mirrors as deuterium-
deuterium (D-D) cycle reactors shows that high
central cell beta and axisymmetry are crucial to even
a moderate Q reactor. The SATYR system is large,
with low-power density, and Q ~ 5 to 6. A special-
ized axisymmetric configuration involving a plug-
barrier cell with a levitated internal ring has been
developed, though overall results are independent
of the specific axisymmetric end plig configuration.
The internal ring thermal analysis, including both
surface and neutron volumetric heating, revealed un-
expectedly that the operating time between recooling
periods is limited by the time to reach the tempera-
ture limit of the superinsulator rather than the time
for the superconductor to reach some predetermined
level (e.g., 12 K for Nb-Ti). Further, it Is found that
a melt-layer within the ring is not required. A new
pressure-vessel-type blanket design with pebble beds
of ferritic steel produces high blanket multiplication
and has long life (exceeding plant life). The overall

study is presented along with detailed analyses in
problem topics ranging from reactor physics on the
one hand to detailed fusion engineering on the other.
Specific subjects analyzed include reactor plasma
performance, magnetic configuration development,
coll design, blanket nuclear analysis and thermal
hydraulics, blanket materials, structural analyses, and
lifetime. A detailed comparison of economic, en-
vironmental, and safety scaling factors for D-D and
deuterium-tritium (D-T) reactors reveals few incen-
tives for aiming at D-D devices. It is concluded that
the linearity of tandem mirrors, their inherent mod-
ularity and potential for steady-state operation, their
predicted high-power density and high Q value, com-
bined with the findings of this study, suggest that
optimized D-T-cycle barrier tandem mirror reactors
with axisymmetry and high B. have the potential to
be economic reactor systems and should remain the
major goal of mirror fusion research.

I. INTRODUCTION

The addition of a thermal barrier to separate
electrons in & tandem mirror has been shown in
theory! to permit high values of Q (the ratio
of fusion power to total plasma input power) in
deuterium-tritium (D-T) reactors. If central cell beta
values can be high (~40%), moderate levels of neutral
injection energy, electron heating power, peak mag-
netic field strength, and overall system sgize are
predicted. Estimated values for end loss nr are high
enough and scale in a manner that makes it interest-
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ing to examine deuterium-deuterium (D-D) cycle
barrier tandem mirror reactors (BTMRs). Further-
more, it is well known that mirror end losses can in
principle be efficiently (>50%) converted to elec-
tricity.¢ Since the D-D cycle produces more energy
in charged particles relative to that in neutrons than
the D-T cycle, and since end loss direct conversion
is more efficient than thermal energy conversion, a
D-D-based reactor can have a lower plasma Q value
when the overall plant net electrical efficiency is the
same as that in a D-T machine.’

Given these factors and the other commonly
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touted advantages of D-D-cycle reactors® it is of
interest to develop a8 reasonably self-consistent D-D-
based BTMR system, assess its practical feasibility,
and compare it with the results of D-T-based BTMR
studies.” This we have done in a study® referred to
as “SATYR.” In this paper, we present the overall
study itself, from physics on the one hand to fusion
engineering analysis on the other; report on major
findings and conclusions; and discuss comparisons to
D-T systems. Where sppropriate, our findings are
also compared with those from a recent D-D-based
tokamak study,'® which, in turn, was developed
for comparative purposes as an extension of the
STARFIRE D-T tokamak reactor design.!?

Il. THE SATYR STUDY

The objectives of the SATYR study are to assess
the technical potential of barrier tandem mirrors as
D-D-based reactors, to identify and analyze require-
ments and constraints imposed by the D-D fuel cycle
choice, to advance gencric reactor subsystem con-
cepts (for example, steady-state blanket design), and
to take advantage wher: feasible of the low-power
density inherent to the D-D cycle. Related to the last
point, we find for example that the predicted lifetime
for first-wall and blanket components exceeds plant
life (30 yr), a result that is important to plant eco-
nomics, safety, and reliability. Of course the advan-
tages to be derived from this result are difficult to
quantify without a very detailed assessment of
maintenance costs, relinbility, and the offsetting
effect of initially higher capital costs for a low-power
density plant.

An initial assessment of D-D BTMR physics
shows that the central cell beta value, 8., should
be >40% (we use 60% in SATYR). Earlier calcula-
tions of magnetohydrodynamic (MHD) ballooning
modes indicate the limit for 8, is 20% or less for
quadrupole stabilized configurations.’? Recent work!?
on kinetic effects shows that higher f. limits are
likely but it remains a problem as to whether or not
values much above 40% will be possible.

Fully axisymmetric plug-barrier configurations
can be expected to have a higher limiting value for
B.. In addition, an axisymmetric plug-barrier-central-
cell should eliminate neoclassical and resonant radial
transport, as analyzed by Ryutov and Stupakov.!4
This is crucial for D-D-based reactors because a
large central cell nr value is required and any sig-
nificant radial transport loss in addition to end loss
is intolerable. Partially axisymmetric configurations
have been developed to eliminate Ryutov-Stupakov
transport but they still use a quadrupole for MHD
stability.!* Only the cusp configuration proposed by
Logan'® is fully axisymmetric. Because of its im-
portance to D-D-based tandems, we have devoted
considerable attention to the matter of axisymmetric

configuration development. We have settled on an

~-approach for SATYR but it is crucial to note that

neither we nor other groups have yet developed a
configuration attractive from a physics and engineer-

. 4ng standpoint. Invention is still required.

41.A. Axisymmetric STMR Configurations )

Two possibly fully axisymmetric configurations
have been considered in detail. Each configuration
is axisymmetric along its full length and has an MHD
stable barrier cell. The first design!’ is based on the
large, axisymmetric mirror experiment (LAMEX)
in which surface magnetic fiekls generated with
SURMAC coils'® are used to stabilize a simple mirror
(see Fig. 1). The second configuration'® (see Fig. 2)
has the magnetic flux divided into two categories: the
private flux, which encircles an internal coil, and the
common flux, which maps into the central cell. The
common flux region forms the plug and barrier.
External trimming coils near the internal ring create
a maximum in the field, which extends over the
entire region of bad curvature in this area. A coil can
be added between the plug-throat coil and the direct
converter, creating an electrostatic potential auxiliary
cell (or “A-cell”) to plug particles leaking through the
null points.

We first considered high mirror ratio (R, > 20)
LAMEX plugs in which the plug electron temperature
is raised above the central cell electron temperature
without the use of thermal barriers (as suggested by
Wong?®). This idea has been discarded because of
particle leakage due to null scattering and the large
plug volume. We examined LAMEX-type configura-
tions as plugs with lower mirror ratio (R,, = 3 to 4)
and with a separate mirror cell as a barrier. The small
circular throat allows a shorter, high mirror ratio
barrier, which greatly improves reactor power balance
and makes feasible the Q value of five or greater
necessary in a D-D reactor. This, however, requires
very high surface magnetic fields (B; = 8 T) and beta
values (8, = 60%) and results in a “cramped” config-
uration with little room for shielding of the internal
rings.

Finally, we consider a barrier based on LAMEX
with a simple plug. This is a more “natural” way to
use LAMEX since a high barrier mirror ratio raises
the barrier potential drop, ¢, and lowers the rate at
which passing ions trap. There now exists a stabilized
barrier directly connected to the central cell. Surface
fields can be much lower (8, = 1.5 T) and beta values
(~10%) are comparable to those observed in multi-
pole experiments®! and predicted by theory.? Since
the barrier is much longer than the plug, and coils
have a smaller cross section due to lower fields, there
is now adequate room for shielding. The high barrier
mirror ratio (R, = 20) leads to good power balance
characteristics for low plug beta.
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Fig. 1.

View of right end barrier-plug arrangement for a tandem mirror utilizing an axisymmetric plug and barrier. The barrier

is stabilized by the surface fields of the internal rings, following the approach of LAMEX experiments.

There are two problems with LAMEX tandem
configurations that have led us to examine the single-
ring configuration of Fig. 2. The first difficulty is the
existence of off-axis nulls, which cause additional
trapping of particles by null scattering due to lack
of adiabaticity. An estimate® of the power required to
offset this trapping is 300 MW, clearly too large. The
second difficulty is that the pump beam must be
placed along the field lines at the thermal barrier.
This is very difficult to do in the surface field region
yet 35 to 45% of the central cell flux maps into the
surface region.

In the single-ring, field-reversed (SRFR) config-
uration (see Fig. 2), ions trapped in the plug or the
barrier are only in regions of good field line curvature
accomplished by creating a broad, flat maximum-
field region extending completely through the bad
curvature bridge region at the back of the coils. The
existence of nulls in the magnetic field presents
problems for single-particle confinement as well as
MHD stability for plug and barrier ions. On the one
hand, the motion of an ion in the vicinity of the null
point is clearly nonadiabatic. On the other hand, it
seems difficult to attain an MHD stable configuration
by allowing the plasma pressure to peak away from
the null. Fortunately, the nulls are on-axis and the
axisymmetry of the system implies conservation of
the canonical angular momentum for axis-encircling
particles with trajectories arbitrarily close to the null
points. This forms an effective potential well, which
confines particles near the null. It is expected that
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plug and barrier ions will consist of axis-encircling
particles in the common flux region near nulls,
together with particles that are mirror trapped in the
common flux region on field lines sufficiently far
from the separatrix to ensure the adiabaticity of their
motion. A coil can be added in between the plug
throat coil and the direct converter, creating an
electrostatic potential A-cell to plug particles leaking
through the null points. Particles that are trapped in
the private flux region do not perform any plugging
function, nor do they provide added MHD stability.
Their existence is a consequence of collisional trans-
port and allows the radial pressure profile to peak
on the separatrix, which maps to the center of the
central cell. It should only be necessary for the
private flux plasma to be a few ion Larmor radii
thick. '

Pumping the barrier requires a neutral beam with
energy greater than eg, that is oriented along barrier
field lines. Here, ¢ is the barrier potential. Since
pumping power is inversely proportional to barrier
mirror ratio, R, it is desirable to have a large value
of R,. However, if the barrier is not itself MHD
stable, Newcomb and Pearlstein?® have shown that
a large mirror ratio will reduce the beta limit. With
a stable, high mirror ratio barrier, a high beta limit
(>»40%) and high reactor @ (Ppusion/Pinjection) should
be possible.

One of the greatest assets of this configuration
is its flexibility. If sloshing ions?* or sloshing elec-
trons?* are used on the central cell side of the internal
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Fig. 2. View of the left end of a barrier-plug arrangement for a tandem mirror in which a single interns ring is used to reverse
the field. The field variation for a separate barrier-plug cell arrangement is shown,

coil, both the plug and the barrier can be formed
there, and the outer mirror becomes an A-cell. If the
plug throat cell is eliminated, an annular plasma
direct converter can be connected to the field-
reversal coil, and the field-reversal coil can therefore
be supported externally. If the barrier throat coil
is eliminated, a configuration is created where both
the central cell and the plug/barrier are MHD stable.
Here the internal coil is open to the central cell,
so neutron heating would be prohibitive in a D-T
reactor. This may, however, be suitable for advanced
fuels.

Although uncertain, we have chosen the SRFR
configuration as the basis for the SATYR study. This
has led us to examine the MHD of the configuration
along with engineering questions such as the design
of a levitated internal ring, including its shielding, and
the possibility of using current and coolant leads for
the hoops. The remainder of our work is generic to
any axisymmetric BTMR. Our results on physics per-

formance requirements, and engineering, plant design,
and system characteristics (particularly as compared
to D-T-based systems) are generally applicable.

11.B. Reactor Plasma Analysis

In the current SATYR design, negative field-line
curvature in the transition region between the central
cell solenoid and the thermal barrier can drive
ballooning interchange modes. The ballooning insta-
bility then effectively limits the attainable values of
the central cell § even when high g stable plugs or
barrier are used. Thus it is important to determine
the relationship between central cell and plug § values
for which a given field line is MHD stable. Optimiza-
tion of the magnetic configuration® is performed
using a code?® obtained from Lawrence Livermore
National Laboratory (LLNL). The net results for the
central cell ballooning . limits are shown in Fig. 3.
Values up to 60% are obtained for stabilizing plug
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beta assuming the barrier beta is 40%. The result
is for the SRFR end plug arrangement.

g values from 0 to 75% at a fixed value of 8 in the
barrier (40%).

Reactor parameters have been computed using
a modified version of a zero-dimensional equilibrium
BTMR plasma power balance cod: developed by
Santarius and Conn® and approximately modified for
the peculiarities of the D-D cycle. Furthermore,
effects associated with nuclear elastic scattering have
been included®’; i.e., that charged fusion products
give more energy to ions, rather than assuming only
Coulomb scattering governs slowing down and that
the fuel ion distribution function gives a higher
reactivity for a given ion temperature. Results are
presented for the case of no nuclear scattering and
when the reactivity is increased 25%. (This is prob-
ably the maximum such an effect can have. The two
results show the range in which the true result will
lie.) .

A list of key parameters for SATYR is given in
Table I along with parameters calculated for a D-T
version of the SRFR configuration and parameters
from the WITAMIR-I D-T reactor study.® We discuss
a comparison of D-D and D-T reactors in Sec. I1I. It is
clear however that the inherently low-power density
of the D-D cycle leads to physically large reactors for
a given level of output power. High B is critical in
this regard. Lower values than 60% would mean even
larger reactors. Concomitantly, the surface heat load
and the neutron wall loading are both low, which
will mean longer first-wall and blanket lifetime. The
modest Q value (between 4.8 and 6.5 depending on
various factors) means there will be a substantial
(47%) recirculating power fraction in SATYR.
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Various levels of plasma heating and type are
required for SATYR. Most of the neutral beam
power (75 MW per barrier cell) is required at 290 keV
while 1.1 MW of very high energy (700-eV) beams
are needed per plug. Negative jon sources are thus
necessary but not available at the parameter levels
required. The needed advances include:

1. a continuous source of 5 to 10 A of deuterium
negative ions

2. a high voltage, continuously operating, negative
ion accelerator

3.a continuously operating, high-speed pumping
system

4, associated high-voltage power supplies for neg-
ative ion systems.

Not one of these items is available at this time, and
it should be noted that a similar list was compiled
4 yr ago. Long pulse, 1- to 2-A negative ion beams
have been required since then, but only just recently.
Currents of 5 to 10 A per source might become
available in a few years.

Electron heating using electron cyclotron reso-
nance heating (ECRH) is required to heat plug
electrons and raise their temperature, 7., above that
of central cell electrons. In addition, since application
of ECRH raises the perpendicular energy of the
electrons, the barrier potential, ¢,, separating plug
and central cell electrons can be enhanced by using
ECRH to increase the density of hot barrier-trapped
electrons. The impact of barrier ECRH is seen imme-
diately upon examination of the expression

ne
¢b = ch ln(nb "neh) ’

where n. and n;, are the central cell and barrier plasma
density, respectively, and n., is the hot barrier-
trapped electron density.

We find® that launching and propagating ECRH
microwave power into the plasma does not seem to
pose serious problems. The exact location and orien-
tation of the radiating antenna and the optimum
wave parameters can be obtained using a ray-tracing
technique to follow the microwave beam trajectories
within the plasma. The absorption scenario is modi-
fied considerably from the warm plasma picture due
to the several hundred kiloelectron volt temperature
in the plasma. The theory of strongly relativistic
electron absorption®® needs to be fully developed
before the wave deposition profile can be obtained.
In general, strong absorption of the wave energy is
anticipated with a shift in the pesk absorption region
and a spread in the heating profile.

Based on present-day technology for high-power
microwave production, transmission, and radiation,
the components of an ECRH system are identified

667
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- TABLE 1
Parameters of the D-D Cycle SATYR and D-T Cycle Reactors
Single-Ring
Axisymmetric Tandem
SATYR Mirror Reactor (TMR) WITAMIR-I*
D-D Cycle D-T Cycle D-T Cycle
A. Power Panameters
0 6.5 32 28
Fusion power (MW) 2000 2000 3000
Injected power absorbed in plasma (MW) 308 62.5 107
Blanket thermal power (MW) 1650 1930 3317
(Neutron energy multiplication = 1.9 for D-D,
1.2 for D-T, except for WITAMIR-I) ,
Power to direct converter (MW) 1345 450 502
Gross electric power (MW) 1625 1100 1860
(npc=0.6,n, = 0.4)
Injected power (MW) (1, = 0.5) 625 130 246
Plug neutral beam trapping fraction 0.2 0.5 0.13
Auxiliary power (MW) 100 50 84
Net electric power (MW) 900 920 1530
Recirculating power fraction 047 0.16 0.18
Net efficiency 0.27 0.38 0.39
Neutral wall loading (MW/m?) 041 3.2 24
At 14 MeV 0.35 32 24
At 2.45 MeV 0.06 0.003 -—--
Central cell surface heat load (MW/m?) 0.13 0.035 0.020
Plug surface heat load (MW/m 045 0.011 0.030
Barrier surface heat load (MW/m?) 0.25 0.17 05
Fusion power density (MW/m3) 2.2 15 11.3
B. Size and Magnetic Field Parameters
Central cell length (m) 225 80 165
Plug and barrier total axial length, each end (m) 18 18 21
Total length, without direct converter (m) 261 116 207
Central cell magnetic field (T) 4 3 36
Barrier maximum field (T) 15 15 14
Barrier minimum field (T) 1.5 1.5 14
Plug maximum field (T) 12 9 6
Plug minimum field (T) 4.5 4 4
Vacuum mirror ratios
Central cell 3.75 5 3.89
" Barrier
For passing ion density 10 10 10
For hot electron confinement 8 6 428
Plug 267 225 1.50
C. Plug Plasma Parameters
Neutral beam injection energy (keV) 700 300 500
Average ion energy (keV) 1450 460 905
Electron temperature (keV) 290 75 123
Average density (m™) ‘25X 10% 6.5X 10¥ 2.7X 10"
Potential ¢, + ¢, (keV) 675 325 326
-(n7)p (m™-5) 4.5x 107 8.8X 10" 9.8 X 10%
*From Ref. S.
(Continued) -
668 NUCLEAR TECHNOLOGY/FUSION VOL.2 OCT. 1982
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TABLE 1 (Continued)

Single-Ring
Axisymmetric Tandem
SATYR Mirror Reactor (TMR) WITAMIR-I*
D-D Cycle + D-T Cycle D-T Cycle
C. Plug Piasma Parameters (Continued) .
zp . 0.8 0.8 0.64
eutral beam power absorbed, per plug (MW) 1.1 3.2 1.2
ECRH power absorbed, per plug (MW) 29 7.5 8.2
ECRH frequency, wee (GHz) 56 50 67
Piasma radius (m) ¢ 1418 0.69 0.77
D. Central Cell Plasma Parameters
Avenage density (m™) 21X 10% 1.7X 10%° 1.51X 10%
Ion temperature (keV) * 60 40 325
Electron temperature (keV) 57 32 328
(n)ic (m™+3) 5.2x 10% 7.6 X 10 7.8 X10®
;. 0.7 0.7 0.4
Electron confining potential, ¢, (keV) 440 210 224
- Jon confining potential, ¢, (keV) "235 115 102
“Plasma radius (m) 1.14 0.72 0.72
E. Barrier Plasma Parameters
Minimum density (m™3) 83x 10" 7.2X 10" 6.9 X10%
Pumping parameter, g5 2 2 2
Potential, ¢p (keV) 270 160 141
Cold passing electron fraction, Fe, - 0.20 0.13 0.27
Average hot electron energy 420 440 270
Potential well length (m) 6 6 - 10
Maximum plasma radius (m) 156 0.86 1.08
B 04 04 0.235
ECRH power absorbed, per barrier (MW) 25 8.5 16.7
ECRH frequency, we (GHz) 325 325 40
High energy pump neutral beams
Energy (keV) - 290 170 190
<av)a/ (ou)jon 0- 10 0.27 ===
Power per barrier (MW) © 75 8 212
Pumping fraction 0.05 0.05 0.05
Low energy pump neutral beams
Energy (keV) . 30 17 9.6
wv)h/(W){on 1.2 2.6 -
Power per barrier (MW) 25 44 6.4
Pumping fraction 095 0.95 0.95
%From Ref. 5.

for a preliminary base design. The components and
their parameters are given in Table 11. There is great
economic incentive for reducing the number of
microwave components by upgrading the power
rating of each component by a factor of ~35.

11.C. Magnet Systems

The magnet arrangement for SATYR is shown in
Fig. 4, and the magnetic field strength along the
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plasma surface is shown in Fig. 5. The magnets are
all solenoids but fall in the following categories:
(a) discrete central cell coils (53), (b) barrier coils
(1 + 1), (c) internal field-reversal coils (1 + 1),
{d) plug coils (1 + 1), and (e) trim coils (4 + 4). The
central cell coil system, which is a series of discrete
short solenoids, has an inside coil radijus of 2.75 m.
The centerline field is 4 T with a maximum field
ripple of <5%. This can be lowered by adjusting the
coil spacing. A niobium-titanium superconductor

569
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TABLE II
Components of ECRH Microwave System*

Plug Barrier

A. Source~Gyrotron

Output power (kW) 200 - 200 ,
Frequency (GHz) 56 325 ‘.
Efficiency (%) ~50 ~50

Number per plug/barrier 150 130

B. Transmission System—Circular Waveguide

Mode or propagation TE,, (circular) TE ¢ (circular)
Inner diameter (cm) 6 6

Power rating per line (kW) 200 200

Material Copper or copper-coated aluminum Copper or copper-coated aluminum
Attenuation (dB/km) 0.66 1.6

Length (m) =10 =10

Number per plug 15 13

Pressure (atm) ~1 1

Filling gas To be determined To be determined
Coolant for wall To be determined To be determined
Window To be determined To be determined
Number of miter bends ~1 (90 deg) ~1 (90 deg)
Fractional power loss per unit (%) ~9 ~4

C. Radiating System—Waveguide Aperture

Radiating mode TE, (circular) TE; (circular)
Mode transducer TEp — TE" TE,»TE,,
Transducer loss (dB) >03 >03

Coupling (%) >90 >90

*The components listed are those of a base system for a D-D-burning TMR. Since data on high-power, oversized waveguide
propagation are lacking, some of the numbers quoted in the table are, at best, order of magnitude estimates. As such, the system
design should be viewed as preliminary in nature rather than definitive. :

INTERNAL MAGNET
BARRIER MAGNET PLUG MAGNET

TRIM MAGNETS

-

o
a

A )
W - - -
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63 DISCRETE CENTRAL CELL MAGNETS

Fig. 4. Perspective view of the coil systems in SATYR.
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Fig. 5. Magnetic field variation along the centerline in SATYR.

will be used. Since the centerline field in the barrier
coil requires 15 T, the barrier coil must have very
high magnetic efficiency (~95%). Niobium-tin is
the appropriate superconducting material. The length,
the radial thickness, and the inner radius of the
barrier coil are 5.0, 0.52, and 2.04 m, respectively.
The plug coil is 4.0 m in length and has a 0.5-m radial
thickness. The inside radius is 2.25 m and the center-
line field strength is 12 T. Niobjum-titanium is the
superconductor.

While these coils represent a technical challenge,
they would pose no serious impediment to imple-
menting SATYR. The internal field-reversal coil is the
major concern in the entire magnet system. It must
produce a peak field of 12 T at a point ~0.5 m
outside the magnet surface. It is a solenoid with an
inside radius of 3.35 m, an axial length of 4.0 m, and
a radial thickness of 0.9 m. Overall parameters for
the internal ring are listed in Table III.

The following problems are faced when designing
such a coil:

1. For plasma physics reasons, the magnetic field
strength (12 T) just outside the rnagnetic surface
must be homogeneous axially throughout the 4-m

NUCLEAR TECHNOLOGY/FUSION VOL.2 OCT. 1982

length. Uniform current density solenoids cannot
generate such field homogeneity. A nonuniform
current density solenoid design has been developed
by dividing the coil axially into several sub-cross
sections with different current densities. The outer-
most sub-cross section decreases toward the center of
the coil.

2. Space for neutron shielding of the coil must be
properly designed.

3.The cooling system must be special because,
although the entire coil is cooled down with ordinary
liquid helium, the transfer mechanism must be prop-
erly designed with the coil in the levitated position.

The internal ring is not subject to a large neutron
loading because it is separated from the central cell
by the barrier coil and its associated shielding. Never-
theless, the coil will be subject to some neutron and
gamma heating from a source that is not uniform
poloidally about the ring itself. A very detailed
initial two-dimensional neutronics calculation was
performed using the model system outlined in Fig. 6.
Shielding is not uniform about the ring to save weight
and because neutrons born in the central cell are
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collimated by the barrier shielding. There is no direct
line-of-sight for neutrons from the central cell to the
internal ring.

Simple one-dimensional heat transfer calculations
were done using the model outlined in Fig. 7. The

TABLE 111
SATYR Superconducting Internil Ring
Magnet Characteristics

Magnet type Higher order solenoid
Inside coil radius (m) 335
Outside coil radius (m) 4.25
Radial coil thickness (m) 0.90
Axial coil length (m) 4.00
Coil cross section (m?) 3.60
Coil volume (m®%) 87.92
Operating temperature (K) 42
Overall current density (MA/m?) 26
Magnetic field at the plasma
surface outside the magnet (T) 12
Conductor type ' Copper-stabilized NbySn
Structural material Stainless steel
Volume fraction ‘

Nb,Sn (%) 8

Copper stabilizer (%) 50

Liquid helium (%) 9

Insulation material (%) 33

Connetal. ‘D-D TANDEM MIRROR REACTORS

volumetric heating rates are estimates from the neu-
tronics analysis and the surface heating load is 0.45
MW/m2. The design and basis for choosing a low
melting point Pb-Sn layer (to take advantage of
isothermal energy absorption upon melting) are de-
scribed in Ref. 29. Results of the calculations are
given in Fig. 8.

One criterion for the maximum time before the
coil must be recooled to its initial cryogenic condi-
tion is that the superconductor temperature should
not exceed 12K. It is found however that after
4 days of operation, the temperature limit of the
superinsulator (T, = 500 K) is reached. At temper-
atures above this maximum allowable temperature,
the thermal conductivity will increase, leading to
damage. Thus, thermal damage to the superinsulation
is the most severe criteria. At 20 days, the nitrogen
buffer layer has reached its boiling point, which
would result in an unacceptable increase of the inter-
nal pressure of the coil. Another problem associated
with the mitrogen gas is increased heat transfer due
to natural convection. At 45 days, the temperature
of the superconductor will have reached the design
limit of 12 K.

The limiting condition for the superinsulation is
reached as a result of volumetric neutron-induced
heating. As such, we find no real role for a melting
layer such as Pb-Sn. A more optimized design is
ghown in Fig. 9, which has been analyzed thermally
in two dimensions. Materials with low thermal con-
ductivity, low density (for weight reduction), and
good neutron-shielding properties are used.

We find from the parametric and two-dimensional
heat transfer and neutronics analysis that the shield

REFERENCE DESIGN OF THERMAL SHIELD

LAYER NUMBER 87 6 5 4 3 2 1
z| |z & -
ol |e 2= o
<|ElS| = z- = ||3
2812 & S & g ||z
2(E12] & “ & 53 B
z|z|x ot w 2 b4
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s 15 o 2
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Fig. 7. Simple one-dimensional mode] of the internal ring and its shielding, used in parametric heat transfer calculations.
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Fig.8. Calculsted temperature profile through ring thermal
ghield at various times after startup of the reactor.

will adequately protect the superconductor and
superinsulation for a minimum of 14 days. After that,
the plasma must be shut down to attach coolant feed
tubes to the levitated coil, and via forced convection,
cool the coil to the prescribed temperature distribu-
tion. Hence, the SATYR D-D reactor would be a
pulsed device with an operating period of ~2 weeks.
(True steady state is possible with this configuration
only if coolant leads through the plasma to the hoop
are tolerable. Such leads can be magnetically guarded
but the impact on plasma »r is quite uncertain. 33!)

Coil levitation in a configuration such as that used
for SATYR will be required regardiess of whether
or not coolant leads through the plasma are allowed.
The reason is that the weight of the ring is so great
(~2000 tonnes with shielding). In the past, plasma
experiments with horizontally floating superconduct-
ing internal coils have been successful.3:33 A simple
analysis based on an extension of Eamshaw’s theo-
rem® can be used to show that the ring is readily
supported with external coils arranged, for example,
as shown in Fig. 10. Although the levitated coil in
SATYR carries 94 MA, the current in the external
levitating coils is only ~1% of this value.

Major issues not yet fully addressed relate to the
stability of the floating hoop. If attention is restricted
to systems of axial symmetry about the horizontal

LEVITATED COIL CROSS SECTION
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=
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Fig.9. Optimized internal ring shielding configuration in SATYR. Note use of Iow-denmy weaves and fibers and the absence

of a heat-holding melt layer.
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Fig. 10. External coil placements to levitate the single internal ring.

z axis, the levitated coil will be unstable to tilting,
i.e., horizontal or vertica! instability. Active stabiliza-
tion will be necessary. In addition, the coil may
rotate about the z axis. The method of stabilization
to prevent this rotational motion requires a feed-
back coil system analogous to the cne used in the
Princeton FM-1 experiment.® An optical system
will sense the rotating motion and be used to control
the current in magnetic feedback coils. The current
in the feedback coils, and therefors the feedback
forces, will be proportional to the displacement and
velocity of the main coil. The feedback control
system can consist of a light source for each motion,
a photocell, and associated electronic circuitry. When
the light coming from the source is intercepted by
the optical edge attached to the levitated coil, the
feedback system reacts to supply enough current to
the stabilizing coil to oppose the rotational motion.
A rather detailed levitation-stability study for an
octupole design has recently been completed.® It
is an appropriate reference for an even more compli-
_cated problem of this type. '

11.D. Blanket Design, Analysis, snd Power Balance

We turn now to a description of the SATYR
blanket concept and its associated analysis. Our aim
is to use a relatively small number of high-integrity

NUCLEAR TECHNOLOGY/FUSION VOL.2 OCT.1982

vessels rather than a large number of amall-size tubes
for heat removal. The unique features of D-D sys-
tems, particularly low-power density, no tritium

" breeding, and, in the case of mirrors, low surface heat

loading leads to greater blanket design flexibility.

II.D.1. Blanket Design Philosophy

Previous reactor designs for tandem mirrors3>’
have used either many small diameter tubes or many
small “pods” for blanket breeding and heat-removal
purposes. The design philosophy in SATYR is to use
8 relatively small number of high-integrity vessels.
The aim is greater reliability. The unique features
associated with D-D in a tandem mirror are used to
advantage in the design. The low fusion power den-
sity compared to D-T reactors leads to lower values
of radiation damage parameters and transmutation
rates in the blanket structural material. Normal
blanket lifetime limitations are thus relaxed. For
SATYR, two basic designs are analyzed: design A,
based on s sintered aluminum product (SAP) alloy
with water cooling; and design B, 8 ferritic steel
blanket with helium cooling. Design B is our pre-
ferred concept for reasons that will become clear.

A major design criterion is to achieve a blanket
lifetime that is comparable to plant lifetime (~30 yr).
Long-term storage of activated materials will then be
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part of plant decommissioning €xcept for statistical
failures requiring blanket removal because in situ
maintenance is not possble. However, overall blanket
reliability should be increased due to fewer blanket
components and the fact that we are operating for
1most of plant life relatively far from radiation damage
limits. Considerations of component fabricability and
material resources are used in our analysis to choose
module materials and shapes.

The central cell module, as shown in Fig. 11, is

a toroidal vessel with a circular cross section. The
major and minor radii are 1.75 and 0.35 m, respec-
tively. A section of the central cell blanket is shown
in Fig. 12. The central cell is 225 m in length and
consists of 320 modules. Inside each vessel is a static
bed of small metal spheres. The neutron energy is
multiplied and deposited in the spheres as thermal

energy.

I1.D.2. Blanket Neutronics and Photonics

The main objective in the SATYR central cell
blanket nuclear design has been to minimize the
average blanket power multiplication, M,,, defined
as the ratio of the heat deposited in the blanket to
the source neutron kinetic energy. Since there are
two types of distinct neutrons emitted per D-D
reaction, M, is

- Mp.1X 14.1)+ Mpp X 2.5)
2X83 ’

My

HELIUM-CODLED SYSTEM

50 ecm
COOLANT
P \ & OUTLET
PEBBLE BED
~ b
2.2cm-THICK
TOROIDAL SHELL
N 3

\_ COOLANT

INLET

Fig. 11. Schematic picture of a single pressure-vessel-type
blanket.
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Fig. 12. Perspective view of pressure vessel blanket in the
central cell of SATYR.

where the factor 8.3 is the average neutron kinetic
energy per D-D reaction. The blanket power multi-
plication factors are Mp.t and Mp.p for the D-T and
D-D neutron, respectively.

The design objective has been to maximize Mp 1,
Mp.p, and hence, M,,, by enhancing the radiative
neutron capture in 3Fe (92% of the naturally occur-
ring iron. The reaction Q@ value is 7.6 MeV.). This
reaction occurs at all neutron energies. Neutrons are
moderated through inelastic scattering collisions in
iron and other structural materials. Carbon is used
to reflect neutrons into the iron zones to further
enhance the total power deposited in the blanket.

In the parametric calculations, the blanket is
approximated by alternating coaxial zones of iron
spheres and carbon spheres with ~60% pebble-bed
packing fraction. The coolant occupies the balance
of the volume. The two structural materials con-
sidered in the nuclear analysis are the ferritic steel
(AISI/SAE 4130) and SAP. Boiling water is the
coolant for the SAP blanket and high-pressure helium
for the ferritic steel blanket.

Results are summarized in Table IV. The power
multiplication for the D-T neutron, Mp.y, is 14 in
design A. The comesponding value for the D-D
neutron, Mp.p, is 4.2. Obviously, the larger multi-
plication for the D-D neutron is the result of having
a more softened neutron spectrum in the blanket and
more radiative capture events in the iron spheres.
This enhanced reaction increases the gamma-ray flux
in the blanket and leads to ~82% gamma-ray heating
compared to the value of 69% in the D-T neutron
case. The average energy deposited in the blanket per
D-D reaction is 15.14 MeV, mostly due to the D-T
neutron (65%). However, because of the large value
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Nuclesr Parameters Characterizing SATYR Blanket Designs
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(Total neutron wall loading is 0.4 MW/m?))

Design A Design B
SAP Structure + Water Coolant Ferritic Steel Structure + Helium Coolant
Parameter Based on 0.4 MW/m? Based on 0.4 MW/m?
Displacements per atom
in first wall (dpa/yr) 5 4
Helium production in .
first wall (appm/yr) 754 27
Hydrogen production in :
first wall (appm/yr) 160 115
DT DD DT D-D
Neutron Neutron Per D-D Neutron Neutron Per D-D
(14.1 MeV) | (245MeV) | Reaction | (14.1 MeV) | (2.45MeV) | Reaction
Neutron heating 6.18 1.92 4.05 349 1.02 3.22
Gamma heating 13.53 8.63 11.1 16.18 9.5 12.19
Total nuclear heating 19.71 10.56 15.14 19.67 10.5 1541
Energy multiplication in blanket 14 422 1.82 14 4.2 1.86
of the factor Mp.p, the average multiplication, My, 10!
is 1.82. Shown also in Table IV are results for de-
sign B where ferritic steel is used as structure and
helium replaces water as the coolant. The resulting
power level of neutron moderation means that the
$6Fe(n,v) reaction rate is smaller. The average energy 100
deposited per D-D reaction decreases from 15.14 to %
15.09 MeV, a trivial adjustment. X
The power density as a function of position z
through both designs is shown in Fig. 13. The maxi-
mum power density in either case is <6 Wfem?, g 107'F
which in turn is an order of magnitude lower than & [ |
those values encountered in D-T reactors.® Note that o i L J \
the power density drops by about three orders of & AN
magnitude across the water-cooled blanket while it E .
drops by less than two orders of magnitude in the 102 f ZONE THICKNESS (cm)
helium-cooled blanket. Therefore, the maximum-to- 3 20 2627 262 10 2
average power density in the helium-cooled blanket {a 8 cCA B [NC B 8
is more nearly unity. This is advantageous from a
thermal-hydraulic design standpoint. 103 N | L, \ |

11.D.3, Thermal Hydraulics

The pebble-bed concept creates a large surface-
to-volume ratio for enhanced heat transfer and
provides a large mass for thermal storage in the
event of a loss-of-coolant accident (LOCA). In de-
sign A, boiling water with a SAP structure, two-phase
steam is used as the coolant. In actuality, subcooled
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10 20 30 40 50 60
DISTANCE THROUGH THE BLANKET (cm)

ZONE A: STRUCTURE
ZONE B: IRON SPHERES PEBBLE BED
ZONE C: CARBON SPHERES PEBBLE BED

Fig. 13. Nuclear power density in the blankets of SATYR.
The solid line is for design A, the dashed line for
design B. ‘
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water will enter the Jower header. The water will be
heated to its saturation temperature in the Jower
portion of the blanket. After reaching the saturation
temperature, the energy removed from the pebbles
will result in conversion of water to steam along the
middle portion of the blanket. Finally, in the upper
portion, the steam will become superheated. To be
Pprecise, one must calculate the pressure drop in each
of the three regions. In this work, the pressure drop
was calculated using only steam along the entire
blanket, a simplification that leads to a conservative
estimate of the pumping power necessary to over-
come the pressure drop. A bed of 1.0-cm-diam
spheres will have a pressure drop of ~70 psi.

Design B, a ferritic steel structure with helium
cooling, has a lower heat capacity and requires a
larger mass-flow rate. Therefore, the sphere diameter
must be increased to allow a decrease in the pumping
power required. Using 2.5-cm-diam spheres leads to
a 30-psi pressure drop. The helium circulating power
is 81 MW(electric).

A summary of thermal-hydraulic parameters for
the two designs is given in Table V. The net thermal
efficiencies of the two designs, A and B, are 28 and
39%, respectively. The helium-cooled design achieves

a significantly higher efficiency because of its capabil-
ity to produce high-temperature steam. Plant power
flow diagrams for the two designs are given in Figs. 14
and 15. The net plant efficiency of design A is 21%
while design B is 27%. The first value is clearly un-
scceptable and the second is marginal. We return to
this point later.

I1.D.4. Material Analysis

The materials analysis for SATYR, particularly
relating to the use of ferritic steels, is given in a
separate paper.”® Here, we briefly summarize major
findings. The high-strength ferritic steel AISI 4130 is
the primary structural alloy for the gas-cooled version
of the blanket design (design B). Ferritic steels were
chosen over the more commonly used austenitic
steels (e.g., Types 316 and 304 stainless steel) because
of their radiation damage resistance and superior
thermophysical properties. The specific choice of
AISI 4130 is based on minimizing long-term radio-
activity. However, the lifetime analysis is generic to
all chromium-molybdenum (or ferritic) steels. In
particular, the conclusions of this work are not
restricted to AISI 4130 but can be equally applicable

TABLE V
SATYR Blanket and Power Parameters

Total fusion power (MW) 2000
Injected power (MW) 308
Fusion power amplification factor, Q 6.5
Blanket energy multiplication 19
Power to direct converter (MW) 1345
Direct converter efficiency (%) 70
Power in thermal conversion cycle (MW) 1950
Neutron wall load (MW/m?) 043
First-wall surface heat load (MW/m?) 0.12
Blanket module type Torus-shaped vessel with an internal pebble bed
Design A Design B
Structural material SAP AISI/SAE 4130 ferritic steel
Coolant type Boiling water Helium
Iniet temperature (‘'C) 200 370
Outlet temperature ('C) 260 520
Inlet pressure (MPa) 45 4.1
Pressure drop (MPa) 0.69 0.04
Mass-flow rate (kg/s) 770 1420
Thermal conversion cycle efficiency (%) 28 39
Net electric output [MW(electric)] 706 903
Net plant efficiency (%) 21 27

678
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DESIGN A: SAP STRUCTURE Ha0 COOLING
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Fig. 14. Power flow diagram for SATYR with a SAP blanket and water cooling.

to other ferritic steels (HT-9; EM-12; 24 Cr—1 Mo,
etc.).

The AISI 4130 ferritic steel is & popular steel
alloy because of its good formability and weldability
along with an excellent combination of mechanical
properties.® It is a ferromagnetic material, which,
like HT-9, saturates quickly in a magnetic field and
can thus have minor effects on the conf'mmg mag-
netic fields.*! The ultimate tensile stress (Fy,) is very
high at room temperature, approaching 200 ksi with
sufficient uniform elongation (~10%). However, at
high temperatures (Z700°F), the F,, decreases sub-
stantially and care must be exercised.

Creep-rupture properties of AISI 4130 are con-
cluded to be a major lifetime determining property
at high temperatures. A maximum design stress of
30 ksi can be tolerated at 500°C and 12 ksi at 560°C,
if a blanket lifetime of 30 yr is to be expected. At
temperatures S400°C, AISI 4130 is embrittled by
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the accumulation of radistion-induced defects. A
continuous increase in the ductile-to-brittle transi-
tion temperature is a serious design concern. Thus,
the inlet coolant temperature must be kept above
~400°C, or a periodic annealing procedure should be
employed if inlet coolant temperatures are ~300 to
350°C. The annealing frequency is determined by the
frradiation temperature and would be Jess frequent at
higher inlet coolant temperatures. The annealing
temperature should be kept <500°C since, at higher
temperatures, temper embrittlement can be a prob-
lem. At temperatures in the range of 400 to 550°C,
helium bubble swelling is predicted to be the life-
limiting property .*

The SAP alloys, which are used with design A,
have been introduced for their excellent elevated
temperature creep and tensile strength. There are two
main drawbacks to using SAPs: (a) low uniform
elongation at elevated temperatures and .(b) poor
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DESIGN B: FERRITIC STEEL STRUCTURE HELIUM COOLING
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Fig. 15. Power flow diagram for SATYR with a ferritic steel, helium-cooled blanket.

fabricability and welding properties. In the SATYR
design, the outlet temperature is limited to a max-
imum of 260°C. Newly developed welding and
fabrication techniques may solve the second problem
but major problems with SAP will relate to the
effect of high gas concentrations on the dimensional
stability of the alloy. It has been shown, however,
that a more fine oxide dispersion can effectively
reduce swelling by trapping gas atoms.**

IIL.D.5. Structural Analysis

For the structural analysis of the SATYR blanket
module, the module is treated as a torus-shaped
vessel with circular cross section containing a static
bed of metal spheres. The need for high integrity and
long blanket lifetime (30 yr) requires that the design
stress be limited to 15 to 20 ksi due to creep-rupture
problems. The general overall analysis is positive
regarding 30-yr life and leads us to the view that

680

ultimately stress concentrations, such as around a
corner or near a coolant penetration, will be the
life-determining factor.

An initial stress analysis is accomplished by deter-
mining the thermal and pressure stresses. The thermal
stress oy is given by

taF
-9 v)AT .

The temperature drop AT is given by
2
AT = l/k(q"t +q" %) ,

Oy =

where
a = coefficient of thermal expansion
E = Young’s modulus
v = Poisson’s ratio
k = thermal conductivity
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t = wall thickness
q" = surface heat flux
q" = volumetric heating rate.
Positive values of thermal stress (tension) are pro-

duced at the coolant/wall interface of the structure.

This corresponds to the “cold” side of the vessel wall.
The “hot” side, which faces the plasma, will develop
compressive (negative) stresses.

The other major contribution to the total stress
is the pressure-induced (or hoop) stress. The hoop
stress for a thin shell is

Omooplmax) = LT, X o= r .
where
P = coolant pressure
r = torus minor radius
a = R +r, where R is the torus major radius.

Different combinations of the vessel coolant
parameters in the stress equations have been used to
determine an optimum combination for the SATYR
design. A graph of total stress, or, as a function of
vessel wall thickness for a ferritic steel vessel is given
in Fig. 16. Results are shown for three cases. The
parameters used to evaluate each case are listed in
Table VI. Case 1 is unacceptable due to the large
stress at all thicknesses. The blanket vessel for case 2
has an acceptable stress of 16 ksi at a thickness of
0.009 m. The reduction in stress from case 1 to

Connetal. D-D TANDEM MIRROR REACTORS

case 2 is due to a decrease in the minor radius from
035 to 0.2 m. A suitably thick blanket will require a
double row of these blanket vessels. This requirement
will complicate the mechanical design of the cool-
ant manifolding. Ease of maintenance and neutron
:treaxllsting will also be problems with a double row of
vesse:

Case 3 has a suitable stress of 16 ksi with'a
0.022-m thickness. The minor radius is 0.35 m. The
reduction in stress with larger radius is a result of the

sor-

CASE 1

MAXIMUM STRESS (X103 psi)
]
T

20} — —— — — -
\_ CASE 3
MAXIMUM DESIGN
10~ STRESS FOR
AISI/SAE 4130 :
o L | L L |
0 05 1.0 15 2.0 25

WALL THICKNESS (cm)

Fig. 16. Stress versus pressure vessel wall thickness for three
cases outlined in text.

TABLE VI
Parameters for Blanket Vessel Stress Calculations
Structure: AISI/SAE 4130 ferritic steel
(composition—iron + 0.3% C +0.95% Cr + 02% Mo)
Material properties:
Coefficient of thermal expansion,a = 1.4 (107%°C™*
Young’s modulus, E = 1.7 (10%) MPa
Poisson’s ratio, v =03
Thermal conductivity, k =36 Wim-"C
Case Variations Case 1 Case 2 Case 3
Major radius (m) 1.75 1.60 1.75
Minor radius (m) 035 0.20 0.35
Internal pressure (MPa) 4.1 34 4.1
(600 psia) (500 psia) (600 psia)
Volumetric heating rate (MW/m?) 7 7 7
Surface heat flux (MW/m?) 0.12 0.12 0
Wall thickness Varisble Variable Variable
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addition of a curtain of xmall diameter coolant tubes.
These tubes remove the surface heat flux striking the
vessel wall. Each blanket vessel has a curtain attached
to its inner surface. A cross-section view of the
blanket with the first wall attached is shown in
Fig. 17. A list summarizing mechanical design pa-
rameters for the two blanket designs, A (SAP plus
water) and B (ferritic steel plus helium), is given in
Table VII.

1I.D.6. Radioactivity, Afterheat, and Biological
Hazard Potential of D-D Reactors

A magjor reason for interest in D-D is the possi-
bility of reducing the radioactive inventory in fusion
reactors by eliminating the need to breed tritium in a
blanket, by reducing the amount qf tritium in the
system, and by reducing the neutron-induced activ-
ity. We have studied the radioactivity characteristics

1.5¢em
40
1.5em
&5 ;‘OROIDAL
LANKET
SPHERE DIAMETER
=254cm VESSELS
70 cm
" 2.64-cm-diam =
FIRST-WALL COOLANT
TUBES - 140 cm
— L L | v ¢
Fig. 17. Cross section of SATYR blanket showing pebble-bed pressure vessel blanket and first-wall tube bank.
TABLE VII _
Blanket Module Mechanical Design Parameters
Design A Design B
Blanket module type Torus-shaped vessel with an internal pebble bed
Structural material SAP AISI/SAE 4130 ferritic steel
Module dimensions
Major radius (m) 1.75 1.75
Minor radius (m) 035 0.35
Wall thickness (m) 0.04 0.022
Total mass of one module (tonnes) 227 242
Number of modules per blanket 320 320
First-wall type 0.0254-m-diam coolant tubes 0.0254-m-diam coolant tubes
Maximum internal pressure: (MPa) 4.5 (650 psia) 4.1 (600 psia)
Maximum volumetric heating rate (MW/m®) 7 7
Maximum stress in structure (MPa) 48 (7000 psi) 110 (16 000 psi)
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of the SATYR design in detail. We simmarize our
findings in Sec. III where a comparison of D-D with
D-T reactors is given.

The radioactivity parameters computed are ex-
pressed in terms of radioactivity per unit thermal
power [Ci/W(thermal)], biological hazard potential
(BHP) in units of km3-air/kW(thermal), and afterheat

per unit of operating thermal power [W/W(thermal)].
The second parameter, BHP, is defined as the amount

of air (or water) required to dilute a given isotope

to the maximum permissible concentration (MPC) -
per unit of reactor thermal power.* It is the activ- '
ity [Ci/kW(thermal)], divided by the MPC value .

(Ci/km?) of air. The MPC values used in the present
study are extracted from the values listed in the
U.S. Atomic Energy Commission rules, Title 10,

Part 20. For isotopes not found in these rules, the
MPC is calculated using the values reported by

Dudziak and Krakowski.** The BHP is a meaningful
but general parameter usable for comparison. How-
ever, the absolute value has no real significance since
factors such as volatility, chemical state, source
distribution, and accident scenario are not specified.
The calculations were performed with the DKR radio-
activity code.*¢

Nuclear afterheat levels are important since they
influence both accident and Ilong-term radwaste
disposal analysis. The thermal power used is the total

plant thermal power, Py, (plant), including the power.

deposited in the blanket and the power extracted
from the charged particles by direct conversion
(~60% of the total thermal power for the D-D cycle).
This must be kept in mind when comparisons are
made to D-T cycle systems where the total plant
thermal power is essentially only the power deposited
in the blanket due to neutron interactions.

ili. COMPARISON OF D-D AND D-T
CYCLE REACTORS

A primary motivation of SATYR and other
studies of D-D cycle reactors is the perception that
they will have advantages relative to D-T cycle
machines. The problem is to develop guantifiable
criteria on which to make the comparison. Oft-touted

advantages relate to safety (absence of lithium,
absence of tritium in the blanket, absence of tritium

in storage), fuel supply (only deuterium extracted
from water is required), and environmental impact
(lower levels of neutron-induced radioactivity, less
long-term radwaste for disposal, and absence of
surface or deep mining for fuel). Of course, one must
assess such advantages with an eye toward the asso-
ciated economic impact and then exercise reasonable
judgment. The SATYR study has had a limited scope
and a complete balance-of-plant (BOP) design and
economic analysis (such as those carried out for
WITAMIR-1, a D-T tandem mirror, and STARFIRE,
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a conceptual D-T tokamak!!) has not been done.
However, we have completed analysis and design for
a sufficient number of mgjor subsystems (plasma,
blanket and shield, magnets, plasma heating, power
cycle) to quantitatively compare key parameters that
are good indicators of relative merit with respect to
economics and, to a degree, safety and environmental
impact. .

For relative economic merit, several factors are
chosen. Three are related to power density, ie., the
amount of material and volume required to build the
fusion part of a plant genersting a given amount of
power. These are: plasma power density (MW/m?3),
blanket specific power density [MW(electric) per
tonne of solid material in the blanket], and neutron
wall loading (MW/m?). A fourth parameter is related
to the cost of the magnet system, namely, the mag-
netic stored energy [MJ/MW(electric)]. The final
three are measures of the BOP, the system power
cycle, and its efficiency; ie., plasma Q value, recir-
culating power fraction (in percent), and net plant
efficiency [MW(electric) to the line divided by total
plant thermal power in MW(thermal)).

Safety and environmental impact scaling factors
are not as easily chosen, particularly for safety issues
where design is such a key factor. We have examined
earlier studies of safety,*”™ materials resource re-
quirements,*° and environmental impact®! of fusion
and selected parameters related to key reactor sub-
systems or radioactivity and radwaste disposal. The
parameters selected are:

1. first-wall and blanket material inventory
{tonne/MW(electric)], selected because first-
wall volatility is an issue, and because it is a
measure of mineral resource impact

2. first-wall specific radioactivity parameters at
shutdown [Ci/kg:-MW(thermal)™], selected for
the same reasons as given in item 1

3. the form of lithium, which influences safety

4. the lithium inventory in the blanket

S. tritium loss rate from the plasma to the vac-
uum and gas-handling systems, selected be-

cause it is a measure of the tritium in gaseous
form and at greatest risk

6. blanket tritium inventory (kilograms), because
this tritium is at risk in case of a blanket
accident

7. tritium in storage (kilograms), the main con-
tributor to on-gite inventory

8.scheduled number of blanket replacements
during plant life, a factor that influences plant
availability, system reliability (including the

reliability of the maintenance systems), and
radwaste material levels
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9, radioactivity, in the form of three parame-
~ters, i.2., specific radioactivity {Ci/kg -mW(ther-
mal)™?), afterheat [W/kg -MW(thermal)™?), and
‘BHP {km?%air/kg-MW(thermal)™?], given at
-'1000 yr after plant shutdown. This is relevant
to the radwaste disposal question.

" A list of economic scaling factors is given in
Table VIII and the corresponding list of safety and
environmental scaling factors is given in Table IX.
The economic scaling factors indicate again whst has
been pointed out many times (see, eg., Refs. 6 and
10), namely, that D-D cycle systems are five to ten
times poorer in terms of material and volume utiliza-
tion per unit power generated. Estimates of the cost
of electricity from D-T cycle reactors!! are 1 to
15 times that of existing commercial sources (coal
and light water nuclear reactors). (Typical estimates
show that the nuclear island in a fission reactor
contributes 15 to 20% to the total cost whereas in a
fusion device, the nucleur island costs are 40 to 60%
of the total. Since BOP costs should be similar, the
greater estimated expense of fusion machines is not
surprising.) It is very likely that D-D cycle systems
such as SATYR will be several factors yet more ex-
pensive. This is supported by the magnetic stored
energy parameter, which is twice as large in SATYR
as in the D-T reactors, despite the high value used for
central cell beta.

For tandem mirrors, our analysis has shown that
it will be difficult to achieve a plasma @ value much
greater than 5 using the D-D cycle. In tumn, this
leads to a high value of recirculating power fraction
and a low value of net plant efficiency, both of which
point to expensive BOP and poor regional water
utilization. We conclude that the economic prospects
for D-D cycle reactors, if designed as modest Q, axi-

symmetric BTMRs, are poor and that the economic
motivation to supplant D-T cycle systems is nil.

Comparison of the safety and environmental
fmpact parameters suggests various things. The first-
wall and blanket material inventory is about six times
Jarger for the D-D system but the number of blanket
replacements is five for the D-T reactors and zero
for SATYR. As such, the total "blanket material
required over the plant lifetime is about the same.
We conclude that, except for lithium, the impact on
mineral resource requirements will be about the same.
(For an analysis of D-T cycle reactor mineral resource
requirements, see Ref. 50).

The first-wall specific radioactivity at shutdown
is a factor of 10 lower in SATYR than, eg., in
STARFIRE and, of course, there is no lithium or
tritium in the SATYR blanket. There is, however, six
times as much total material in SATYR for a given
level of power output. Also, the lithium can be in
ceramic form in D-T reactors. Nevertheless, the first-
wall afterheat power density is a key determinant of
the ability to vaporize material in an accident, and we
conclude from the numbers in Table IX that it will be
significantly lower in SATYR. Thus, we conclude
that the low radioactivity power density and the
absence of both lithium and tritium in D-D systems
are clear potential advantages.

Likewise, there appears to be a substantial advan-
tage to D-D reactors with respect to the amount
of tritium one might consider to be vulnerable to
release or, in other words, at risk. Taking the plasma
tritium Jeakage rate to the vacuum system as a
measure of the tritium content in that system, we
find this rate to be 20 to 40 times Jower in SATYR
than in the D-T reactors. The blanket tritium inven-
tory is nil relative to D-T reactors, as is the amount
of tritium in on-site storage. The conclusion that

TABLE VIIl
Economic Impact Scaling Factors
SATYR Design B WITAMIR.I* STARFIRE®
(D-D, Ferritic (D-T, Ferritic (D-T, PCA®
Steel Structure) Steel Structure) Structure)
1. Plasma power density (MW/m?) 22 11.3 4.5
2. Blanket specific power density [MW(electric)/tonne] 0.11 14 1.0
3. Neutron wall loading (MW/m?) 04 24 3.6
4. Magnetic stored energy [MJ/MW(electric)] 90 42 51
§. Plasma Q value 6.5 28 39
6. Recirculating power fraction (%) 47 18 13
7. Net plant efficiency (%) 27 40 30
*F1om Ref. S.
YFrom Ref. 11.
®An advanced stainless steel.
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" TABLE IX

Safety and Environmental Impact Scaling Factors
‘SATYR Design B WITAMIR-I* STARFIRE®
D-D Cycle, Ferritic | D-T Cycle, Ferritic D-T Cycle,
Steel Structure, Steel Structure, PCA Structure,
. Parameter Helium Coolant LiPb Coolant Water Coolant
1. First wall and blanket weight -
a. Structure 34 35° 0.37
b. Solid or liquid filler 5.64 5.4° 0.92
2. First wall and blanket specific udnoactivity parameters
at shutdown
4. Radioactivity [Ci/W(thermal)] 1.1 0.7 1.5
b. BHP [km®-air/kW(thermal)] 5.1X 10° 45X 10' 423X 10°
c. Afterheat [W/W(thermal)] 5.5x10° 7 X107 31 x107
3. Form of lithium -—- Liquid; Li;,Pbgs | Ceramic; LIAIO,
4. Lithium inventory [tonne/MW(electric)] -— 0.052 0.053
§. Tritium loss rate from the plasma to the vicoum system
[kg-s™}/MW(electric)] 3.7x 107 13x10° 73 x10”°
6. Tritium inventory in blanket breeder [kglMW(electric)] -—- 6.6% 107 8.3 X107
7. Tritium in storage [kg/MW(electric)] - 14%x107° 89 x10™
8. Scheduled number of blanket replacements during plant life ] 5 5
9. Blanket radioactivity parameters at 1000 yr after plant
shutdown
a. Radloactmty [Ci/W(thermal)] 33X10°¢ 25%10° 1.86 X 107*
b. BHP [km*air/kW(thermal)] 1.5Xx 107 45X 107 3.5 X107
c. Afterheat [W/W(thermal)) 9.7X 107 3.0x107 - 16 X10°

2From Ref. S.
rom Ref, 11.

Large because a solid ferritic steel reflector is used in the blanket.

lid filler is ferritic steel balls; coolant is helium.
’Fxller is liquid Li;,Pbgs, also used as the coolant.

ISolid fillers are lithium ahuminate, the neutton multipher and the graphite reflectors. We have not included the weight of the

water coolant.

there is a substantial reduction in the amount of
tritium at risk agrees with that drawn in Ref. 10.
They conclude that the wulnerable tritium content
is reduced by a factor of 200 in a D-D tokamak when
compared to the D-T cycle STARFIRE reactor. They
also point out that, although the risk is reduced, all
the tritium safety systems required ir a D-T device
are also needed in D-D reactors and that the cost of
the fuel-reprocessing equipment is approximately the
same.

Finally, we can compare radioactivity levels at
long times after plant shutdown to provide an indica-
tion of relative advantage with respect to radwaste
disposal. We have already noted that the long life of
D-D reactor blankets is offset by the lower specific
material requirements of a D-T blanket. The total
amount of radwaste material at the end of plant life
is essentially the same. The specific radioactivity is
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significantly lower in the SATYR blanket at 1000 yr
after plant shutdown but the afterheat and BHP
levels are (within a factor of 2 to 4) about the same.
We therefore conclude that, with respect to radwaste
disposal, no significant difference exists among the
systems examined.

The various radioactivity indicators for both D-D
and D-T cycle systems are 107 to 107 times the
levels at plant shutdown. The absolute levels are
~100 times below those in fission reactors.®! Of
course, it is well known*® that the radioactivity level
in fusion reactor radwaste can be made much lower
still by appropriately choosing the blanket structural
and filler materials (e.g., by choosing the vanadium
alloy, V20 Ti, as the structure, and choosing filler
materials such as lead, tungsten, and vanadium.) On
the other hand, except for the breeder, such materials
are also potentially usable in either D-D and D-T
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cycle systems. So again, D-D systems present no
distinct advantage regarding radwaste disposal when
compared to D-T cycle reactors.

To summarize, we find that the advantages of D-D
BTMRs similar to SATYR (axisymmetric systems
with high §.) are minimal relative to D-T BTMRs. The
disadvantages, on the other hand, are significant,
especially with respect to system economics. As a
general remark, 52 the advantages of D-D cycle sys-
tems will become significant if the power density
can be increased (e.g., by operating the central cell
of a BTMR at higher magnetic field) to improve
reactor economics and if the neutron energy can be
either collected in an advanced low radwaste blanket
(eg., utilizing vanadium alloy structures filled with
lead or tungsten, graphite, and water) or be essen-
tially discarded in favor of constructing the blanket
of low radwaste materials (e.g., aluminum alloys with
lead, graphite, and water filler) that operate at low
temperature (100 to 150°C). The burden in this last
case then shifts back to the plasma physics, which
must yield an open-ended configuration with high
D-D cycle Q and very high end potential to permit
efficient (~80%) direct conversion.5? By contrast, the
burden to produce a low radwaste D-T system lies
not with plasma physics but with materials develop-
ment.

IV. SUMMARY AND CON(LUSIONS

From the D-D cycle SATYR reactor study itself
and from the comparisons between it and D-T cycle
reactor analyses and designs, we have drawn a number
of both general and specific conclusions. Results from
our reactor plasma analysis strongly suggest that high
values of central cell beta are crucial to finding even
marginal D-D cycle BTMRs. Such a high value of
B. is most likely to be achieved with a fully axi-
symmetric configuration and an MHD stable barrier
cell. An axisymmetric central cell is required to
minimize both radial transport losses and a decrease
in the plasma nr value. The plasma operating param-
eters and Q value have been optimized with the
constraints that the maximum central cell beta is 70%
and the maximum magnetic field in the system is
15 T. If either B, or By, can be higher, then Q can
be somewhat increased.

The SRFR plug-barrier configuration proposed
for SATYR is axisymmetric but it needs much
further investigation. In particular, there are major
questions associated with the presence of on-axis
nulls, both in terms of MHD stability, enhanced
particle Joss, and enhanced trapping of passing par-
ticles in the barrier. It seems clear that neither this
design nor others that have been discussed in the
literature!® have yet uncovered the final, optimum
approach. Importantly, however, our general con-

clusions are not affected since we have not assessed
special penalties on the plug-barrier configuration.

The neutral beam and ECRH power requirements
are both reasonable, although the maximum beam
energy required (700 keV) is very high. For ECRH,
the major questions relate to the physics description
in a relativistic plasma, high-power mode filters with
jow loss in overmoded circular waveguides, neutron-
damage-resistant windows, maximum- power ratings
for components, and unit costs.

The detailed studies of levitating and designing
the gingle internal ring have shed light on coil design
for any internal ring system (octupoles, dodecapoles,
etc.). Levitation of a single ring is straightforward
enough and can be accomplished with external
windings, which carry <1% of the internal ring
current. Stability of a vertical hoop is more subtle,
with the ring subject to both tilting instabilities and
to in-place rotation about the symmetry axis. A
feedback stabilization system is required and has
been discussed. Placement of the ring in the end cell,
protected from line-of-sight central cell mneutron
bombardment, makes shielding feasible, although the
coil becomes quite heavy (2000 tonnes). A detailed
two-dimensional heat transfer analysis including both
surface and volumetric heating shows that the time-
limiting temperature increase in the coil occurs in the
superinsulation, rather than the superconductor. A
phase-change melt-layer of large thermal capacity is
not found to be helpful (although it has been used in
many previous studies) nor is a liquid nitrogen layer.
For the conditions in SATYR, such a coil could
operate for ~14 days before it must be recooled to

-its initial cryogenic condition. A major issue will be

the design of the ducting inside the coil to facilitate
rapid recooling of such a multilayer system.

Blanket design for D-D cycle reactors involves
greater flexibility than when tritium breeding and
lithium (or its compounds) are required. For SATYR,
the pebble-bed blanket employing a pressure-vessel-
type container has two distinct advantages: a large
surface area is available for heat transfer implying a
low coolant mass flow rate and the large thermal
capacity of the blanket combined with the inherently
fow D-D reactor power density provides an increased
safety margin in the event of a LOCA.

The very low blanket surface heat Joading in
BTMRs generally, and in SATYR in particular, is
readily handled with an actively cooled first-wall
tube bank. The stress level in the larger pressure-
vessel-type blanket containers is then low (<20 ksi)
and blanket life (limited by creep rupture) is pre-
dicted to exceed 30 yr. Combined with the relatively
small number of modules themselves and inherent
modularity of linear BTMRs, the blankets should
have high reliability and maintenance should be
simplified. The final design configuration includes
iron pebbles contained in a ferritic steel pressure
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vessel cooled with helium. The relatively high coolant.
outlet temperature of 530°C yields an acceptable 39%
gross thermal cycle efficiency. A key problem in
the use of ferritic steels is the need to maintain a
sufficiently high minimum temperature to avoid a
ductile-to-brittle transition. Thus a relatively narrow
200°C operating window appears to exist for use of
these materials in fusion devices.

Unfortunately, the inherently low reactivity of
the D-D cycle as compared to D-T leads inevitably
to low Q (6), high magnetic field, and physically
large BTMR systems. The low Q value is not suffi-
ciently offset by direct conversion of the charged
reaction product energy. For SATYR, the overall
net plant efficiency is just 27%. And this value is
obtained only by incorporating scme ambitious
physics parameters (such as f, = 60%) in the baseline.
of the design.

Finally, to make the consequences of our fmdmgs
clearer, we have compared the D-D-based SATYR
design with both a D-T BTMR and a D-T tokamak.
We have considered scaling factors relating to system
economics, safety, and environmental impact. As an
overall summary of our conclusions, we find that
while there are selected advantages to D-D cycle
BTMR systems (such as blanket lifetime predictions
that exceed plant life), the clear economic disad-
vantages and additional physics and plasma-support-
technology requirements (beam energy and field
strength in particular) are by far offsetting. Further-
more, while the low-power density and neutron wall
loading means that D-D reactor blankets have long
life and low specific radioactivity, the larger material
inventory offsets these factors, i.e., both D-D and
D-T systems require about the samne amount of
mineral resources per unit power generated and must
dispose of about the same amount of solid radwaste.
The safety advantage of low-power density could
of course be obtained in D-T systems by making
them larger (an approach rejected because of the clear
economic disadvantages thereby incurred, as noted
previously). We conclude that the linearity of tandem
mirrors, their inherent modularity and potential for
steady-state operation, their predicted high-power
density and high Q value, combined with the findings
of this study, suggest that optimized D-T cycle
BTMRs with axisymmetry and high §, have the
potential to be economic reactor systems and should
remain the major goal of mirror fusion research.
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