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Abstract

A steady state superconducting tokamak SSTl is being designed at, the
Institute for Plasma Research. The main objectives of SSTl are to establish
scientific ba*is of steady-state operation of tokakamks, study the physics of
the divcrtors. radiative layers and gas targets, steady state heat and particle
exhaust and control, plasma confinement improvement and advanced toka-
mak configurations. SSTl tokamak envisages elongated plasma in a double
null configuration, superconducting toroidal and poloid&l coils, steady-state
heat removal using actively cooled first-wall components, particle exhaust
using external pumps, steady-state current drive and plasma he&liiig.

The major parameters of SSTl are: major radius Ro = 1.05 m, minor ra-
dius a = 0.20 m, elongation K = 1.7-2.0, triangularity 5 = 0.4—0.7, toroidal
field B? = 3 T, average density 2 x 10l9m~3 and average temperature of 1.5
keV. The heating and the current drive will include 1.0 MW of ICRH, 0.5
MW of UIOD. 0.2 MW of ECRH and 0.8 MW of neutral beams. Hydrogen
plasm it will be produced.

Tho conceptual design of SSTl will be preseuted.

INTRODUCTION

A steady state tokamak. "SSTl", is being designed at the Institute for Plasma Research.
Bhat, Gandhinagar, India. SSTl is a large aspect ratio tokamak configured to run a double
null, elongated, triangular plasma, with a pulse duration ~ 1000 sees to obtain fully steady
state plasma. The typical parameters of the machine are given in table 1.

Fuelling will be by gas puffing. Introduction of Pellet injection method will be examined
at a later stage. The TF & PF systems and vacuum vessel are designed to allow later
upgradation to a high-current, larger plasma with Ip = 400 kA, a = 0.29 m, Ro = 1.16 m.
with lower elongations.

SST will pass through different phases of operation. Each phase will give way to the next
when reliable operation and the physics objectives have been achieved. Phase IA will have
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Table 1 MACHINE PARAMETERS ( SSTl)

Major Radius
Minor Radius
Elongation
Triangularity
Toroidal field
Plasma current
Aspect ratio
Safety factor
Average density
Average Temperature

• Plasma species:
• Pulse length:
• Configuration:

• Heating and Current

Ro
a =

K

s
Bo
lp =
A —

q
< n > =
<T> =

Hydrogen
~ 1000 s

1.05 m
0.20 m
1.7-2.0
0.4-0.7
3T /
220 KA
5.2
5.0-7.0
2 x 1013

1.5 keV

Double-null
Poloidal Divertor

Drive:
Lower Hybrid
Neutral Beam
ICRH

cm"3

1.0 MW
0.8 MW
1.0 MW

Total power input to plasma < 1 MW.

circular limiter plasmas. Phase IB will have shaped plasmas with LHCD in both limiter and
divertor configurations. Phase II will involve full-power operation with a divertor configu-
ration. Phase III will involve Advanced Tokamak operation. Table 2 shows typical plasma
parameters in Phases I & II. In the table. :H-factor refers to re/rIT£R^9P, Paux includes
lower hybrid power, T, n are in units of keV and 1018 m~3 respectively.

Table 2:

Parameter

Bo(T)
Ip (kA)
a.
H factor
< ne >
Paux (MW)
Zeff
*95

<$95

TE (ms)

<Te>
<Ti>
3 (%)
3P

Bootstrap
frac. fbs

TYPICAL

IA
(Ohmic)

1.5
110
2.6
~NA

30
-
1.7
1.0
0.0
12

0.24
0.09
0.18
0.33

o.os

OPERATING POINTS

IA
(LHCD)

1.5
110
2.6
1.0
4

0.12
5.0

/ 1.0
0.0
11

0.84
0.33
0.08
0.16
0.03

IB

1.5
150
4.1
1.0
5

0.19
5.0
1.6

0.44
16

0.94
0.38
0.12
0.25
0.05

II

2.9
220
5.4
1.0
20
1.0
1.7
1.6

0.44
12

0.98
0.39
0.13
0.49
0.12

II

1.6
100
6.5
2.0
20
1.0
1.7
1.6

0.44
11

0.89
0.36
0.39
2.1

0.53
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VACUUM SYSTEM

Fig. 1 shows a cross-sectional elevation of the vessel and cryostat. The vacuum vessel is
an all-welded continuous structure made of SS-304L. There are 16 wedge-shaped sectors. 1
cm thick, and 16 interconnecting rings. Four interconnecting rings have bellows. To permit
long pulse operation up to 1000 sec, all plasma facing components are actively cooled with
pressurised water flow.

The vessel is capable of being baked at 525 K during initial pump down and 425 K during
steady state operation. The vessel and radial ports permit human entry inside the vessel for
the assembly and maintenance of in-vessel components. Fig. 1 shows the inboard toroidal
limiter. which also acts as the inner stabilizer, and one of the two outboard poloidal limiters.
A liquid nitrogen (LX2) shield at 80 K reduces the radiative heat load on the 4 K mass
from hot surfaces. The cryostat encloses the entire assembly, excluding the central bore for
the ohmic transformer. A 10~° torr vacuum will be maintained inside the crvostat. usine;
turbomolecular pumps, to reduce the residual gas conduction heat load. Several vertical
ports will be used for pumping. The maximum pumping requirement is 38 torr-liters/sec
(T-L/s) for operation with < ne > = 4 x 1019 m~3, assuming rp = 4-£ = 24 msec. XBI will
add another load of 4 T-L/s. Hence the pumping system is designed to handle a steady-state
load of 45 T-L/s. This estimate ignores fuelling efficiency by gas puffing, which will push
up the loads significantly. However, for Phases-I & II. where < ne > < 2 x 1019 m~3, this
system will be sufficient. Pumping will be based on 16 turbomolecular pumps, each with a
capacity of 5.000 liters/s. Gas puffing will be the main mode of fuelling.

COIL SYSTEM

There are 16 superconducting (SC) TF coils spaced uniformly around the torus. The coils
have a modified D-shape. These produce a 2.9 T field at Ro with a ripple < 1% over the
plasma cross-section. There are four pairs of up-down symmetric SC poloidal field (PF) coils.
For the reference parameters, R$ = 1.05 m, a = 0.2 m. BQ — 2.9 T, the PF coils can produce
a range of plasma shapes. KX — 1.7-2.0. Sx= 0.4-0.75, with a range of pressure and current
density profiles. These profiles yield /, = 0.65 to 1.25. /3P — 0.68 to 1.4. and q9$ = 5.0 to
7.1. Higher values of ,3P are also accessible. The ranges specified above are the maximum for
each parameter, but only a certain range of combinations of these parameters is achievable.
Lower 3P values are accessible only for higher KX values - this has implications for startup,
where plasma presure would be lower. For the accessible shapes, the outer divertor has a
slot geometry, to permit a high recycling regime and impurity injection experiments. The
inner divertor plate is mounted close to the inboard vessel wall, and no attempt is made to
produce a slot configuration. Fig. 2 shows the positioning of three reference equilibria with
respect to the first wall.

Since SC coils made of XbTi cannot tolerate high dB/dt. they cannot be used for break-
down and fast current ramp-up. Hence the ohmic transformer (OT) and correction coil
system is made of copper and is independent of the SC PF coil system. There is also a pair
of up-down symmetric vertical field (VF) coils made of copper, for use during fast ramp-up
to 50-100'kA.

DIVERTOR

The SST divertor is being designed to allow high recycling and radiative divertor oper-
ation. The reference design of the divertor assumes 1 MW of total input power into the
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FIG.2 : Flux surface plots for the three reference equi-
libria, with (/cx=1.9, (5x=0.64), ( K X = 1 . 8 , <5r=0.66) and
(« r=1.7, <5x=0.67), showing the mapping of the SOL
from the midplane to the divertor. The plot shows the
separatrix and the surfaces separated from it by 1, 2
and 3 cm on the outboard midplane.
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machine with 20% radiation from the core. For the reference equilibrium with KX = 1.8. 6X

= 0.66. the power input per unit plasma volume is ~0.8 MW/m3, the power flow across the
separatrix is ~0.07 MW/m2 and the energy outflow per ion is ~8 keV. The low value of
< ne > will yield low edge densities.

SST will have a double-null (DN) divertor to reduce heat loads on the plates. The divertor
can accomodate 3 reference equilibria with the following shapes: KX = 1.9 & £- = 0.64: KX

= 1.8 Sz 6X = 0.66: KX = 1.7 & 8T = 0.67, as shown in Fig. 2. Because of high c55 values,
toroidal connection lengths lie in the range 21-27 m.

Given the small poloidal separation between the X-point and outer strike point, both
high recycling and radiative divertor operation require a slot geometry to reduce backfiow
of neutrals and impurities to the core. Hence a slot has been formed at the outer divertor.
which is where pumping taking place. The outer divertor strike point has bee:: piaced as
far as possible from the X-point so that field lines are focused and the slot is narrower. The
precise geometry of the slot will be computed later using neutral transport calculations.

For double null (DN) operation, assuming 1:4 in-out asymmetry and 1.2:1 up-covm asym-
metry in heat flow, we get a heat flow of 0.35 MW to each outer plate. The inner plates
are designed for the worst case of SN operation, with 1:2 in-out asymmetry. Taking account
of the inclination of the plates, this leads to peak and average fluxes of 1.5 and i MW/m2

respectively. Allowing a safety factor of two due to various uncertainties, the plate must
be designed for a peak flux of 3 MW/m2. The portion of the baffles bounding :he slot is
designed for the same load. Steady-state cooling will keep tile surface temperatures below
1000° K.

Divertor plates in SST will have demanding tile alignment requirements because of near-
grazing incidence of field lines; the angle between the total magnetic field and the normal to
the plate is 89° for some reference equilibria.

Isostatically pressed graphite will be used as the basic armor material for firs: wail com-
ponents. C-C composites will be used only in locations where graphite is not suitable.

CRYOGENIC SYSTEM

The cryogenic system is designed to handle loads during three situations: cooldown.
quench and normal operation. The steady-state cryogenic heat load on the SC coils is 120
W at 4.5 K and 85 1/h liquid helium (LHe) for current leads. Closed-cycle operation is
planned for the 4.5 K system.

The 35 ton magnet will be cooled by forced flow using two phase helium (quality ~ 5':T;)
with a mass flow rate of 30 g/s through the the CIC conductor. LHe produced by :he cryo-
genic system will first be stored in a Main Control Dewar and then circulated through the
magnet either by an LHe pump or by natural convection. Cooldown from room temperature
to 4.5 K will be done slowly in 3 to 4 days to reduce thermal stresses. Cooldown requires
more than four outlets for He from the refrigeration system at different temperatures be-
tween 300 K and 4.5 K. The heat load on the LN2 shield is ~25 kW at 80 K. The SO K
shield requires an LN2 flowrate of 200 g/s in the panels.

POSITION AND SHAPE CONTROL

The vertical position control system must allow satisfactory operation over :he entire
range of plasma shapes and 3P, /, values expected in SST. The DN configuration in SST is
up-down symmetric.
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The SST vacuum vessel is too far from the plasma to provide effective stabilization.
Hence a passive stabilizing structure in a saddle configuration is included on both outboard
and inboard sides, as shown in Fig. 1. The stabilizer plates, made of DS copper, are 2.5 cm
thick and covered on the plasma-facing side by 1 cm thick graphite tiles. There is a single
toroidal break filled with high resistivity material to permit ohmic field penetration.

The active feedback coil consists of a pair of single-turn toroidal loops placed just behind
the outer stabilizer, connected in a saddle configuration. Plasma position will be fed back
through a PID controller. The worst case equilibrium expected in SST. with KX = 2, /, —
0.96, has an open loop growth rate 70/ = 36 s"1. For this equilibrium, the system is designed
to control step perturbations up to 1 cm, and random disturbances characterized by (AZ) r m s

= 1 cm and a bandwidth of foi. The corresponding power supply is rated at 10 kA. 20 V,
and permits slew rates up to 5 kV/s. The maximum processing delay permitted between
the motion of the plasma and activation of the power supply is 2 msec.

The 4 pairs of PF coils have independent PID controllers for plasma shape and radial
position control. The extent of current variation in each coil, AIPF, and the time scale
of regulation, Ai5^ape, are being determined. IPF is particularly sensitive to changes in 6X.
especially for KX = 1.7 and 1.8 reference equilibria. These will therefore govern the design of
the shape control system.

Lower bounds are imposed on Atshape for two reasons. Firstly, high voltages will be
required because of the large PF coil inductances, a consequence of using superconducting
coils for feedback. Secondly, the dB/dt arising from the self-field of the PF coils must be
below 2 T/s - this imposes a lower bound of ~0.4 sec. An upper bound may be imposed on
Atsh,ape due to the coupling between vertical And radial motion.

HEATING AND CURRENT DRIVE

ION CYCLOTRON HEATING

ICRF power of 1.5 MW will be coupled to the plasma. The number of antennas, and
their dimensions, are chosen based on the following considerations. The maximum power
density from each antenna should not exceed 1.5 kW/cm2. The poloidal length is limited
to 40 cm. the maximum opening permissible in the passive stabilizer. Antenna optimization
requires a certain ratio of poloidal to toroidal length, yielding length, width and thickness
of 40. 8 and 1 cm respectively. Hence each antenna can radiate 375 kW. necessitating the

Table 3: ICRH SCENARIOS
Phase

IA
IA
IB
IB
II
II
II
II
II
II

FREQ (MHz)
45.6
45.6
45.6
45.6
22.8
22.8
24.4
24.4
91.2
91.2

PHASE
0,0
7T,0

0,0
7T,0

0,0
7T,0

0,0
7T,0

0,0
7T,0

V
88.7%
75.7%
85.0%
55.4%
86.5%
70.0%
87.0%
71.7%
93.0%
87.0%
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use of four antennas for SST. Two antenna boxes, each with two antennas, will be placed at
adjacent ports on the low field side. The antennas will be placed in the shadow of a poloidal
limiter to reduce the conducted heat flux. The separation between antenna strips is S cm.

Different plasma heating scenarios have been examined for different operating conditions,
viz. 2nd harmonic heating for a single ion plasma and minority heating and ion-ion hybrid
resonance heating for a two-ion plasma. Optimization of the system includes maximization
of damping near the plasma center. Damping lengths for the fast wave for different heating
cases are quite small except for the low density operating regime (phase IB). We find a dis-
tinct advantage in driving adjacent elements out of phase (dipole) relative to the in-phase
(monopole) case. The real and imaginary parts of the impedance vary from 0.36 to 5.6
ohms and from 11 to 63 ohms respectively. Table 3 shows the results for different phases of
operation. r\ denotes the coupling efficiency.

ELECTRON CYCLOTRON HEATING

Penetration of the ohmic electric field thrrough the vacuum vessel requires a short L/R
time of the vessel. On the other hand, a longer L/R time is desirable to shield the TF coils
from dB/dt produced during plasma disruptions. Due to the latter, it may become necessary
to breakdown with low loop voltages, hence ECRH-assisted breakdown is necessary.

ECRH will be used first for assisting breakdown and later for current profile modification
and localized heating. In all cases, the X-mode will be injected from the high field side. For
breakdown-assist in Phase-I. with Bo = 1.5 T on axis. 200 kW will be injected at u.ve =
42 GHz. For Bo = 3 T operation in Phase-II. an 84 GHz source is required with the same
power.

LOWER HYBRID CURRENT DRIVE

LHCD will be the main source of steady-state current drive in SST in Phases I & II.
500 kW klystron amplifiers operating at either 3.7 GHz or 4.6 GHz will be used. Over this
range of parameters. N\\,acc varies from 1.16 to 2.1. Hence the waveguide grill is designed to
provide .Vy in the range 1.5-2.5. Table 4 shows results of waveguide optimization for the two
frequencies. In both cases, the edge density is assumed to be 4 x 101' m~3.

The efficiency of LHCD depends on target plasma temperature, which in turn depends
on the total power input PLH + Pic, where PLH & Pic are the power inputs due to LHCD
and ICRF/NBI respectively. Hence various combinations of PLH a°d Pic can drive the same
current. To drive 220 kA at < ne > = 2 x 1019 m~3 we can either have PIC — 0.65 \I\Y
with PCH — 0.86 MW. or only PLH = 1.1 MW. Hence the LHCD system is being designed
for coupling a maximum of 1 MW to the plasma.

Table 4: OPTIONS FOR LHCD GRILL
Parameter

Periodicity (cm)
Septa thickness (cm)
No. of wgds per row

Power flux (kW/cm2)
A,, {<£> = 9 0 ° )

AA- H

Reflection coeff. (%)

3.7 GHz
0.95
0.15

16
1.3
2.1

0.47
12

4.6 GHz •
0.70 :
0.15

16 !
2.5
2.2
0.43
32
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NEUTRAL BEAM INJECTION

SST will have a neutral beam injection system capable of delivering 1.7 MW into the
plasma for heating and current drive experiments. Beam energies will lie in the range 30-50
keV/nucleon. As a first step, the system will be used to inject ~ 0.7 MW at 30 keV into a
target plasma with < ne > — 2 x 1019 m~3. This will result in a temperature increase of
~ 0.7 keV and current drive of ~ 28 kA.

The main system parameters are as follows: beam species H°/D°: multipole bucket type
plasma source; ~100 A extraction current; 0.36-0.5 transmission. 10-1000 s pulse length:
horizontal and vertical focal lengths of 6 m and 8 m respectively: neutralizer thickness in
the range 0.5 — 1 x 1016 molecules/cm2: and LHe and LX2 consumption of 50 1/h and 73 1/h
respectively.

DIAGNOSTICS

SST has four special features from the diagnostic design point of view. Firstly, a shaped
plasma means that 2-D measurements are necessary. Secondly, due to :he different phases
of operation, a wide range of plasma and machine parameters rrms: be measured. Thirdly,
long pulse operation has implications for diagnostic techniques, data aquisition. analysis and
storage. Fourthly, there are access problems due to a slot divertor geometry and the passive
stabilizing structure. Quantities to be measured include plasma current, position and shape.
3P: ne, Te and Tx in the core, edge and divertor regions, impurity concentration, radiated
power, q-profile, divertor plate temperature and fluctuations over a wide range of frequencies.
Appropriate diagnostic systems have been designed.
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