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Understanding the dynamics of plasma startup and termination is important for present tokamaks
and for predictive modeling of future burning plasma devices such as ITER. We report on
experiments in the DIII-D tokamak that explore the plasma startup and rampdown phases and on the
benchmarking of transport models. Key issues have been examined such as plasma initiation and
burnthrough with limited inductive voltage and achieving flattop and maximum burn within the
technical limits of coil systems and their actuators while maintaining the desired q profile.
Successful rampdown requires scenarios consistent with technical limits, including controlled H-L
transitions, while avoiding vertical instabilities, additional Ohmic transformer flux consumption,
and density limit disruptions. Discharges were typically initiated with an inductive electric field
typical of ITER, 0.3 V/m, most with second harmonic electron cyclotron assist. A fast framing
camera was used during breakdown and burnthrough of low Z impurity charge states to study the
formation physics. An improved “large aperture” ITER startup scenario was developed, and aperture
reduction in rampdown was found to be essential to avoid instabilities. Current evolution using
neoclassical conductivity in the CORSICA code agrees with rampup experiments, but the prediction
of the temperature and internal inductance evolution using the Coppi–Tang model for electron
energy transport is not yet accurate enough to allow extrapolation to future devices.
© 2010 American Institute of Physics. �doi:10.1063/1.3374242�

I. INTRODUCTION

Understanding the dynamics of plasma startup and ter-
mination is important for present tokamaks and for predic-
tive modeling of future burning plasma devices such as
ITER. As device size and magnetic stored energy increase
and tokamaks become increasingly complex, the implica-
tions of “off-normal” events such as failure to burnthrough
low Z impurities or vertical displacement events �VDEs�
have become increasingly important for the safe operation of
the device. In DIII-D we have investigated the discharge
evolution both to reach plasma current flattop and to ramp
down the discharge to sufficiently low stored magnetic en-
ergy and plasma current where an abrupt subsequent termi-
nation does not lead to adverse effects such as erosion of
plasma facing components �PFCs� or compromising the me-
chanical integrity of the ITER vessel. In addition, repeated
abrupt terminations even at low current may have detrimen-
tal effects on these PFCs, so controlled rampdown to as low
a plasma current as possible is desirable. In this paper we
define burnthrough as occurring when the electron tempera-
ture becomes sufficiently high that low Z impurity charge
states are no longer a large fraction of the power radiated

from the plasma. This generally occurs when Te�100 eV
and is characterized by a marked decrease in impurity line
radiation from oxygen and carbon.

We have experimentally simulated the rampup and
rampdown scenarios prescribed for the ITER tokamak and
have explored variations to those prescriptions. ITER sce-
narios for rampup and rampdown have evolved as the ma-
chine design has matured,1–5 and recent modeling and ex-
periments have explored conditions for successful ITER
startup and rampdown.6–12 A typical discharge showing all
phases of an ITER simulation is presented in Fig. 1. Electron
cyclotron �EC� heating is used to assist in the breakdown and
burnthrough phases �Fig. 1�b��, and the applied electric field
is at the ITER specified value of 0.3 V/m or lower �Fig.
1�a��. In this discharge, 1 MW of neutral beam power is
applied during the rampup phase for diagnostic purposes
�Fig. 1�d��. However other ITER-like startup discharges are
Ohmically ramped to current flattop under similar condi-
tions. Neutral beam power, PNB, is increased �1.6 s� after
current flattop and is then feedback controlled ��1.71 s�,
limiting �N to �1.7–1.8 �Fig. 1�b��; the ITER scenario 2
value is �N=1.8.13 The initial neutral beam power is well
above the L-H power threshold in order to achieve a prompt
L-H transition �1.67 s� since the flattop duration is limited in
these experiments due to the long rampdown phase and limi-
tations in the DIII-D power supply systems. The rampdown
phase follows the ITER prescribed scenario5 where the elon-
gation and plasma current are simultaneously reduced and a
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transition from H-mode to L-mode occurs during the ramp-
down at 1.0 MA �Ip,ITER=10 MA�. In this scenario, the elon-
gation continues to be reduced during the L-mode phase, but
the strike points are held approximately fixed, a key require-
ment in ITER for heat dissipation.

To experimentally simulate ITER startup in DIII-D,
the limiter phase of the current ramp is scaled by the ratio
of the low field side �LFS� radii of both devices,
RLFS,ITER /RLFS,DIII-D�3.5. This scaling was chosen because
the initial ITER startup scenario envisaged a LFS field null
and breakdown.2 The more recent startup scenarios used in
this paper include a central large-bore startup.5,14 However,
we have maintained the initial scaling of 3.5 during the lim-
iter phase since the scaling differences are slight. During the
later diverted phases, the scaling factor was set by the major
radii and was 3.65. The DIII-D toroidal field, BT, was typi-
cally 1.9–2.1 T at the major radius R=1.7 m �compared to
5.3 T at R=6.2 m in ITER�. Based on gyro-Bohm scaling
�Te�BT

2/3a1/3�, the ratio between the L /R time in ITER and
DIII-D is about 50 �L and R are internal inductance and
resistance, respectively, and a is the minor radius�. Since
dimensions and toroidal fields are specified, the plasma cur-
rent is determined by requiring the same normalized current,
IN= Ip /aBT, in both devices. For the 15 MA ITER scenario,
IN=1.42 and q95�3.

In the ITER baseline startup scenario, the plasma is ini-
tially limited on the LFS, and this is reproduced in DIII-D,
shown in the flux plot at t=0.1 s in Fig. 1. In DIII-D, there

are three poloidal graphite bumper limiters on the LFS,
extending 2 cm from the surrounding graphite wall tiles.

During the rampup and flattop phase, the normalized in-
ternal inductance, li�3�, is within the ITER design range. In
this paper we will use the definition for internal inductance
used by the ITER team,

li�3� = 2V�Bp
2�/���0Ip�2R� , �1�

where Bp is the poloidal magnetic field, �Bp
2�=1 /V�Bp

2dV,
and V is the plasma volume. The ITER design assumes an
applied toroidal electric field, E�, of 0.3 V/m at R=7.5 m.
This field is limited by induced currents in the thick vacuum
vessel and poloidal field �PF� coil constraints. Although
Ohmic startup has been considered for ITER, EC assist can
provide an additional margin for successful breakdown and
burnthrough.1,2 For the DIII-D experiments, second har-
monic X-mode �X2� EC assist was evaluated using the
DIII-D 110 GHz gyrotrons. The injected power in experi-
ments reported here was 1–1.3 MW, and the launch angle
with respect to the toroidal magnetic field was varied from
perpendicular launch to an oblique launch of 24 deg. �ITER
has specified an oblique launch �20° from the equatorial EC
launchers.�

For all discharges in this paper with EC assist, the EC
power was applied before the inductive electric field. We
define this phase as preionization and note that it has been
used in a variety of tokamaks.15–18

In this paper we will examine the discharge phases be-
fore and after current flattop when the plasma is dynamically
changing. Experiments simulating ITER flattop scenarios in
DIII-D have been reported elsewhere.13 This paper is orga-
nized as follows: Sec. II discusses the breakdown and burn-
through phases during startup, Sec. III describes the rampup
phase, Sec. IV deals with rampdown, and discussion and
conclusions are presented in Secs. V and VI.

II. BREAKDOWN AND BURNTHROUGH

For most experiments in DIII-D, only Ohmic heating
�OH� is used for the breakdown and burnthrough phases.
However, another method of startup can also be used, where
EC heating �ECH� is applied and the breakdown location is
determined by the EC resonance radius. Plasma breakdown
and burnthrough using OH and ECH together are effective in
both phases, and the higher power can make plasma initia-
tion more reproducible and burnthrough more prompt.18 We
refer to this type of plasma startup as EC assist, and it can
provide an increased margin for successful startup if used in
ITER.

For OH alone, an inductive electric field of 0.8–0.9 V/m
is typically applied in DIII-D discharges, providing ample
power to burnthrough the charge states of low Z impurities.
However, this field can be reduced to simulate ITER
conditions, and an example of OH breakdown at reduced E�

�0.42 V/m� is shown in Fig. 2. Even though the vacuum field
null in this discharge is on the LFS, breakdown is first ob-
served by the fast framing camera,19 measuring D� light, on
the high field side �HFS� near the inner wall. This is consis-
tent with Ref. 20 where the energy gain of a collisionless
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FIG. 1. DIII-D experimental simulation of a complete ITER discharge. �a�
E� �V/m, solid black� and normalized current �dash�; �b� normalized �
�dash�, li�3� �gray� and EC power �solid black�; �c� flux consumption and
divertor D�; and �d� neutral beam power �gray�, OH power �solid black�,
and electron density ��1019 cm−3, dash�. Discharge uses the full-bore star-
tup scenario, diverting at 0.28 s, and the ITER prescribed rampdown sce-
nario. Flux shapes at selected times during the discharge evolution are also
shown.
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electron, U�R ,z�, following a field line from a location �R ,z�
inside the vacuum vessel and striking the wall is highest on
the HFS near the inner wall.

Although Ohmic startup in these experiments was
achieved with values as low as 0.41 V/m, it is still higher
than the ITER value of 0.3 V/m. We note however that pre-
vious work with inside wall limited discharges achieved
Ohmic startup with E�	0.3 V /m.21

A fast framing camera viewing CIII line emission during
startup of a discharge with EC assist is shown in Fig. 3.
In the absence of an inductive electric field, plasma initiation
�Fig. 3�a�� occurs near the EC X2 resonance radius,
RX2=1.64 m, and then expands toward the LFS �Figs. 3�b�
and 3�c��. The expansion is produced by a drift, vR=Ez

�B� / 	B2	. The electric field, Ez, is positive �upward� and
is produced by charge separation due to the curvature and

gradient drifts in the direction B��B. As E� is applied �Fig.
3�d��, plasma current increases and closed flux surfaces
form.18 It is only after this time that the discharge limits on
the inner wall �Fig. 3�e�� since the applied vertical field pro-
duces an inward force on the plasma. Finally, radial position
feedback control is initiated beginning at t=20 ms, and the
plasma moves to its programmed position, limiting on the
LFS �Fig. 3�f��. By this time, the plasma has completed the
burnthrough phase. In these experiments, the EC power con-
tinued until t�0.2 s. This was done to ensure that all dis-
charges, especially those at low ECH power �not shown�,
had sufficient margin for burnthrough. We would expect a
successful startup �i.e., current ramp to flattop� if the EC
power had been removed immediately after burnthrough for
the discharge shown in Fig. 3.

The plasma expansion evolution in Fig. 3 is also shown
in Fig. 4, where midplane CIII emission �z=0� is calculated
from an Abel inversion. During the preionization phase
�E�=0�, this expansion is nearly linear �dashed line in Fig.
4�, and a radially outward velocity and electric field can be
calculated, 50 m/s and 95 V/m, respectively, for discharge
No. 135899 in Fig. 4. Although a detailed scan has not been
carried out, we note that this velocity increases with EC
power, increasing to 90 m/s when the EC power is doubled.
Another interesting feature of the plasma formation is the
radial expansion inward beginning at approximately 
7 ms
as inductive voltage is first applied. This expansion occurs
in discrete steps, and the reason for this is currently under
investigation.

Another feature of the EC breakdown is that a small
noninductive toroidal current �6 kA is observed in dis-
charges with EC assist as the plasma expands outward during
the preionization phase. This current was measured by a
“virtual” Rogowski loop consisting of a series of poloidal
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FIG. 2. �Color� Breakdown with only OH. �a� Vacuum contours of mod �Bp�
in Gauss at t=−6 ms and �b� initial D� intensity viewed by a fast framing
camera at t=9.3 ms, 3 ms after breakdown, Ip=6 kA �No. 138138�.
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magnetic probes distributed around the inside of the vacuum
vessel at a fixed toroidal location. This effect has been also
been reported in other tokamaks.17,22

Although startup with EC assist may offer several ad-
vantages for ITER, optimized conditions can be different
from those for OH alone. One important feature is that the
most robust startup with EC assist requires additional verti-
cal field when compared to OH alone. This is shown in Fig.
5 where peak preionization line integrated density and initial
plasma current �measured at 20 ms� are plotted as a function
of the applied vertical field, Bz �a negative value produces an
inward force on the plasma�. Except for the Ohmic cases in
Fig. 5, these discharges had burned through the low Z impu-
rities by 20 ms. The observation that larger 	Bz	 is more ef-
fective is somewhat counterintuitive since it reduces the
connection length of field lines to the wall �a short connec-
tion length makes ionizing collisions and hence the ava-
lanche less probable21�. Note that at the ITER specified value
�0.3 V/m� in this scan, Ohmic burnthrough was not achieved.

In Fig. 5, both radial and oblique EC launch are com-
pared using deuterium fueling. While radial launch had a
somewhat broader range, breakdown and burnthrough oc-
curred for both over a wide range of Bz. We note that ITER
has been designed for oblique launch with a minimum angle
of �20°.

DIII-D has also examined startup in helium discharges,
and a comparison of EC assist between helium and deute-
rium is shown in Fig. 5. The initial plasma current is lower,
and preionization is observed over a narrower range of Bz,
implying that startup conditions may need to be more care-
fully optimized in future tokamaks operating in helium.

The higher heating power available with EC assist al-
lows the plasma to heat faster and to burn through the low Z
charge states, consisting mainly of oxygen and carbon. The
burnthrough time of selected charge states is plotted in Fig. 6
for both OH and EC assisted discharges. With EC assist,

burnthrough time is dramatically reduced, and the more
precise turn-on time of the EC gyrotrons allows more repro-
ducible startup conditions.

III. RAMPUP OF ITER-LIKE DISCHARGES

DIII-D has experimentally simulated the rampup phase
using the ITER baseline rampup scenario.4,14 In this sce-
nario, the plasma is initially limited on the LFS, then di-
verted when Ip,ITER=7.5 MA. During the rampup phase, the
plasma shape is evolved to maintain q95 at a constant value.
Since this startup scenario begins with a small volume, we
refer to this as the “small-bore” scenario. During DIII-D ex-
periments with the small-bore scenario, internal inductance
was often outside the ITER specified range, and VDEs some-
times occurred, leading to disruptions.14 In addition, ITER
modeling showed that the heat flux to the LFS poloidal lim-
iters was near engineering limits,23 and hence a different sce-
nario was developed with a larger plasma volume and an
earlier time to divert. This scenario, referred to as the large-
bore scenario, reduced potential heat flux issues and reduced
internal inductance, allowing operation within the ITER
specified range. To more precisely control internal induc-
tance and operate further from the VDE threshold, feedback
control of li�3� was successfully implemented and has been
reported elsewhere.10

Methods to reduce flux consumption are important for
ITER in order to have sufficient flux for the specified burn
time. Flux during the rampup phase can be reduced by the
addition of modest amounts of auxiliary heating. A compari-
son of flux consumption with OH, neutral beam heating, and
ECH is shown in Fig. 7. All three discharges had L-mode
confinement, and the auxiliary heating exhibited an approxi-
mately 20% reduction in total flux required to reach current
flattop. Although the temporal trajectories of li�3� were dif-
ferent, all three discharges had approximately the same value
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of internal inductance at current flattop. We note that CEjima

in Fig. 7�c� was also reduced with auxiliary heating. The
Ejima coefficient, CEjima, is a measure of the resistive flux
required, normalized to plasma current, and is given by

CEjima = �
R/�0RIp, �2�

where �
R is the resistive flux obtained by subtracting the
plasma poloidal flux �calculated from the MHD equilibrium
code, EFIT� from the total flux at the plasma boundary.

In order to predict the rampup performance in ITER,
predictive codes need to be benchmarked with experimental
data. For the DIII-D experiments described here, both the
small-bore and large-bore discharges have been modeled by
the CORSICA code.24,25

CORSICA is a two-dimensional equi-
librium and one-dimensional transport predictive integrated
modeling code that can operate in several modes using either
free-boundary or fixed-boundary solvers to simulate the dis-
charge equilibrium evolution. For this work a Coppi–Tang
transport model26 is used with the same transport coefficients
as used for ITER modeling.11 As reported in Ref. 11, the
CORSICA code accurately models the plasma current and
electron temperature evolution for similar large-bore startup
discharges as those presented in this paper, but there are
significant differences in the current profile and internal in-
ductance between experiment and modeling. While some of
this discrepancy can be accounted for by increasing the edge
temperature profile, there is still a difference, suggesting that
the ITER coefficients used in the Coppi–Tang model may not
be sufficiently accurate.

IV. EXPERIMENTALLY SIMULATING ITER RAMPDOWN

With the large stored energy in burning plasma devices
such as ITER, safe and controlled termination of these dis-
charges is an important aspect of their operation. In ITER,
there is approximately 350 MJ of thermal energy in the
Q=10 scenario and even more magnetic stored energy that
must be controlled during the rampdown phase.12 ITER has
prescribed a rampdown scenario,5 and this has been experi-

mentally simulated in DIII-D. A comparison of a DIII-D
ITER-like rampdown discharge and the DINA reference
scenario5 is shown in Fig. 8. With the scaling described in
Sec. I, DIII-D has closely matched normalized parameters
q95, �, li3, and In. With this scenario, rampdown to below the
ITER specified value, Ip,ITER=1.4 MA �Ip,DIII-D=0.14 MA�,
was achieved. Although additional flux was not required
from the entire PF set during this rampdown, additional cur-
rent in the central solenoid �CS� and inner PF coils in DIII-D
was required, and this might exceed the current limits of the
CS coils in ITER �in DIII-D the inner CS shaping coils and
the CS are decoupled, while in ITER the CS provides similar
functionality�. Hence alternate scenarios were investigated,
with a faster current rampdown. As reported in Ref. 12, a
faster rampdown produced conditions where no additional
CS current was required. At the fastest L-mode rampdown
rate, however, there was a disruption, and hence there is a
window in current ramp rate for successful rampdown in
DIII-D without requiring additional CS current.12

Normalized internal inductance during the current ramp-
down phase of a DIII-D discharge is shown in Fig. 1�b�. A
stability plot is presented in Fig. 9, where the controllability
parameter, �Zmax,

27 remains above the DIII-D control system
limit �i.e., the system is stable� until Ip is well below the
ITER specified value of 1.4 MA �scaled to Ip,DIII-D

=0.14 MA�. This was achieved without using the inner PF
coils in the vertical control algorithm. Normally these coils
are included to provide a larger margin for vertical stability,
but not using them better approximates the ITER conditions.
In Fig. 9�d�, the DIII-D control system stability limit is de-
termined by system noise and control system characteristics.
Despite the reduction in elongation, near the end of the
rampdown, the increasing internal inductance and reduced
plasma-PF coil coupling resulted in a rapidly increasing
growth rate, �z �Fig. 9�c��. The controllability parameter,
�Zmax, decreased to below the control limit for these ITER-
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like operating conditions, and the system became vertically
unstable. We note that during the rampdown it was necessary
to change the control system algorithm in order to maintain
vertical stability at low elongation with the current centroid,
zcur, well below the midplane. Although vertical stability was
demonstrated for these DIII-D discharges, we note that simu-
lations of the ITER control system, power supplies, and
plasma models27–30 are necessary to extrapolate these results
to ITER.

V. DISCUSSION

Breakdown and burnthrough with EC assist represent an
alternative method to the OH startup used in most present
day tokamaks. The precise turn-on of the ECH allows a re-
producible breakdown, and the additional power provided by
ECH provides more rapid burnthrough when compared to
OH alone, which is especially important with the lower in-
ductive electric fields in ITER. With EC assist, reliable star-
tup with toroidal electric fields at or below the ITER speci-
fication of 0.3 V/m has been obtained both in the work
reported here and in other tokamaks.7

EC breakdown occurs near the EC resonance radius, and
initially the plasma expands outward, toward the LFS, as

contrasted with the normal OH startup near the HFS wall. In
addition, there is a faster rise in plasma current with EC
assist, allowing less flux consumption during the plasma for-
mation phase. We note that a noninductive toroidal plasma
current has also been observed in the preionization phase.
While the value is rather modest, �6 kA, by properly phas-
ing its evolution with respect to the start of the inductive
voltage, it might provide a target current that would allow
more rapid plasma formation and could further reduce flux
consumption and improve reproducibility in ITER. The
physical mechanisms for this noninductive startup current
have not been clearly identified nor has the maximum current
been optimized. Two mechanisms are currently under con-
sideration: trapped particle effects and Pfirsch–Schlüter cur-
rents on open field lines.22

In DIII-D, EC assisted startup is reliably obtained with
about 1 MW of X2 ECH. As shown in Fig. 6, burnthrough is
also more prompt with the additional power provided by
ECH. Previous scans of the resonance location showed that
breakdown always occurred near the X2 resonance radius,18

although the heating efficiency has not been evaluated as a
function of radius. In DIII-D, the deposition location inferred
from fast camera data and EFIT equilibria is well within the
last closed flux surface �LCFS�, and ECH is effective during
startup. The type of ECH is different in ITER �fundamental
O-mode�, but the ITER design also assumes that the deposi-
tion location is within the LCFS.

An important feature of EC assisted startup is that it is
most effective with an applied vertical field both in the
breakdown phase and during the current ramp. With this ap-
plied vertical field, the plasma is limited on the inside wall as
soon as closed flux surfaces form. In these experiments, ra-
dial field control is not enabled until t=20 ms when the
plasma is limited on the LFS limiters to simulate the ITER
rampup scenario. Optimizing the vertical field will also be an
important consideration for EC assisted startup in ITER.
Presently, the physical mechanism for improved breakdown
with vertical field is not well understood. One hypothesis
under investigation is that the applied vertical field allows
better alignment between the EC resonance radius and a field
line from the EC first-pass deposition location to the wall,
which might enhance multipass ECH.

The ITER EC startup system has been designed for ob-
lique launch, and this was compared to radial EC launch in
Fig. 5. If the vertical field is optimized, then startup with EC
assist is effective. We note that previous results, reported in
Ref. 18, were for Bz�0, which is qualitatively consistent
with Fig. 5 where very little density is observed during
preionization even with radial launch. Initial results with
startup in helium show that preionization density is low for
all values of vertical field and the rate of current rise is
slower than in deuterium. This will be further investigated in
future experiments.

Successful rampdown without additional flux consump-
tion or increased currents in the center solenoid or CS coils
has been demonstrated in a modified ITER rampdown sce-
nario. The slow rampdown rate in the ITER prescribed sce-
nario produced additional currents in the inner PF coils that
could exceed coil current limits in ITER. Successful ramp-
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down to plasma currents below the ITER specified limits
with no vertical instabilities was achieved by changing the
vertical stability algorithm in the DIII-D plasma control sys-
tem. This was necessary because as elongation decreased
while holding strike points fixed, the entire plasma is shifted
downward. Multiple algorithms may also be necessary for
ITER.

VI. CONCLUSIONS

All phases of an ITER discharge have been experimen-
tally simulated in DIII-D. Two types of low inductive voltage
startup have been investigated: the normal OH startup and
EC assisted startup. In the former case, OH startup at the
ITER specified electric field of 0.3 V/m has not yet been
achieved in the ITER startup scenario. However EC assisted
startup with E� as low as 0.21 V/m has been demonstrated.
With EC assist, burnthrough of low Z impurities is fast, and
breakdown is more reproducible. During the rampup phase,
modest amounts of auxiliary heating, �1.1–1.3 MW, has
reduced total flux consumption by 20%, providing more mar-
gin for achieving the specified ITER burn time. Rampdown
has been demonstrated below the ITER specified require-
ment of 1.4 MA �Ip,DIII-D=0.14 MA�. Finally, an improved
ITER rampdown scenario has been demonstrated without ad-
ditional flux consumption or increased current in the CS or
PF coils.
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