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Abstract: Tokamak startup with ohmic heating
(OH)-induced voltages requires rather large voltages
and power supplies. On present machines, with no
radiofrequency (rf)-assist provisions, hundreds of
volts have been specified for their designs. With the
addition of electron cyclotron resonant heating (ECRH)
assist, the design requirements have been lowered. To
obtain information on the cost and complexity asso-
ciated with this ECRH-assisted, OH-pulsed startup
voltage for ignition-type machines, a trade-off study
was completed. The Fusion Engineering Device (FED)
configuration was selected as a model because infor-
mation was available on the structure. The data
obtained are applicable to all tokamaks of this
general size and complexity, such as the Engineering
Test Reactor (ETR).

There are conflicting requirements on the torus
resistance and time constant. For disruption protec-
tion, it should have a conductance higher than the
plasma, after the plasma has had a major thermal dis-
ruption. Having low-resistance toroidal conductors
near the plasma also reduces the active position,
feedback control power requirements. The startup
losses, power supplies, and coil sizes increase as the
external structure, toroidal time constant increases.

The ideal solution would be to provide rf current
drive to initiate the plasma as well as to ramp it up
to its rated value. This would allow designs to be
greatly simplified. Most of the electrical resistance
breaks in the piping, torus structures, and appendages
to the torus could be eliminated. The savings in
design and construction would be many millions of
dollars.

To quantify the size of the poioidal field (PF)
coils and the power supplies for startup, the values
were calculated for various resistances of the torus.
This data will be useful in the preliminary designs
for ignited tokamaks and will help quantify the advan-
tages of development of systems to provide startup
with a loop voltage of less than 1 V.

Introduction

A study to evaluate the startup requirements
using an OH-induced startup of 10 to 20 V was made by
S. K. Borowski [1]. The torus inner wall and outer
wall resistance were varied, as was the position of
the startup coil used to induce the high voltage. The
segment structure walls were assumed to be connected
through straps through which the resistance values
could be controlled. These straps eliminated the
possibility of disruption arc damage between segments,
and they served as a means of minimizing radial
currents in the torus sectors and their resultant high
forces or torques. The low-impedance connector circuit
also reduces the eddy current heat loads on the super-
conductor structures. The circuit evaluation on
plasma radial position control has not been quantized,
but there is an advantage in making connections on the
inner wall of the torus with a resistance as low as
practical. It is also recognised that the outer wall
and superconductor coil vacuum vessel toroidal circuits

should have a resistance that is as high as possible
[2].

The purpose for this study was to quantize the
size of the startup coils as a function of the inner
and outer torus resistances and to determine the value
of locating them inside or outside of the toroidal
field (TF) coils. Locating the coils outside the TF
coils essentially means using the existing PF coils
instead of special startup coils.

In previous work, the startup coils were labeled
"Blip Coils," and they were considered small, low-
power coils. To provide for neutron shielding and
reasonable disruption protection for structure forces,
arcs, life of limiters, and heating in the super-
conductors, a low-resistance first wall is required.
This requirement has resulted in the need for startup
coils in the range of 2 MA above and below the mid-
plane. The summary results are given in the next
section. To obtain additional details, see Ref. [3].

In the model used for this study, the plasma, PF
coils, control coils, and structural elements were
modeled as a set of mutually coupled circuits. The
four main features studied were the magnitude of the
eddy currents in the structure, the magnetic field at
the plasma, the time development of the coil and
plasma currents, and the performance of the feedback
system. The main parameters varied were the resis-
tance of the structural elements and details of the
plasma initiation ("Blip") current in the PF or
control coils. The plasma is initiated with ECRH
assist and is driven inductively. An rf current drive
is not considered.

Figure 1 is an elevation view of the configu-
ration studied. Coils 1, 2, 4, and 5 make up the
equilibrium field coil set, and coils 3, 6, and 7
comprise the central OH solenoid. Coils 9, 10, 11,
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Fig. 1. Elevation view of the tokamak configuratioSr•
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and 12 are used for plasma initiation and position
control. In this study, the functions have been
divided so that coils 9 and 10 are used for plasma
initiation, while coils 11 and 12 are used wivh feed-
back to provide a null field at the plasma during
plasma initiation.

Table 1 gives the current in PF coils 1 through 7
at t = 0 s when the plasma current is zero and at
t = 6 s when the plasma current is nominally 4.8 MA.
The current in the PF coils generally follows a linear
ramp between t = 0 s and t = 6 s. However, several
cases were investigated in which coils 2 and 4 were
used for plasma initiation, instead of coils 9 and 10.
In those cases, a plasma initiation pulse is super-
imposed on the equilibrium current, as shown in
Fig. 2.

Table 1. PF Coil tfaveforns
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Fig. 2. Current waveform of coils 2 and 4 when
used for plasma initiation.

Figure 3 shows typical current waveforms in coils
9 through 12 and typical values of the magnetic field
at the plasma center when coils 9 and 10 are used for
plasma initiation. Coils 9 and 10 are assumed to have
identical currents. When the plasma current reaches
40 kA, the current in coils 9 and 10 is arranged to be
zero, and the current in coils 11 and 12 is started on
a slow ramp-down to allow the PF coils alone to
provide equilibrium by the time full current is
obtained.
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It is important to bring the plasma current up
fast enough to get through the radiation barrier
without wasting PF volt-seconds but slow enough to
avoid plasma skin currents. This is the basis for the
prescribed current-rise time requirements.

In Fig. 1, elements 13 through 34 make up the
structural elements of the tokamak. Table 2 lists the
function, resistance, and characteristic L/R time of
each element for the baseline resistances. The
control coils are also included with the resistance
computed on a single-turn basis for a 30- by 30-cm
cross section. Coils 1 through 7 are all supercon-
ducting and have no resistance. Element 8 is the
plasma. Thicknesses of each element for the baseline
case are given in Table 3. All structural elements
are assumed to be stainless steel except element 38,
the limiter, which contains a copper liner under the
outer surface in contact with the plasma. The indi-
vidual limiter blades are connected electrically
through contacts to eliminate arcing and to minimize
forces.

Studies of variation from the baseline resistance
were made for the limiter (inner shell), first wall,
and outer shell. The term outer wall is used here to
designate the ring modules and window modules which
together form most of the TF-coil cryostat walls. The
first-wall resistance was reduced by factors of 0.5,
0.2, and 0.1; the outer-shell resistance was increased
by factors of 2, 5, and 10.

The size and position of the plasma varies with
time. Up to 40 kA, the plasma remains at the outboard
limiter with a major radius of 6.IS m and a minor
radius of 0.2 m. After the plasma current reaches

Table 2. Coil Resistance

Fig. 3. Typical values of current in coils 9
through 12 and magnetic field at the plasma center.

Coil

Control coil
9

10
11
12

Bottom heat
13
14
15

Lower wall
16

Outer shell :
17
18
19
20
21
22
23
24

Done
25
26
27

Limiter
28

First wall
29
30
31
32
33
34

Table

segments

3. Thickness (in cm)

Botton head
Lower wall
Outer shell
Doae
Liniter Ccopper)
Outboard f i r s t will
Inboard f i r s t wall

R(ufl)

4.40
4.17
7.97
7.61

86.6
260.0
433.0

495.0

580.0
352.0
214.0
117.0
131.0
676.0
728.0
1194.0

407.0
2SS.0
88.8

25.2

238.0
223.0
176.0
258.0
113.0
S60.0

of Structural

2.54
2.54
2.50
2.54
1.20
5.60
4.00

L/R Cs)

3.S9
3.53
4.22
4.22

0.0395
0.0576
0.0643

0.06S9

0.0518
0.C522
I). 0382
0.0373
0.0511
0.0364
0.0434
0.0332

0.0724
0.0654
0.C441

0.824

0.105
0.110
0.117
0.0479
0.0601
0.0277
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40 kA, the plasma major radius is decreased to 5 m at
a linear rate so that the plasma is centered in the
discharge chamber S.8 s after the plasma current
reaches 40 kA. The self-inductance of the plasma is
represented by a second-order polynomial function of
the plasma major radius.

The mutual inductance between the plasma and each
of the other circuit elements is represented by a set
of first-order polynomials in the plasma major radius.
The two coefficients of each polynomial were deter-
mined from the mutual inductance when the plasma major
radius was 6.15 m and 5 m. The order of the polynomial
used was selected after inspecting graphs of the
mutual inductance between the plasma and nearby
circuit elements. In calculating inductances, the
current density is assumed to be uniform across the
conductor cross section.

The currents in coils 1 through 7, 9, and 10 are
given as functions of time. The quantities to be
calculated are the voltages across these coils and the
currents in the remaining 25 circuit elements. A set
of coupled circuit equations can be written for the
time derivatives of the currents in the plasma (coil 8)
and the 22 passive elements (coils 13 through 34).
Two more equations come from the feedback conditions
to give time derivatives of currents in coils 11 and
12.

Equation (1) is the circuit equation for the
plasma, and Eq. (2) actually represents the 23 remain-
ing circuit equations.
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In these equations, k = 13-34; Rk is the resis-

tance of coil k; M. . is an element of the inductance

matrix; and I. is the current in coil k.

Equations (3) and [4) are the feedback equations.
The constants C . and C . convert the current in

coil k to the radial and axial components of the field
at the plasma center produced by that coil. The
constant x is a parameter setting the response time of
the feedback system. A large value for T means that
the feedback current moves slowly to the value needed
for a field null at the plasma center; a small value
means the feedback current moves rapidly.

Voltages on the driven coils and the plasma loop
voltage were evaluated every 10 ms. The equations
for the voltages are:

34
Vl =

where

A - 1-7 and 9-12 .

The plasma loop voltage is taken to be

V8 " hh + V V + "8,8*8 •

Results

C6)

(7)

Eddy Current Magnitude

Figure 4 gives typical values of the currents in
the circuit elements. In the case shown, baseline
resistance was used for the first wall and window
modules. The current in control coils 9 and 10 was
tailored to reach zero when the plasma current reached
40 kA, which was at 0.2 s. Eddy currents in some of
the passive elements approach zero immediately after
the plasma initiation pulse in coils 9 and 10 is
terminated. The passive element currents remaining
substantially larger than zero are those close to
programmed coils 1 through 7.
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Fig. 4. Structure currents.

Development of Plasma Current

One effect of eddy currents in tokamak structural
elements is to change the time development of the
plasma current. At early times, the eddy currents
delay the development of the plasma current and force
the use of a larger initiation pulse. At later times,
the decay of the eddy Currents aids the rise of the
plasma current and shortens the time needed to reach
the 4.8-MA level. Figure 5 shows the development of
plasma current for two different durations of the
initiation pulse in coils 9 and 10. The amplitude of
the pulse has been adjusted to cause the plasma cur-
rent to reach 40 kA in 0.2 s in both cases. The
current development for the shorter initiation pulse
is closer to the development with no eddy currents.

A comparison can be made for the startup time as
a function of the first-wall and outer-shell resis-
tance. Table 4 is a matrix showing the average rate-
of-rise of the plasma current for various multiples of
the baseline resistances. The quantities in paren-
theses are the average rate-of-rise of the plasma
current up to 4.8 MA. The other quantities are the
average rate-of-rise for plasma currents up to 40 kA.
To reach 40 kA in 0.2 s requires a rate of 200 kA/s,
and to reach 4.8 MA in 6 s requires a rate of
800 kA/s. In all cases, the current in coils 9 and 10
was ramped down at -8 MA/s and adjusted to reach zero
current at the time the plasma current reached 40 kA.
For a first-wall resistance 0.1 times the baseline
resistance, the 4.8-MA plasma current had not been
reached by 6.5 s and the calculation was terminated.
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Fig. 5. Development of plasma current for two
different time durations of plasma initiation pulses
in coils 9 and 10. An ideal development calculated
for no eddy current is plotted for comparison.

Table 4. Average Rate-of-Rise of Plasma Current
with Coils 9 and 10 Ramped at -8 MA/s

First-wall
resistance

»1.0

»0.S

«0.2

xO.l

«1

187
(1100)

137

86
C2000)

19

Outer-shell
x2

215

153

93

24

resistance

241

16"

99

28

(kA/s)
x4

252
(1040)

173

101
(1720)

30

Although the time to reach 40-kA plasma current is
delayed for low first-wall resistance, the time to
reach 4.8 MA is actually accelerated by the decaying
eddy currents.

One purpose of the feedback system is to provide
a null field at the plasma for initiation and during
the first 0.2 s of the tokamak cycle. The position of
the feedback coils (control coils 11 and 12) is not
optimum, both because of their distances from the
plasma and because of the time delay introduced by
eddy currents in the intervening structure.

Resistive Losses

Typical joule losses in the normal coils, struc-
tural elements, and plasma are given as a function of
time in Fig, 6 for a typical set of operating condi-
tions. By 4.5 s the eddy currents have decayed to
zero, except in elements close to coils 1 and 5.
Coils 11 and 12 still show losses as their current is
ramped back to zero after the null field feedback is
discontinued. Table S gives the energy deposition in
elements 8 through 34 by the time the plasma current
has reached 4.8 MA. Total joule loss in the structure
[coils 13 through 34) amounts to 88 MJ. The total
magnetic energy in all coils is about 1.4 GJ at that
time. When the plasma is brought to full current
(6 MA), the total magnetic energy in the PF coils and
plasma is 2.8 GJ.

Limiter Resistance

Because the limiter has significantly lower
resistance than the other passive elements, inves-
tigating the effect of limiter resistance on peak
limiter current and plasma startup time is of interest.
The effect on the "startup time" is minimal; it is
changed by 15-25 ms as the limiter resistance is
increased by an order of magnitude. The maximum
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Fig. 6. Resistive (joule) losses in elements 10-12.

Table 5.

Coil

8
9
10
11
12
13
14
15
16
17
18
19
20
21

Joule Losses in Conductors

Loss (MJ)

12.1
1.08
1.03
0.80
S.46
0.13
0.50
2.02
7.33
6.12
IS.8
5.87
1.85
8.08

at 4.8-MA Plasma

Coil

22
23
24
25
26
27
28
29
30
31
32
33
34

Total of 13-34 -

Current

Loss (MJ)

5.33
3.64
2.50
5.19
0.82
0.04
8.58
1.28
0.78
3.62
4.69
2.69
1.09

88 MJ

limiter current decreases as the resistance increases,
but not as rapidly as the reciprocal of the resis-
tance.

Power Supply Voltage

The power supply voltages have all been calcu-
lated on a single-turn basis, with the resistances of
Table 2 used for the control coils. Graphs of the
voltage versus time are shown in Fig. 7. If the
superconducting equilibrium field (EF) coils —
coils 1, 2, 4, and 5 — are limited to construction
from 50-kA cable, the number of turns per coil will be
about 100. The peak voltages on these coils will be
about 10 kV, which may require special shielding
and/or subdivision of the coils, depending upon the
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Fig. 7. Power supply voltages based on a single-
turn basis for coils 1-6.



tracking breakdown voltage supported by a particular
design. The feedback coils have the largest voltage
demands but are normal coils with more options in the
insulation design. Refined future studies should
model the plasma current at zero until the loop
voltage has reached approximately 10 V.

Conclusions

The effects of eddy currents in structural ele-
ments of FED-size tokamaks for startup conditions have
been investigated, and several conclusions can be
drawn about their importance in the operation of the
device. There are also recommendations for future
work to clarify some issues. These recommendations
and conclusions are summarized below.

1. The energy loss in structural elements is not
great compared to the total magnetic field energy.

2. Additional work could be done to estimate limiter
current for the fault condition in which a plasma
current does not develop. The concern would be
for larger than normal currents and forces on the
limiter.

5. The development of the plasma current with time is
affected by eddy currents in the structural
elements. Initially, the plasma current is
retarded by 50 to 100 ms (the characteristic time
constant of the structural elements]. At later
times, the plasma current development is accel-
erated by 1 to 2 s with respect to the case with
no structure. The acceleration is caused by the
decaying eddy currents. This alteration of the
plasma current development with time should be
investigated with the startup codes.

4. A short plasma initiation pulse requires less
energy than a long one, but the induced voltages
are larger. The short initiation pulse also
reduces the accelerated development of the plasma
current at later times,

5. The inboard EF coils can be used for plasma
initiation in place of a separate pair of initia-
tion coils wound inside the TF coils. It is
unlikely that this use of the EF coils will result
in any net simplification or cost reduction. The
EF-coil plasma initiation current is three times
higher than the control-coil plasma initiation
current, with other conditions the same. This

corresponds to pulsing the EF-coil field from 4 to
8 T to zero at rates of 40 T/s. High values of B
result in more complex and expensive supercon-
ducting cable design. By comparison, the 20-MJ
prototype TF coil was designed to operate at
10-15 T/s, but with the more stringent requirement
that it carry full current after a field reversal
from 7.5 to -I'.S T.

6. A null field at the plasma center during initia-
tion is believed desirable. An absolute null is
difficult to obtain, and there will always be a
field gradient across the plasma. It would be
helpful to develop realistic specifications on the
allowable deviation from zero field and values of
the field gradient to give the designer an
objective.

7. The effect of stray fields from the control coils
and the resultant eddy current heating on the TF
coils should be investigated.

8. A trade-off study of the thickness of the first
wall and the response time of the feedback system
should be made. A thick first wall'reduces the
rate at which the feedback control of the field at
the plasma can respond, but it also reduces the
rate at which it needs to respond.

9. A minimum resistance value of the first-wall
thickness can be determined fron the action of the
first wall during a disruption. A maximum value
of first-wall thickness can be set by plasma
initiation considerations.
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