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Control Topics: 
• Wall conditioning

• Plasma operation scenario sequencing

• Plasma basic control (magnetic and kinetic)

• Plasma advanced control (control of RWMs, NTMs, ELMs, error fields, etc), and 

• Plasma fast shutdown
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Wall Conditioning

• Bake components and vessel (water/HCs)

• Once a month: glow (when TF off)

• TF “on” for weeks at a time: ICRH & ECR 
discharge cleaning (with no PF cycling.)

• T retention/removal (?)
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Chapter 8: Plasma operation and control

Figure 1. Simplified scheme of the ITER plant control system.

2. ITER plasma control system

ITER will have all the main systems essential to control plasma
operation in future fusion power plants. A simplified scheme
of the ITER plant control system is shown in figure 1. The plant
will be controlled by three independent systems [2]: in normal
operation by the control data access and communication
(CODAC) system and in some types of off-normal operations
by the central interlock system (CIS) and central safety
systems (CSS). CODAC provides high level command to
systems dedicated to the control and the operation of each
part of the complex ITER plant, general software functions
for the benefit of these systems, synchronization for these
systems, high bandwidth backbone communication networks,
coordination of data logging and the processing of data from
the plant systems, as well as management of the experimental
databases. The CIS, independently of CODAC, ensures plant-
wide protection of investment, in case of off-normal events.
The safety systems provide fusion and plasma termination,
when it is required for safety or personnel protection.

The ITER plasma control system has the same functional
requirements as the control systems in present tokamaks
[1]. These are plasma operation scenario sequencing, basic
magnetic control, basic kinetic control, advanced plasma
control and plasma fast shutdown. The plasma operation
scenario sequencing is a choice of sequence logic, as well
as command signals and target waveforms for the individual
plant system controllers. The basic magnetic control includes
control of plasma initiation, control of plasma current, position
and shape, as well as correction of error fields. The control is
provided by the central solenoid (CS), the poloidal field (PF)
coils and the error field correction coils. The basic kinetic

control includes control of basic plasma parameters other than
current, position and shape. The control is provided by the
fuelling and the exhaust systems in combination with heating
and current drive systems. The advanced plasma control
includes feedback control with the goal of improving plasma
performance, e.g. control of RWMs, NTMs, sawteeth, ELMs
and ITB. Both magnetic and kinetic actuators are used in this
type of control. The plasma fast shutdown is a discharge
termination system used when it is impossible to provide
shutdown in a normal controlled way. The goal is to mitigate
damaging effects on the machine from unavoidable disruptions
(heat and mechanical loads, runaway electrons). An example
of a tool for the fast plasma shutdown is the massive injection
of a noble gas such as neon.

3. Plasma initiation

Plasma initiation in ITER and similar future reactor tokamaks
will have to be effected with an in-vessel toroidal electric
field, ET, that will be !0.3 V m−1. This limitation on
ET arises owing to the use of superconducting poloidal
field coils. In addition, ITER and many proposed future
tokamaks incorporate toroidally continuous vacuum vessels
and/or in-vessel structures that will generate appreciable in-
vessel poloidal ‘stray’ fields (axisymmetric poloidal fields
normal to the toroidal field BT), denoted herein as B⊥, that
impede plasma initiation by a Townsend avalanche in a low-
pressure fill gas. The theory of Townsend avalanche initiation
in a tokamak with finite stray fields and its application to the
start-up of the ‘ITER-Design 1998’ (21 MA plasma current,
8.14 m major radius, 2.8 m minor radius, monolithic central
solenoid) is treated in [1]. As per the theory, the minimum
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operations by the central interlock system (CIS) and central safety systems (CSS)
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Plasma Control

• Plasma initiation (breakdown, ramp-up, 
start-up)

• Magnetic position control

• Performance and burn control (and 
steady-state)

• Start-to-finish discharge simulations

Nucl. Fusion 47 (2007) S385–S403
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Principal physics developments evaluated
in the ITER design review
Nucl. Fusion 49 (2009) 065012

• Poloidal field requirements

• The unique combination of high current, high fusion power and long pulse operation 
in ITER results in very stringent demands on the poloidal field system to provide 
adequate flux swing, to control the plasma shape, including vertical position, the 
location of the divertor strike points and the distance to the first wall, in the 
presence of disturbances.

• Vertical stability

• To provide reliable operation at the elongation required, a [new] in-vessel coil 
system has been proposed for increased vertical stability…. Analysis performed to 
date indicates that this system will satisfy the requirement that values of Zmax/a 
of at least 0.05 can be stabilized at acceptable levels of current and voltage and 
that it can control the plasma vertical position with minimal overshoot.

• ELM control

• RWM control

• Disruption avoidance and mitigation
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Abstract
The poloidal field (PF) coil system on ITER, which provides both feedforward and feedback control of plasma
position, shape, and current, is a critical element for achieving mission performance. Analysis of PF capabilities has
focused on the 15 MA Q = 10 scenario with a 300–500 s flattop burn phase. The operating space available for the
15 MA ELMy H-mode plasma discharges in ITER and upgrades to the PF coils or associated systems to establish
confidence that ITER mission objectives can be reached have been identified. Time dependent self-consistent free-
boundary calculations were performed to examine the impact of plasma variability, discharge programming and
plasma disturbances. Based on these calculations a new reference scenario was developed based upon a large bore
initial plasma, early divertor transition, low level heating in L-mode and a late H-mode onset. Static equilibrium
analyses for this scenario, which determine PF coil currents to produce a given plasma configuration, indicate that the
original PF coil limitations do not allow low li (<0.8) operation or plasmas with lower flux consumption, and the
flattop burn durations were predicted to be less than the desired 400 s. This finding motivates the expansion of
the operating space, considering several upgrade options to the PF coils. Analysis was also carried out to examine
the feedback current reserve required in the central solenoid and PF coils during a series of disturbances, heating
and current drive sources for saving volt-seconds in rampup, a feasibility assessment of the 17 MA scenario was
undertaken, and the rampdown phase of the discharge is discussed. Results of the studies show that the new scenario
and modified PF system will allow a wide range of 15 MA 300–500 s operation and more limited but finite 17 MA
operation.
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The discharge is broken into a series of phases and 
several fiducial points in the discharge are defined, such 
as start of discharge (SOD), X-point formation (XPF), 
point in ramp (PIR), start of heating (SOH), start of 
flattop (SOF), start of burn (SOB), end of burn (EOB) and 
end of heating (EOH), early rampdown (ERD) and late 
rampdown (LRD). Shown in figure 2 are the plasma 
current, plasma internal self-inductance li(3), flux state 
and βN and βP from a time-dependent simulation of the 
new scenario described in the previous paragraph, 
denoting these fiducial points in the discharge by red 
circles. The primary focus has been on the flattop burn 
phase bracketed by SOB to EOB and bounded by the 
blue dashed lines, since it was found to be the most 
restrictive. In the current rampup and rampdown phases 
various techniques, such as current ramp rate, density 
ramp rate and heating, can be used to control the li and 
flux state, while in the long flattop phase these methods 
are ineffective.

15 MA ITER Scenario

Nucl. Fusion 49 (2009) 085034 C.E. Kessel et al
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Figure 2. Time histories of the plasma current, flux state, li and βN
and βP utilizing the new rampup strategy. Several fiducial states are
identified throughout the discharge. The primary focus of this work
is on the flattop phase from SOB to EOB, bounded by the blue
dashed lines.

values in the range 0.88–0.62, respectively. This indicated
that lower li plasmas were likely in ITER, than had originally
been assumed, and the PF coils would need to be able to
produce and sustain them. Time-dependent calculations with
energy transport and bootstrap current were used to provide
self-consistent H-mode profile combinations for p(ψ) and
j‖(ψ) for the static equilibrium analysis, which had also been
absent from the original analysis. It is found that the coil
current solutions can be affected by the pedestal features, so a
range of models is examined to account for the uncertainty in
predicting the pedestal in ITER. Shown in figure 4 are current
and pressure profile models used in one of the equilibrium
codes (EQ4) to determine the operating space. The proximity
of both the current density and the strong pressure gradient
near the plasma edge can affect the PF coil currents required
to produce a given plasma boundary. Since prediction of
the precise pedestal characteristics is not possible at present,
different representations were used by the various equilibrium
codes.
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Figure 3. Flux state versus li(3) operating space diagram for the
original PF coil design parameters. The coloured lines indicate
where specific coil current or field limits are exceeded, or where the
vertical force limits on the CS stack are exceeded. The operating
space that exceeds no coil limits is designated by the hatched region
labelled OLD operating space. PF6 and CS1 coils are limiting the
operating space available.

Based on these simulations and experimental results,
upgrades were sought to expand the operating space to the
lower li and lower flux state region. Expansion towards
higher flux states was severely limited due to geometry
constraints and force limits on the CS coils. Several upgrades
were introduced to achieve this. Projection of improved
superconductor performance, subsequently confirmed by
R&D results [15–17], allowed proposals for upgrading of the
current and field capacity of all the outer PF coils, while
the CS coil current and field limits remained the same. In
addition, the vertical separating force limit on the CS coils was
increased from 75 to 120 MN after detailed analysis showed
that the higher value could be tolerated before the separation
distance between CS2L and CS3L was too high. The net
vertical force limit was also increased by strengthening the
CS assembly, from 40 to 60 MN. The PF coil current and
field maximum values before and after this update are given
in table 1. In addition, the PF6 coil was expanded towards
the plasma, which helped to reduce this coil’s current with
low li plasmas. The PF6 coil dimensions were changed from
(R = 4.26 m, Z = −7.56 m, #R = 1.62 m, #Z = 0.98 m) to
(R = 4.33 m, Z = −7.48 m, #R = 1.56 m, #Z = 1.11 m),
and the number of turns were increased from 425 to 460.
Finally, it was found that modifying the inboard strike flux
line could further reduce PF6 and other PF coil currents, so a
re-designed divertor emerged [18, 19], and allowed operation
over a large operating space of li and flux state. The re-design
involved both a lowering of the dome structure and a change
to the inboard slot orientation, both improving the plasma to
divertor clearances. The expansion of the operating space from
the original PF coil configuration to the new one is shown in
figure 5, noted by ‘NEW operating space’, and is the result
of analysis with EQ4. The individual PF coils or CS forces

4
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H-Mode creates 
low-li from edge J
Time-dependent calculations with energy 
transport and bootstrap current were used to 
pro v i de se l f-co ns i stent H -mo de profi le 
combinations for p(ψ) and j(ψ) for the static 
equilibrium analysis, which had also been absent 
from the original analysis. 

It is found that the coil current solutions can be 
affected by the pedestal features, so a range of 
models is examined to account for the 
uncertainty in predicting the pedestal in ITER. 

Shown in figure 4 are current and pressure 
profile models used in one of the equilibrium 
codes (EQ4) to determine the operating space. 
The proximity of both the current density and 
the strong pressure gradient near the plasma 
edge can affect the PF coil currents required 
to produce a given plasma boundary.

Nucl. Fusion 49 (2009) 085034 C.E. Kessel et al

Table 1. PF coil parametersc.

Old limits New limits

Turns Imax (MA) Bmax (T) Turns Imax (MA) Bmax (T)

PF1 249 11.2 6.0 249 12.0 6.4
PF2 106 4.35 4.0 116 6.38a 4.8a

PF3 185 8.33 4.0 185 10.2 4.8
PF4 169 7.61 4.0 169 9.30 4.8
PF5 217 9.77 5.0 217 11.3 5.7
PF6 425 19.1 6.0 460 23.9b 6.8b

CS3L 548 24.7/21.9 12.6/13.0 548 24.7/21.9 12.6/13.0
CS2L 548 24.7/21.9 12.6/13.0 548 24.7/21.9 12.6/13.0
CS1L 548 24.7/21.9 12.6/13.0 548 24.7/21.9 12.6/13.0
CS1U 548 24.7/21.9 12.6/13.0 548 24.7/21.9 12.6/13.0
CS2U 548 24.7/21.9 12.6/13.0 548 24.7/21.9 12.6/13.0
CS3U 548 24.7/21.9 12.6/13.0 548 24.7/21.9 12.6/13.0

a Includes resizing of PF2 from 106 to 116 turns.
b Includes relocation, resizing of PF6 from 425 to 460 turns and also includes
subcooling by 0.4 K (PF6 current limit without subcooling is 22.0 MA), the
PF6 coil dimensions were changed from (R = 4.26 m, Z = −7.56 m,
!R = 1.62 m, !Z = 0.98 m) to (R = 4.33 m, Z = −7.48 m, !R = 1.56 m,
!Z = 1.11 m).
c Vertical forces on CS coils, F
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Figure 4. Parallel current density and pressure profiles as a function
of the square root of normalized toroidal flux for the EQ4
equilibrium calculations, showing the larger current density and
pressure gradient near the plasma edge from the H-mode pedestal as
li becomes lower.

that limit the space are shown. The flattop operating space has
been expanded significantly and can now accommodate a wide
range of plasma configurations, with >300 s flattop durations.
Figure 6, generated from analysis with EQ4, shows how
each of the various design changes moved the PF6 operating
space boundary to its final location in the flux state versus li
space. The improvement in the conductor maximum current

0.6 0.7 0.8 0.9 1.0
li(3)

flu
x 

st
at

e,
 W

b

PF1
PF2
PF5
PF6
CS1
CS2L
Fzsep(CS)

15 MA Operating Space
Original PF Coil Current / Field / Force Limits
New PF Coil Current / Field / Force Limits

NEW
operating 
space

170

160

150

140

130

120

110

100

90

80

Figure 5. Flux state versus li (3) operating space diagram for the
new PF coil design parameters and divertor re-design. The coloured
lines indicate where specific coil current or field limits are exceeded,
or where the vertical force limits on the CS stack are exceeded. The
operating space that exceeds no coil limits is designated by the
hatched region and labelled NEW operating space. The space is
limited by PF6 and PF2 at low li, and CS1 at high flux states.

and field, CS force limits, and the divertor dome and inboard
slot re-design provided the largest incremental improvements
to the operating space. Although the PF6 coil resizing and
relocation appears to provide the smallest improvement, it
actually contributes significantly to the overall operating space
enlargement, since the changes are not independent.

The equilibrium analysis has identified two possible ways
of expanding the operating space further. The upper flux state
limit can be increased by allowing the plasma boundary to
deform on the inboard side towards the FW. A maximum
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2007 Design Review Updated 
PF System for low li

Nucl. Fusion 49 (2009) 085034 C.E. Kessel et al
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been expanded significantly and can now accommodate a wide
range of plasma configurations, with >300 s flattop durations.
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relocation appears to provide the smallest improvement, it
actually contributes significantly to the overall operating space
enlargement, since the changes are not independent.

The equilibrium analysis has identified two possible ways
of expanding the operating space further. The upper flux state
limit can be increased by allowing the plasma boundary to
deform on the inboard side towards the FW. A maximum

5

Nucl. Fusion 49 (2009) 085034 C.E. Kessel et al

o

o

o

o o o

o

o

o

Ip
, M

A

total

total non-inductive

bootstrap

flu
x 

st
at

e,
 W

b

2.4
2.0
1.6
1.2
0.8

0.4

li(
1)

, l
i(3

)

li(3)

li(1)

o

XPF

SOD

PIR

SOH
SOF SOB EOB

EOH

ERD

LRD

N
, 

p

N

p

1.5

1.0

0.5

100

50

0

-50

-100

15

10

5

0

10
0

20
0

30
0

40
0

50
0

60
0

time, s

Figure 2. Time histories of the plasma current, flux state, li and βN
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identified throughout the discharge. The primary focus of this work
is on the flattop phase from SOB to EOB, bounded by the blue
dashed lines.

values in the range 0.88–0.62, respectively. This indicated
that lower li plasmas were likely in ITER, than had originally
been assumed, and the PF coils would need to be able to
produce and sustain them. Time-dependent calculations with
energy transport and bootstrap current were used to provide
self-consistent H-mode profile combinations for p(ψ) and
j‖(ψ) for the static equilibrium analysis, which had also been
absent from the original analysis. It is found that the coil
current solutions can be affected by the pedestal features, so a
range of models is examined to account for the uncertainty in
predicting the pedestal in ITER. Shown in figure 4 are current
and pressure profile models used in one of the equilibrium
codes (EQ4) to determine the operating space. The proximity
of both the current density and the strong pressure gradient
near the plasma edge can affect the PF coil currents required
to produce a given plasma boundary. Since prediction of
the precise pedestal characteristics is not possible at present,
different representations were used by the various equilibrium
codes.
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Figure 3. Flux state versus li(3) operating space diagram for the
original PF coil design parameters. The coloured lines indicate
where specific coil current or field limits are exceeded, or where the
vertical force limits on the CS stack are exceeded. The operating
space that exceeds no coil limits is designated by the hatched region
labelled OLD operating space. PF6 and CS1 coils are limiting the
operating space available.

Based on these simulations and experimental results,
upgrades were sought to expand the operating space to the
lower li and lower flux state region. Expansion towards
higher flux states was severely limited due to geometry
constraints and force limits on the CS coils. Several upgrades
were introduced to achieve this. Projection of improved
superconductor performance, subsequently confirmed by
R&D results [15–17], allowed proposals for upgrading of the
current and field capacity of all the outer PF coils, while
the CS coil current and field limits remained the same. In
addition, the vertical separating force limit on the CS coils was
increased from 75 to 120 MN after detailed analysis showed
that the higher value could be tolerated before the separation
distance between CS2L and CS3L was too high. The net
vertical force limit was also increased by strengthening the
CS assembly, from 40 to 60 MN. The PF coil current and
field maximum values before and after this update are given
in table 1. In addition, the PF6 coil was expanded towards
the plasma, which helped to reduce this coil’s current with
low li plasmas. The PF6 coil dimensions were changed from
(R = 4.26 m, Z = −7.56 m, #R = 1.62 m, #Z = 0.98 m) to
(R = 4.33 m, Z = −7.48 m, #R = 1.56 m, #Z = 1.11 m),
and the number of turns were increased from 425 to 460.
Finally, it was found that modifying the inboard strike flux
line could further reduce PF6 and other PF coil currents, so a
re-designed divertor emerged [18, 19], and allowed operation
over a large operating space of li and flux state. The re-design
involved both a lowering of the dome structure and a change
to the inboard slot orientation, both improving the plasma to
divertor clearances. The expansion of the operating space from
the original PF coil configuration to the new one is shown in
figure 5, noted by ‘NEW operating space’, and is the result
of analysis with EQ4. The individual PF coils or CS forces
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CS Force Limits
Since the CS coils can have currents with 
opposite signs, the coils experience vertical 
forces that tend to pull the stack apart, giving 
rise to the separating force. In addition, the 
sum of all the vertical forces on the CS coils 
gives rise to a total force either upwards or 
downwards, giving rise to a net force. Both of 
these must be restrained with structures with 
limited strength, which provides the force limits.

It is found that the feedback systems for the 
plasma position, shape and current in the 
simulations are causing the CS3L coil current to 
remain high and positive during the discharge, 
which causes a higher separating force. The 
solution found has been to force the CS3L coil 
current along a preprogrammed trajectory, 
removing it from the feedback system.
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allow any flattop burn at all. The allowance of some deviation
of the plasma boundary can allow both of these scenarios to
reach at least 400 s flattop burn time. Although the extent
to which we can utilize these expanded operating spaces is
to be determined, it does not appear to require the maximum
boundary deviation to accommodate these discharges. The
diagram does indicate that higher li’s than those simulated
would have progressively shorter flattop burn times eventually
dropping below 300 s, and those with lower li’s than simulated
might have to consume more volt-seconds in the ramp to
remain within PF coil limits. Overall the operating space
available for the flattop burn, with the PF/CS coil upgrades
and divertor re-design, is adequate to provide 300–500 s flattop
durations over a wide range of plasma current/pressure profiles
and rampup flux consumptions.

The time-dependent simulations with DINA and TSC have
revealed a much stronger sensitivity of the vertical separation
force on the CS than appeared in the equilibrium calculations.
In fact, multiple simulations have shown that this force criteria
is exceeded over a wide range in the operating space, even
though the equilibrium analysis showed that the limit could be
avoided. Since the CS coils can have currents with opposite
signs, the coils experience vertical forces that tend to pull the
stack apart, giving rise to the separating force. In addition, the
sum of all the vertical forces on the CS coils gives rise to a total
force either upwards or downwards, giving rise to a net force.
Both of these must be restrained with structures with limited
strength, which provides the force limits being used here. It
is found that the feedback systems for the plasma position,
shape and current in the simulations are causing the CS3L
coil current to remain high and positive during the discharge,
which causes a higher separating force. The solution found has
been to force the CS3L coil current along a preprogrammed
trajectory, removing it from the feedback system. This allows a
more precise control of this force on the CS, and in many ways
is preferable to allowing the feedback system to determine this
coil’s current independent of the force constraints. Shown in
figure 10 are the PF coil currents and vertical separating and
net forces on the CS during the flattop phase of the discharge,
both with CS3L participating in the feedback systems, and
not participating. Removing CS3L from the feedback system
reduced the separating force to well below the limit, while
slightly increasing the net force, although also comfortably
below its limit. The impact on the accuracy of the plasma
shape and strike point control has been shown to be small. It
is expected that an algorithm that monitors all the PF coil’s
parameters in real-time will be necessary during an ITER
discharge, and integrating this with the plasma controller will
be work for the future.

3. Plasma disturbances and feedback control reserve

Several disturbances were identified as providing sufficiently
large current requirements on the PF coils that they should be
taken into account in determining the operating space for the
15 MA reference scenario. The purpose of determining the
current requirements for these disturbances is to subtract this
transient current from the maximum PF coil current to establish
an operating maximum current on each coil, guaranteeing that
the disturbances can be rejected in any part of the discharge.
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Figure 10. PF coil currents (CS1, CS2, CS3 and PF6) and CS
vertical forces versus time during the flattop phase showing their
trajectories for a simulation with the CS3L coil participating in the
position, shape and current feedback (red) and not participating in
the feedback (green). The separating force is reduced significantly
by removing CS3L from the feedback, although the net force is
increased slightly, but still below its limit. The resulting deviations
of the plasma boundary control points were found to be small.

The disturbances included (i) H to L transition, (ii) L to H
transition, (iii) vertical displacement event (VDE), (iv) minor
disruption and (v) large ELM.

Loss of input power (additional heating failure, loss of α

power, etc) will lead in ITER to an ‘uncontrolled’ transition
from H to L mode (or ohmic) plasmas. Experimental results
show that an uncontrolled H to L transition is a relatively
complex phenomenon involving the variation of multiple
plasma parameters and different time scales. In the frame of
this analysis (assessment of the PF control need for ITER) the
transition is divided in two phases based on JET discharges, a
very fast drop (over 0.1 s for ITER) in stored energy associated
with the change of transport regime with "βP/βP ≈ −12%
and "li/li ≈ +5%, followed by a slower variation on the
L-mode energy confinement time of "βP/βP ≈ −65% and
"li/li ≈ +25%.

8

11Thursday, February 24, 2011

PF “Feedback 
Reserve”

Several disturbances were identified 
as providing sufficiently large current 
requirements on the PF coils that 
they should be taken into account in 
determining the operating space for 
the 15MA reference scenario. 

The purpose of determining the 
current requirements for these 
disturbances is to subtract this 
transient current from the maximum 
PF coil current to establish an 
operating maximum current on each 
c o i l , g u a ra n te e i n g t h at t h e 
disturbances can be rejected in any 
part of the discharge
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Figure 11. Flux state versus li(3) operating space diagram showing
the operating space boundaries including feedback current reserve.
One equilibrium analysis allows only small plasma boundary
deviations and includes the flattop feedback current reserve (red,
solid), while the other analysis allows larger plasma boundary
deviations and includes the maximum feedback current reserve
(orange, dashed). The available operating space is shown by the
hatched region. The time-dependent discharge trajectories shown in
figure 9 are overlayed on the diagram. The maximum available
operating space in the absence of feedback current reserve is shown
with the dashed green line for comparison.

of the 2 regions surrounded by the red solid lines and the
orange dashed lines, denoted by the hatched region. Overlaid
on the diagram is the maximum available operating space
identified in figure 9 ignoring feedback current reserve. The
high li discharge with the highest flux consumption is now
able to access a 325 s flattop by utilizing 5 cm deviation of
the plasma boundary towards the inboard FW. At the lowest
li and lowest rampup flux consumption, the discharge is still
unable to access any flattop, and would require a higher flux
consumption to remain within coil limits, but this appears to
be a minor adjustment to access greater than 400 s flattop burn
durations. The larger operating space from the PF6 saturation
and subsequent boundary deviations, shown in figures 8(a)
and (b), are not allowed with maximum feedback current
reserve included. Overall the operating space with feedback
current reserve included is reduced from the operating space
without the feedback reserve, but still provides the flattop
times over a wide range of flux consumptions and current
profiles.

The development of specified disturbances for ITER,
assigning the disturbance to phases of the discharge, and
quantifying the PF coil current requirements to reject
these disturbances, is critical to avoiding constant discharge
terminations caused by PF coils reaching current or field limits
during transients. The feedback control reserve studies are
continuing to refine the list of dominant disturbances and their
prescriptions based on present tokamak experience, and this
work will continue.

4. Heating and current drive in the IP rampup to
save volt-seconds

Early in the examination of the time-dependent simulations
of the ITER rampup, it was found that the volt-seconds
consumption of an ohmic plasma during current rampup was
excessive. In fact, by approximately 90 s of a 100 s rampup, all
the volt-seconds had been consumed. This limit is typically
reached when the CS1 coil reaches its current or field limit,
although under some situations a CS2 coil may simultaneously
reach its limits. The fastest current ramp, set by coil voltage
limits, was found to be about 65 s, however, even in this case
an ohmic rampup consumed too much flux to allow for the
desired flattop burn times. Based on this, low level heating
(5–10 MW) was applied during the rampup in all simulations,
beginning around the time the plasma diverts and ending when
the H-mode was initiated.

As is demonstrated in the operating space diagrams
described in section 2, the operating space has been expanded
towards low li and low flux state. The low flux state implies
that volt-seconds have been saved in the rampup by some
method. In order to confirm that significant amount of volt-
seconds can be saved in the rampup 3 different heating and
current drive methods have been examined, ion cyclotron (IC),
electron cyclotron (EC) and lower hybrid (LH). Due to the
density requirements to avoid shine-through the neutral beams
(NBs) were not included in our analysis. In order to examine
the H/CD sources in the rampup more accurately, additional
simulations are done using LSC (ray-tracing, 1D Fokker
Planck) for lower hybrid [22], TORAY-GA (ray-tracing, linear,
relativistic) for EC [23, 24] and TORIC (full wave) for IC
H/CD [25]. The LH assumed 5.0 GHz, parallel index of
refraction co-IP n+

‖(0) = 2.0 and counter-IP n−
‖ (0) = −3.9,

widths !n‖ = 0.2, co-IP power fraction P +/P = 0.85 and
counter-IP power fraction P −/P = 0.15. The EC assumed
170 GHz, midplane launchers, with toroidal steering angles
measured from the outboard midplane pointing towards the
plasma (φ = 0◦) in the counter-clockwise direction φtop = 32◦

(R = 8.9 m, Z = 1.22 m), φmid = 38◦ (Z = 0.62 m) and
φbot = 40◦ (Z = 0.02 m). The IC assumed 52.5 MHz targeting
2nd harmonic tritium resonance, with species 0.2% He3, 2%
Be, 0.12% Ar, with the remainder split between D and T.

For these simulations the injected power begins with
5 MW at 10 s, it rises up to 10 MW at 30 s, rises up to 15 MW
at 50 s and finally rises up to 20 MW at 75 s. The L-mode is
assumed during the rampup in these simulations. After the
100 s current rampup the EC or LH power is turned off and
it is assumed that 53 MW of IC (20 MW) and NB (33 MW)
power is injected to initiate the H-mode. Shown in figure 12
are the plasma current and the volt-seconds required for an
ohmic rampup and a rampup with the heating and current
drive from EC, LH and IC out to the EOB. Both axial and
Poynting accounting methods [26] are shown. The Poynting
method for flux accounting is based on energy quantities,
and figure 12 shows the resistive consumption and internal
inductive requirement as a function of time. The axial
method for flux accounting is based on flux quantities, and
figure 12 shows the resistive consumption, the total internal
consumption, and the total flux requirement. Note that the
resistive and internal inductive components of the flux are
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Free-Boundary Tokamak Simulation Codes
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We describe a numerical model of a free boundary axisymmetric tokamak plasma and its 
associated control systems. The plasma is modeled with a hybrid method using two-dimen- 
sional velocity and flux functions with surface-averaged MHD equations describing the 
evolution of the adiabatic invariants. Equations are solved for the external circuits and for the 
effects of eddy currents in nearby conductors. The method is verified by application to severai 
test problems and used to simulate the formation of a bean-shaped plasma in the PBX 
experiment. 6 1986 Academic Press, Inc. 

I. INTRODUCTION 

There is a growing body of evidence from both theoretical and experimental 
studies that tokamaks with shaped, noncircular cross-sections offer significant 
advantages over conventional circular cross-section tokamaks [ 11. Onset con- 
ditions for ideal magnetohydrodynamic (MHD) instabilities, resistive tearing 
instabilities, beam-driven plasma instabilities, and the amplitude of residual 
microinstabilities are all expected to improve when the tokamak cross section 
becomes noncircular [2-51. The ohmic heating power is also increased and trans- 
port is expected to improve. 

However, there are several disadvantages associated with these tokamaks. The 
external shaping fields must be carefully programmed to establish the desired con- 
figuration. Also the positional control problems are compounded. In the absence of 
nearby conducting walls, the plasma is generally unstable to an axisymmetric dis- 
placement. Close fitting passive conductors can normally slow down these 
instabilities to times comparable to the resistive time of the conductors, but active 
feedback systems are generally necessary to provide complete stability [6, 71. The 
time scales over which the external shaping fields change and the feedback systems 
respond are generally comparable to the resistive diffusion time of the plasma. 

This paper describes a computational mathematical model developed to study 
the control requirements for shaping tokamak discharges. The model consists of a 
two-dimensional transport description of a plasma interacting with a discrete set of 
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TOKAMAK PLASMA 483 

Magnetically Transparent 
Computational Boundary 

Vacuum Region 

FIG. 1. Computational Domain: Inside a magnetically transparent boundary are a plasma region, a 
vacuum region, and one or more solid conductor regions. The plasma vacuum interface is in contact 
with a limiter point. Observation points measure the poloidal flux versus time. 

two quantities can be quite different. The numerical method presented in Section III 
makes use of this representation to deal with the time scale disparity. 

We describe here the set of dynamical equations solved in the computational 
domain illustrated in Fig. 1. We take a uniform Cartesian spatial mesh and divide it 
into three regions: the plasma region, the vacuum region, and the solid conductors. 
The interface between the plasma and the vacuum regions will change in time, 
being defined as the first poloidal flux surface Y = const. touching a limiter point or 
containing an x-point (magnetic limiter). The description is “free boundary” in that 
the computational boundary is not a physical boundary. The magnetic field is 
updated on it so that its placement will not affect the plasma evolution. 

In each region, a modified form of the MHD-Maxwell equations are solved. The 
modifications take the form of introducing several continuous parameters such that 
the true (inertialess) MHD and vacuum equations are obtained when these 
parameters approach zero. These parameters are the enhanced plasma mass density 
and viscosity, and the electrical conductivity of the vacuum region. For finite values 
of these parameters, the equations do not change their type across region boun- 
daries, and solutions remain continuous. We describe next the exact equations 
solved in each region. 

A. Plasma Region 
We are concerned with obtaining accurate solutions to the resistive MHD 

equations on the time scale governed by resistive dissipation and cross field trans- 
port in the plasma, and by the rate of change of the currents in the poloidal field 
circuits due to resistivity and to externally applied driving voltages. This time scale 
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PBX (Princeton Bean eXperiment)

TOKAMAK PLASMA 503 

V. APPLICATION TO PBX 

As an illustration of the application and use of this method, we present a 
simulation of the current buildup and shaping phase of the plasma in the PBX 
experiment at the Princeton Plasma Physics Laboratory. Detailed comparison of 
the predictions of this code with the actual magnetic measurements from the 
experiment will be presented in a companion publication. 

The PBX coil systems are summarized in Table I. The equilibrium field (EF) 
system provides a relatively uniform vertical field, while the shaping field (SF) 
system is such as to indent the plasma and deform it into a kidney bean shape. A 
radial field (RF) system is connected to a feedback amplifier so as to keep the 
plasma centered on the midplane. Three passive conducting plate systems are 

(al 

FIG. 10. Snapshots of computed poloidal flux surfaces in PBX experiment at times t = 0.0, 150, 200, 
300 ms during current ramp-up and shaping phase. 
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axisymmetric conductors which obey circuit equations with active feedback 
amplifiers being included. A solution method is utilized in which the plasma force 
balance equation is modified by scaling up the plasma mass and viscosity. This 
technique keeps the plasma in near force balance equilibrium while alleviating the 
severe time scale discrepancy between wave-like and diffusion-like phenomena. Also 
the vacuum equations are modified to describe a very high resistivity zero pressure 
plasma. The parameter scaling does not affect the bulk motion of a tokamak 
plasma that is stable on the ideal MHD time scale. 

In the following sections we present the modified equations, discuss the relevant 
time scales, and present the numerical methods utilized in the simulation. We verify 
the computational technique in Section V by computing several test problems in 
some detail. Then in Section VI we apply this method to the modeling of an actual 
tokamak experiment, the Princeton Beta Experiment (PBX) [B]. It is shown that a 
system of shaping coils plus passive and active feedback conductors should be suf- 
ficient to shape the tokamak into a kidney bean shape and hold it there in a con- 
trolled manner. 

II. EQUATIONS 

In an axisymmetric toroidal geometry with symmetry angle 4, the magnetic field 
is expressible in terms of the poloidal flux per radian Y and the toroidal field 
function g in the standard way 

B=VdxVY+gV& (1) 

The function g is a general two-dimensional function whose contours will align 
themselves with constant poloidal flux contours when the system is in static force 
balance, i.e., g = g(Y) in equilibrium. The toroidal flux @ within a constant Y con- 
tour Y = YC is obtained by performing an integral over the contour’s interior 

where (x, 4, z) form a cylindrical coordinate system (Fig. 1). 
We find it advantageous to express the plasma momentum density m = Minv in 

terms of a stream function A, a toroidal component CO, and a potential s1, thus 

m=VtixVA+wVd+VSZ. (3) 

This form for the velocity field allows separate numerical treatment of the incom- 
pressible and compressible parts of the flow field. Since the physics governing the 
wave dynamics of V. m = V2G? and V4 * V x m = V. xe2 VA are determined, respec- 
tively, by the longitudinal and transverse characteristics, the time evolution of these 
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is long compared to the time it takes for densities and temperatures to equilibrate 
along the magnetic field lines so that we can take these quantities to be one-dimen- 
sional spatial functions, uniform on each magnetic surface. It is also long compared 
to the time that Alfven waves act to equilibrate force imbalances so that the static 
equilibrium condition J x B = Vp will remain nearly satisfied. 

In the absence of Alfven transit time scale (ideal MHD) instabilities, the inertial 
terms in the plasma force balance equation are negligible. They are smaller than the 
magnetic forces by the square of the inverse magnetic Reynolds number, S,*, where 

with rl the plasma resistivity and a the minor radius. Since the magnitude of the true 
time-averaged inertial terms are small, we replace them with a more convenient 
modified inertial term which is equivalent to enhancing the plasma mass, dropping 
the convective derivative term, and choosing a specific form for the plasma viscosity 
operator, 

F,(m) = -VI [V*m - V(V . m)] - v,V(V . m). (5) 

Thus the plasma force balance equation becomes 

$+F,(m)=JxB-Vp. 

The mass enhancement and viscosity parameters are chosen so that the left-hand 
side of Eq. (6) remains small enough to be negligible compared to the right-hand 
side, but not so small as to make forward time integration prohibitive. Further 
motivation for the modified inertial technique is given in Ref. [9]. It must be 
verified a posteriori that the modified inertial terms indeed remain small and that 
the physical results are independent of the fictitious mass and viscosity values over 
a wide range. 

Scalar forms of the momentum equations are obtained by operating on the 
modified force balance equation, Eq. (6) with {V}, {Vtj.Vx }, and {Vqb}. Thus, 
we obtain 

@a) 
(6b) 

;o+p,‘VcjxVgW-v,A*co=O, (6~) 

where A* = x*V . x-‘V is the standard toroidal elliptic operator. 
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We note here that static solutions to Eqs. (6a)-(6c) with (0, A, CD) and their time 
derivatives set to zero are exact solutions to the full Grad-Shafranov equilibrium 
equation, i.e., 

A*!?+ pox2 -gp(Yq+;-gg2(P)=o. 

Transient solutions for Y, p, and g are always within E = S,2 of satisfying Eq. (7). 
Faraday’s Law, and an Ohm’s law of the form 

E+vxB=R, (8) 

where R contains the nonideal terms, yield evolution equations for the poloidal flux 
and toroidal field functions 

~~+-+xVAW+VGW')=x2V~~R, (9) 

$g+xzv. -&(V~xVA+VQ)-$VtjxVP-Vc$xR]=o. (10) 

Here, p,, z noMi is a constant, having the role of the enhanced mass density. 
Since the toroidal magnetic field is due primarily to external currents, it is 

relatively immobile, making it convenient to evolve the surface-averaged ther- 
modynamic variables relative to magnetic coordinate surfaces containing a fixed 
amount of toroidal flux. To derive the surface-averaged evolution equations, we 
decompose the cross-held fluid velocity into two parts 

v~vY=v;vY+v,~vY, (11) 

where v, . VY is associated with the evolution of the coordinate surfaces, and 
vR. VY is the fluid flow relative to these surfaces. For magnetic coordinate surfaces 
evolving with fixed toroidal flux @, we have from Eq. (lo), 

and 

v,TY=%#xRW (12) 
g 

(13) 

Here, q = (27r-’ &D/a!P is the safety factor, B, = IV4 x VYI is the magnitude of the 
poloidal magnetic field, and the line integrals are around a contour in a poloidal 
cross section at Y = const. Using Eqs. (1 1 )-( 13) to eliminate the velocity from the 
mass and energy conservation equations, we obtain [lo] one-dimensional 
evolution equations for the differential number density IV’ = n aV/i?@, and the dif- 
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ferential total and electron entropy densitities 0 - p(~Yv///a@)‘/~ and ge z 
PJ~I’/M)“‘, with respect to magnetic surfaces containing a fixed toroidal flux. 

;iv= --L&(Nr)+s,, (14) 

VL~-~(Q,+Q,,+~(s,+a, 3 I 
(15) 

v aK aQ, I av aPi 

La@ a@ 2% -'z+Q,,+& . )I (16) 

Time derivatives are with respect to surfaces containing fixed toroidal flux CD. We 
have defined the differential volume 

(17) 

the loop voltage 

v =WR*W 
L (B.Vd) ’ (18) 

and the total toroidal current within a flux surface 

(19) 

The particle flux and electron and ion heat fluxes are defined as 

r=2?cq[(x2RV@)- (R*B)/(B.V#)], u-0) 

Qi=g[ (Qi.V@) +gPirI, (21) 

Q,=g[ ( q,*V@) +; Per 1 9 (22) 

where qi and qe are the random heat flux vectors. We have introduced the flux sur- 
face average operator in Eqs. (18), (20), (21) (22), 

ca> ~ f (dwJ a 
f WB,) ’ 

The equipartition term is classical 
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In the evaluation of the particle flux Z and the heat fluxes ( qi. V@ ) and 
(qe .V@), it is the anomalous part that dominates. We take this to be of the form 

rA = -$lVYl72nq)2$ 

We have taken (Di, D,, D3) = (0.1, 1.0, 1.0) x lOI m-‘set-’ to give a reasonable 
lit to PBX data. 

B. Vacuum Region 
The vacuum region is defined by either having Y > Y,, where YL is the first 

plasma flux surface in contact with a limiter or by being separated from the plasma 
by a magnetic x point. We treat the vacuum region as a low temperature, zero 
pressure gradient plasma in which currents can appear. In the limit as the vacuum 
conductivity approaches zero, the magnitude of these currents will go to zero and 
the magnitude of the magnetic diffusion coefficient will approach infinity. Thus, 
Eq. (6) (with Vp = 0), and Eqs. (9) and (10) are solved in the vacuum region, with a 
classical resistivity, Eq. (26), based on a constant electron temperature T, = TV. 
The vacuum temperature, normally a few eV, is much less than the central plasma 
temperature, normally 0.1 to 3.0 keV; however, it is not zero. This vacuum tem- 
perature and a vacuum density, n,, serve as boundary conditions on the surface- 
averaged plasma evolution Eqs. (14) through (16). Since the plasma temperatures 
and densities will approach these values smoothly, all physical quantities are 
smooth and continuous across the plasma-vacuum interface, and no special boun- 
dary treatment is required there. Again, we must verify a posteriori that the physical 
results converge to a value independent of the vacuum temperature T,. 

At the outer boundary of the vacuum region, i.e., the computational domain 
boundary, we model an insulating, magnetically transparent boundary by 
prescribing that the toroidal field strength g and the poloidal flux Y be consistent 
with the instantaneous plasma and coil currents. Thus, on the boundary points xb, 

POZTF 
g(xlJ = go = FY 

Y(x,, t)=$/ G(x,, X) J+(% 1) d2X + iEl 2 G(x,, Xi) Ii. 
P 

Here, ZTF is the total current in all the toroidal field coils, G(x,, x) is the analytic 
exterior Green’s function for an axisymmetric current filament [ 111, 
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where R(t) is the average value of N(x,, t) on the boundary, 

(42) 

The decomposition of the normal boundary velocity as prescribed by 
Eqs. (39)-(42) is not unique. Indeed, consider the transformation where we add to 
the velocity field two functions A, and Szu such that 

A+A+A,, (434 

with 

V252,=d*~,,=o (43c) 

in the interior and 

1 8AH Xl, -- 
x al 

-=o 
+ an (43d) 

on the boundary. Such a transformation leaves all physical quantities unchanged. 
,Finally, we note that the error one would introduce by using homogeneous 

boundary conditions; i.e., Eqs. (40) and (41) with U=O, would not be large. An 
acceleration term would be forced to appear near the boundary obeying 

av 
at’ (44) 

This would result in an unphysical boundary layer velocity gradient of thickness 
d= h/Bo)(~o/clo~“” in which the velocity is accelerated to the value of Eq. (39). 

C. Solid Conductors’ 
The physical material velocity is zero in the solid conductors. Allowing for the 

possibility of an external circuit connection supplying an applied voltage V(t), the 
poloidal flux evolution equation, the analogue of Eq. (9) in the plasma, becomes 

; Y=p,1~A*Y+(2~)-1 V(t). (45) 

We note here a direct analogy between the poloidal flux evolution equation in the 
conductor, Eq. (45), and a discrete circuit equation. Suppose a single isolated mesh 
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point (x, z) = (Xi, zi) is treated as a solid conductor. The mesh point has associated 
an area dA = dxdz, a resistance rij, and a current Ii,j given by 

I. ,-AAA*yi,j 
1.1 - 

POxi ’ 

(46) 

(47) 

The poloidal flux at the mesh point is due to a self-inductance and a mutual induc- 
tance part, 

-27CYi.j = Li,jI,j + 1’ Mi,j;i’yIi.f, (48) 
i’i’ 

where the sum is over all other currents, being in the grid conductors, the plasma, 
and external to the grid. The mutual inductance in Eq. (48) is the Green’s function 
appearing in Eq. (33), 

Mi,j;i’,y = PoG(xi,j, X,./h (49) 

while Li,j, the intrinsic inductance of a mesh point, is obtained by substitution of 
the asymptotic small argument expansion for G into the five-point-centered finite 
difference representation of Eq. (47). Thus, taking Ax = AZ, we have 

With the definitions in Eqs. (46) through (50), we see that the discrete form of 
Eq. (45) becomes 

-$ 
( 

L,jI,j+ C’ M,j;~j’Ifl,j + ri,jIi,j+ V(t) =O* 
i’i ) 

The differential form, Eq. (45), is actually used, but it is useful to keep this 
correspondence in mind. 

To model the control systems in the tokamak, we allow the applied voltage V(f) 
appearing in Eqs. (45) and (51) to be a function of the instantaneous poloidal flux 
values at two or more observation points xoBs, and of other global parameters. A 
useful form for most applications is to specify the positions of two observation 
points xpBs and xyBS, a linear gain a and a normalized flux offset fl so that 

V(t) = a 
C 

Y(xpBs) - Y(x,OBS) - y], (52) 
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FIG. 2. Generalized poloidal field circuit configuration allows for a gap with gap current 1, and gap 
resistivity rG. 

where r,(t) and I, are instantaneous and reference values of the total plasma 
current. 

It is necessary to generalize the circuit Eq. (45) to model conductors with 
toroidal cuts or toroidally localized high resistance regions such as bellows or 
vacuum vessels with toroidal breaks. We take a group of N poloidal field conduc- 
tors to be connected as in Fig. 2 with a small common gap with gap resistance ro 
and gap current 

I,= f I,=AA 5 ,u;‘A*Y’,,/x,. 

The generalization to Eq. (45) is then simply, for n = 1, N, 

(53) 

(54) 

We verify that Eqs. (53) and (54) have the correct limits, reducing to Eq. (45) when 
rG + 0 and forcing Zo = 0 when rG + co. 

Finally, we consider the boundary conditions on the velocity variables A and 52 
at the interface between the conductors and the vacuum region. For the same con- 
siderations as discussed in Section IIB the appropriate boundary conditions are 
given by Eq. (39). However, imposing internal boundary conditions and thus 
making the computational region multiply connected would rule out the use of fast 
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B. Coils Only Decay Test 
To verify that the circuits part of the code is computed correctly, we set up a test 

problem with two coils located symmetrically above and below the midplane at 
(x = 1.2, z = kO.75). The remainder of the computational region, 0.38 <x < 2.6, 
- 1.6 < z < 1.6 is a vacuum, i.e., 1.5 eV resistive plasma with zero pressure gradient. 
The number of spatial grid points in x and z were 49 and 57, respectively. At t = 0, 
the coils are initialized with equal and opposite currents. As time advances, the coil 
currents decay and we plot their currents versus time for two cases with different 
coil resistivity in Fig. 5 comparing with the exact L/R decay time. The agreement is 
seen to be excellent. 

C. Resistive Axisymmetric Stability Test 
A model problem consisting of an elliptical cross-sectional plasma and topbot- 

tom finite resistivity plates is set up as shown in Fig. 6. At t = 0, the plasma is given 
a perturbation by applying a radial magnetic field to induce asymmetry in the ver- 
tical direction. The conducting plates stabilize the plasma on the ideal MHD, 
Alfvtn wave transit time scale, but an instability persists on the much slower time 
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FIG. 7. Growth rates versus conductor size for elliptical plasma instability of Fig. 6. Also shown are 
predictions of a wire filament model located within &4% of the minor radius about the current cen- 
troid. 
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0.4 ’ ’ ’ ’ j ’ ’ 
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TIME(mrcc) 
0 

FIG. 5. Test conducted with coils present but without plasma exhibits exponential decay on L/R 
time of coils. 

where I(t), x0, and K are defined in Eqs. (35) (36), and (38). We display 
graphically in Fig. 4 the relative errors in the boundary flux due to truncating the 
expansion after the first and second terms, i.e., we plot normalized values of 
CWd - Wxdl and Wy,W - ‘Y,bdl f or computational boundaries separated 
from the plasma by about 0.5 and 1.0 minor radii. The expansion in Eq. (37) is seen 
to be rapidly converging, yielding 1O-3 relative errors when keeping only the first 
two terms for a boundary as close as 0.5 minor radii. 
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6. Elliptical plasma is stabilized on fast (ideal) time scale by conducting 
record flux difference of instability caused by finite resistivity of conductors. 

Observation. 
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installed to stabilize the plasma axisymmetric modes on the fast ideal MHD time 
scale. These are connected in topbottom pairs so that no net current can flow 
through an antisymmetric pair. 

The ohmic heating (OH) system is modeled by a “perfect” OH system, which 
increases the value of the poloidal flux uniformly on the plasma boundary at a rate 
that keeps the total plasma current on the trajectory described in Table II. The 
other coil systems also have voltages applied, as described in Eq. (45), to keep the 
currents on specified trajectories. For the EF and RF systems, these nominal 

0 o&l 0.06 a12 0.16 Cl20 0.24 (128 
TIME MC) 

0 a04 0.06 a12 016 020 0.24 026 
TIME Ised 

I., I., .I 

0 a04 a06 a12 a16 a20 a24 028 
TIME bed 

FIG. 12. Time history of current distribution in passive conducting plate segments for PBX 
calculation of Fig. 10. 
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current trajectories are modified by feedback signals to provide radial and vertical 
position control. Thus, 

z~F(t)=~F(t)+tll[YI(l.l,O.O, t)- Y(2.0,0.0, t)+&j, (754 
z,,(t)=a,[~(l.01,0.12, t)- Y(l.01, -0.12, t)], (75b) 

where 6 = -0.025 x [Z,(t)/Z,(co)] x [Zsr(t)/Zsr(~~)] is an offset, Z&(t) is the trajec- 
tory described in Table II, a, = 4 x lo3 and CQ = 2 x 10’ are proportionality con- 
stants, and Y(x, z, t) is the value of the poloidal magnetic flux per radian at 
location x, z at time t. 

We illustrate in Fig. 10 the poloidal magnetic flux surfaces at several times during 
the simulation. The profiles of the toroidal current and pressure across the plasma 
midplane are shown in Fig. 11. It is seen that the current peaks on the outside of 
the discharge during the current ramp-up phase but eventually penetrates into the 
plasma. In Fig. 12 we plot the distribution of induced axisymmetric eddy currents in 
the three sections of passive conducting plates in the upper half of PBX. The 
presence of a gap in each of the plates constrains the net current in each of the 
plates to be zero. 

One measure of the accuracy of the simulation is the ratio of the kinetic energy to 
the magnetic energy in the computational domain. This quantity remained smaller 
than 5 x lop6 during the entire calculation, verifying that the inertial terms in the 
force balance Eq. (6) are indeed always small. This implies that the plasma evolves 
through a series of near-equilibrium states. 

VI. SUMMARY 

We have described a new method for computing the free boundary time 
evolution of an axisymmetric toroidal plasma evolving due to plasma transport and 
resistive dissipation, external heating, and changing currents in the poloidal field 
coils. The method is based on introducing several artificial parameters into the zero 
inertia MHD and vacuum equations, and by taking the limit as these parameters 
become small. Code verification examples were presented as well as an application 
demonstrating the formation and positional stability of a bean-shaped plasma in 
the PBX device. 

The present method does not solve the adiabatic equilibrium (Grad-Shafranov- 
Schliiter) equation each time-step, but rather evolves a velocity field through a 
modified equation of motion, Eq. (6), which forces the system to remain very close 
to equilibrium. Instead of solving elliptic equations for the poloidal flux in the 
vacuum region, we take the vacuum as the limit of a very high resistivity, zero 
pressure gradient plasma and solve a parabolic equation, Eqs. (9) and (27) for the 
evolution of the poloidal flux. In the plasma region itself, the adiabatic variables 
describing the differential number density, the differential total and electron entropy 
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Summary
• Tokamak operations and control will be key to 

the success of ITER

• MHD/computational tools, like TSC, can make 
detailed engineering and control simulations that 
design and give confidence to ITER operations

• Discharge planning with simulations is essential 
to the effective use of ITER
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