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ABSTRACT

The present BepartEant ©f Energy (DOE)
plan calls for the construction of cm Engineer-
ing Test Reactor (ETR) that Is to fee £he last
cajor experimental fusion- device prior to fche
eommsrcializatitm of fusion posero She
piaDnia driver of the ETR is to ba either a
long-puloe eoliomah or a tande&i mirror oaehiffle..
The possibility of using the Toltaaati Fusion
leot Reactor (TFTR) facility tto comoolidate
the phyoica and technology database for £he '
toltamak version of the ETR hao been considered.
Thlo paper addreoseo two of the options beiag
considered: (1) a (superconducting toroidal
field (IF) coil-hydrogen plasma alternative
and (2) a ouperconducting or hybrid TF coil-
high Q alternative. Both options assuos
essentially oteady-ctate operation through
the application of rf current drive. The
options are evaluated on the baoio of perfos-
nance and cost determined by application of
the Fusion Engineering Basign Canter (FESJC)
Toltasnak System Code.

In conjunction ^ith the Princeton Plasan
Physico Laboratory (PPPL)0 several tokamak
configurations «?ers evaluated uoing the F2BC
Syoten Code. Self-consistent toltamalt para-
netero and the associated direct capital
costs uere determined for Brivea Curreae
TcltnmaliB (BCT) as candidate plaBEa drivers
for the STS. . The otudy wad conduc£edl for
devices that considered hydrogen places
operation only; for deviceo oised &ot St-T
ignited plasmas employing superconduefilag TF
coils; and for devices sized for B-T plasnao
utilising 10-2 superconducting TF coilo for
long-pulse operation, augasnted by copper
inserto for ignited ahort-puloe

All SCT configurations considered In this study
asoisne steady-state operation achieved by RF
current drive. A reactor-relevant tokamak
configuration (FED/INTOR type) waB maintained
throughout these studies that included previsions
for (1) modular torus components and (2) a
single vacuum boundary for the superconducting
TF coilB and the plasma. Parameters and costs
of the three classes of DCT devices considered
in this study are discussed.

HYDROGEN PLASMA TtKAMAKS

The paratssters and cost for each of the
first five cases considered are presented in
Tables 1 and 2. These devices are all eized
for a maximum tF field of 8 T and are con-
sidered for hydrogen plasma operation only.
Sixteen TF coils are used and are sized to be
consistent with a 1.5Z peek-to-average ripple
at the plasma edge. The five cases range in
size from a Princeton Large Torus (PIT) sice
plasma in Case 1 up to a device with a plasma
oized to give Ignition if operated in D-T in
Case 5. Case 2 parameters are con&istent with
the Large Coil Program (LCP) size coils. Case
3 is the same as Cose 2 except that a polaldal
divertor ifi used tootead of a pumped limiter
impurity control ayo'ces. The difference in
eost of Cases 2 and 3 is minimal. Case 4 is
sized for 120Z of LCP size colls. The aajor
radius (and aspect ratio) of each device tm
selected to provide a poloidal field (PF)
cysten capable of supplying adequate flux
linkage to the plasma for Inductive current
startup. The values of plasma temperature and
beta uere selected as a function of plasma size
im order to obtain values of plasma auxiliary
beating power which (1) produce essentially «
constant value of average thermal loading
(MtJ/n2) and (2) does aot exceed the available
opace for placing injectors around the torus.
note froo Table 1 that as the minor radius
increases froa 0.45 to 1.2 o the plasma tempera-
ture io Increased fron <5 to 10 keV end beta is
increased from ?> to SS. The plasma heating

increases fron IS go 63 KM. but the
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overage thermal Hall loading is maintained at
about 0.3 MW/m2. The capital cost of these
five devices, tabulated in Table 1B indicateo
Chat cost is approximately o linear function
of cize for hydrogen plasma tokamako.

The DCT-2 is designated as the tokamak
consistent with LCF size TF coils and would be
• strong candidate if the option to develop
the nonnuclear technology and physics required
for a minimum cost ETR machine were pursued.
The direct captial cost of DCT-2 is estimated
to be $317 million; however, this could be
reduced by taking into account the existing
equipment and buildings at the TFTR site to
$208 million. See Table 3 for a list of
credits for using existing equipment at the
TFTR site. This cost is in 1981 dollars and
does not include indirect costs (engineering,
installation, and contingency) or escalation.

D-T IGNITION SIZE TOKAMAKS USIMG 10 TESLA
SUPERCONDUCTING TF COILS

DCT-6 was sized to provide ignition and
to accomodate sufficient shielding (0.6 m
inboard, 0.9 n outboard) for D-T operation.
A minor radius of 1.07 m was required as shown
in the parameters presented in Table 4.
Twelve 10 T TF coils are employed, sized for
a 1.5% peak-to-average ripple at the plasma
edge, to enhance torus sector removal.
Again, the major radius is chosen to satisfy
inductive plasma current startup requirements.
The capital cost for DCT-6 is shown in Table 5
and is est-imated to be $677 million.

A Hydrogen plasma version of DCT-6 was
also considered, and the resulting cost
Information is provided in Table 5. Hydrogen
plasma operation requires an increase in rf
heating power to 74 MH in order to sustain the
plasma at 10 keV in the absence of alpha
heating. The costs of the hydrogen plasma
versions reflect the Increased costs of
heating power and ac power and the decreased
costs for shielding (bulk, rf shielding,
vacuum duct), tritium processing equipment,
hot cells, maintenance equipment, and heat
transport equipment. The relative cost of a
device such as DCT-6 sized for hydrogen as
compared with the same device sized for D-T
results in approximately a 20% reduction or a
difference in direct capital cost of approxi-
ately $150 million.

D-T IGNITION SIZE TOKAMAKS USING HYBRID TF
COILS

The next four caseB (DCT-7A, 7B, 7C, and
8) were sized for ignition conditions and
employed 10 T superconducting TF coils aug-
mented by water-cooled copper lnsertB. The
copper serves a dual function: it supplies
magnetic field on axis and it acts as shielding
to attenuate neutrons. This magnetic field
arrangement allows a reduction in plasma minor
radius since the TF coil is effectively moved
closer to the plasma and therefore delivers a
higher field on-axis for the same maximum TF
coil field. Two basic configurations were
considered: (1) the copper insert inside the
TF coil cryostat adjacent to the superconduct-
ing coil and (2) a copper insert outside the
TF coil cryostat as part of the stainless
steel shield. Two operating scenarios are
envisioned: a long-pulse (approximately
steady-state) driven mode operation, utilizing
only the superconducting TF coil, and a shorter
pulse (-v-100-s) ignited operation using field
augmentation by the copper insert colls. A
20-s current ramp is assumed for the copper
insert for all configurations considered in
this study. These devices combine the long-
pulse objective of a superconducting tokamak
with the nuclear technology and physics objec-
tives of a D-T burning experiment. Several
tokamak configurations were evaluated for this
option using the FEDC system code; among these
are (1) the location of the copper coil (in
the cryostat or in the shield), (2) the inclu-
sion or omission of a bucking cylinder, and
(3) the plasma current startup scenario (by
purely inductive means or by rf assist).

Hybrid TF Coil With Copper Ine°rt In The
Cryostat

DCT-7A and DCT-7B are TF coll configura-
tions with the copper insert coils inside the
TF cryostat adjacent to the TF coil. Case
DCT-7A parameters and cost summaries ave also
presented in Tables 4 and 5, respectively.
Note that a 0.73 minor radius and an on-axis
field of 7.3 T (5.5 T on-axis supplied by the
10 T superconducting coil and 1.8 T rm-axis
from the copper insert colls) are consistent
with ignition condition and 290 MW of fusion
power. A major radius of 3.6 m is required.
The copper insert has a thickness oi ̂ 20 cm.
A total of t<140 MW of resistive losses are
encountered during the 100-s bum pulse when
the water-cooled copper insert coils are
energized. For the superconducting mode of
operation only, 95 MM of fusion power are



generated and a value for Q of 3.0 Is obtained.
The capital cost for DCT-7A vas estimated based
on the following optimistic assumptions: (1)
no bucking cylinder 1B required—the TF forces
are restrained by wedging action plus the use
of support rirgs; (2) a forced-flow solenoid Ifi
used, as opposed to a pool boiled design, which
allows a saving of 0.10 m in the radial build.
The copper insert will provide added protection
to the outboard leg of the TF coil, but addi-
tional shielding may be needed between the TF
coils to provide biological protection, perhaps
through the use of an igloo.

Case DCT-7B is similar to DCT-7A except
assumptions 1 and 2 above hsve not been made;
that is, a bucking cylinder is used and a pool-
boil solenoid is used. The parameters and cost
for DCT-7B are Included In Tables 4 and S. The
effect of retaining the bucking cylinder and
pool-boil solenoid is to increase the major
radius from 3.6 to 4.2 m, the minor radius from
73 to 78 cm, and the capital cost from $597 to
$616 million. The TF coils for both DCT-7A and
DCT-7B are access limited, with 20 cm of space
allowed between the outboard shield and TF coil
outer leg.

Hybrid TF Coil With The Copper Insert In
The Bulk Shield

Cases DCT-7C and DCT-8 are for a configur-
ation with the copper insert coil located
coincident with the stainless steel shield. In
addition to the changes associated with the
copper insert location, it was decided (in
collaboration with PPPL) to make some modifi-
cations to the physics parameters relative to
those of case 7B based on a different functional
relationship between plasma current, the beta
limit, and confinement time. The new functional
relations are (1) T a a x I and (2) 6 a (1+K 2)/

(a x A) where T is energy confinement time,

a is the plasma minor radius, I is the plasma

current, B is the beta limit, < is the plasma
elongation, q, is the safety factor at the

plasma edge, and A is the aspect ratio. Physics
parameters changes included (1) an increase in
the plasma current to 6 MA, (2) a reduction of
the safety factor q. to a value of 2.0, (3) a

value of beta of 3.32, and (4) a round up of
the plasma minor radius from 0.78 to 0.8 m.
For case 7C, these values result in derived
parameters of eB of only 0.3 (as opposed to

previously used values of 0.5) and an ignition
margin of 15% (as opposed to zero margin for
previous cases), based on the FEDC Physics
System Code model. The magnetic field on-axls

is maintained at 7.5 T (5.7 T contribution from
the superconducting TF coil and 1.6 T contribu-
tion from the copper insert coll). Moving the
copper insert closer to the plasma result* in a
relatively high -value of ripple, an approxi-
mately 2.51 peak-to-average ripple at the
plasma edge, for 16 TF colls and copper Inserts.
The capital cost of DCT-7C Is essentially the
same as for Case 7B: $654 million compared
with $646 million for Case 7B, with the alight
increase of Case 7C attributed to the rf and PF
electrical system associated with the higher
plasma current (6.0 MA as opposed to 4.2 MA).
The higher plasma current requires additional_
flux linkage for inductive startup. However,
the major radius was not increased from the
4.2 m value of' Case 7B, although rf-assleted
startup was assumed to provide the equivalent ;

shortfall of 15 Wb. Performance and cost
summaries for Case 7C are included in Tables
4 and 5.

The following changeB were Implemented for
DCT-8, relative to DCT-7C, in an effort to
reduce cost: (1) to reduce the major radius to
3.6 m, (2) to reduce the field on-axis to
7.0 T, and (3) to assume additional rf current
drive during startup (27 Wb). In addition, it
was decided to substitute 10 MW of Lover
Hybrid Resonance Heating (LHKH) for 10 MW of
Ion Cyclotron Resonance Heating (1CRH) to
provide for the current drive requirement,
which had the effect of increasing plasma
heating cost by approximately $25 million.
Derived parameters for DCT-8 shows a 20Z
ignition margin, 360 MW of fusion power, a
value of Q • 3 during long-pulse superconducting
operation, and a maximum ripple at the plasma
edge of 1.7Z. Resistive losses in the copper
Insert coils are 137 MW during the 100-6 high
field pulse. The capital cost of DCT-8 1B $631
million at a new site. If this device were to
be located at the TFTR site, a credit of $109
million estimated for existing buildings and
equipment, reducing the direct capital Invest-
ment to $522 million.

The costs of the copper insert device
(Cases DCT-7A — DCT-8) are compared with DCT-6,
a superconducting TF coll tokamak at 10 T
magnetic field strength, in Table 6. Changes
in major assumptions as one progresses from
Case 6 to Case 8 are also noted.

CONCLUSIONS

o The cost of DCT devices sized for hydrogen
plasma operation only varies almost
linearly with major radius (DCT-1 — DCT-
5). DCT-2 (with LCP size TF coils) would
be a strong candidate if tha option to
develop the nonnuclear technology and
physics option of ETR were pursued.



The coot reduction in direct capital
cost of a tokamnk oized for hydrogen
operation only is approximately $150 oil-
lion or approximately 202, relative to
o device sized for D-T operation (DCT-6-
H_ versus DCT-6-D-T).

Esploying a copper insert coil (which
a Lso serves as a neutron shield) in
conjunction with a 10 T superconducting
coll (to boost the peak TF field to
12 T) allows a smaller device and a cost
reduction of approximately 53! relative
to an all superconducting TF tokamak
sized for a 10 T peak field. Marginal
ignition and the capability for a full
inductive current startup are common to
both machines. The hybrid TF coll
configuration would demonstrate an even

greater coot advantage (about 15-20X) if
the all superconducting machine were also
required to produce a 12 T peak field.

DCT-8 was selected as the reference
copper insert device for the high Q
option of the ETR. The copper Insert is
located in the shield and rf-aeeisted
startup is assumed.

Of the options considered in this study,
the superconducting coil-high Q option
appears to be the most cost-efficient
approach and the best suited to supply the
necessary physics and technology database
for the tokamak ETR.
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Toblc 5. Capital coot Pin—"ry (In allllono of dojloro)
(BCT-6 - DCT-B)
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