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Abstract

Transient coaxial helicity injection (CHI) in the National Spherical Torus Experiment (NSTX) has generated toroidal
current on closed-flux surfaces without the use of the central solenoid. When induction from the central solenoid
was added, CHI initiated discharges in NSTX achieved 1 MA of plasma current using 65% of the solenoid flux
of standard induction-only discharges. In addition, the CHI-initiated discharges have lower density and a low
normalized internal plasma inductance of 0.35, as desired for achieving advanced scenarios. Transient CHI will be
used for non-inductive plasma start-up on the upgrade to NSTX (NSTX-U) that is now under construction. It will
have numerous improvements that significantly enhance CHI start-up capability. The TSC code is now starting to
be used for full discharge simulation, which includes solenoid-less start-up with CHI and subsequent non-inductive
current ramp-up using neutral beams. These results suggest that the increased injector flux capability of NSTX-U
should allow CHI start-up at more than the 400 kA level and that the new tangential neutral beam system on NSTX-U

should be able to ramp the current to the 1 MA levels.

(Some figures may appear in colour only in the online journal)

1. Introduction

Tokamaks and spherical tokamaks (STs) have largely relied on
a central solenoid to generate the initial plasma current and to
sustain that current against resistive dissipation. However, a
central solenoid cannot be used for plasma current sustainment
indefinitely. The inclusion of a central solenoid in a tokamak
for plasma start-up alone limits the minimum aspect ratio and
adds cost and complexity. For fusion power plants based on
the ST concept [1,2], elimination of the central solenoid is
necessary so alternative methods for plasma start-up would be
needed.

The generation of toroidal plasma current by coaxial
helicity injection (CHI) was originally developed for
spheromak plasma formation [3] and has been used on several
spheromak experiments including on the SSPX, CTX and
RACE devices [4-6]. It has also been used in reconnection
merging experiments [7,8] and for spherical torus plasma
formation [9, 10].

There are two approaches to CHI. In both approaches
the toroidal current generated by CHI initially flows on open

0029-5515/13/073017+07$33.00

field lines that connect two electrodes used for driving current
with an external power supply, as described in section 2. For
CHI to be able to produce toroidal plasma current on closed-
flux surfaces magnetic reconnection must occur. In the first
approach referred to as steady-state or driven CHI, closed-
flux generation relies on the development of some form of
non-axisymmetric plasma perturbation. This mode of CHI
operation, in which the injector circuit is continuously driven
for times longer than the timescale for resistive decay of the
toroidal current (fpuse > Tr/r) Was initially studied in the
early CHI experiments in National Spherical Torus Experiment
(NSTX) [10]. Although substantial toroidal currents were
generated using the steady-state approach, it was found that
these discharges could not be successfully ramped up in current
when induction was applied. This was due to an influx of low-
Z impurities that increased the radiated power above the input
power provided by induction.

However, complementary experiments on the HIT-II
experiment at the University of Washington then demonstrated
that a new mode of CHI operation in an ST, referred to as
transient CHI could generate high-quality plasma equilibrium

© 2013 IAEA, Vienna Printed in the UK & the USA
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Figure 1. Shown are (left) drawing of the NSTX machine, (middle) cartoon of CHI start-up and (right) fast camera images of an evolving
CHI discharge 1 ms, 1.4 ms and 2.5 ms after discharge of the CHI capacitor bank.

in a ST that could be successfully coupled to inductive drive
as a result of reduced low-Z impurity influx [11]. While the
driven CHI approach has the potential for steady-state current
drive, for the purpose of initial plasma start-up, transient CHI
[11], which involves only axisymmetric magnetic reconnection
works very well and produces useful closed-flux equilibrium.
In transient CHI, the initial poloidal field configuration is
chosen such that the plasma carrying the injected current
rapidly expands into the chamber. When the injected current
is rapidly decreased, magnetic reconnection occurs near the
injection electrodes; with the toroidal plasma current forming
closed-flux surfaces. The method of transient CHI has now
been successfully used on NSTX producing an unambiguous
demonstration of closed-flux current generation without the
use of the central solenoid [12].

Since that discovery, the transient-CHI method has been
successfully applied to NSTX for solenoid-free plasma start-up
followed by inductive ramp-up [13]. These coupled discharges
have now achieved toroidal currents >1 MA using significantly
less inductive flux than standard inductive discharges in NSTX.

Section 2 of this paper briefly summarizes the
experimental results from NSTX. The numerous CHI system
upgrades to the NSTX-U device are discussed in section 3 in
the context of increasing the CHI current start-up potential.
Section 4 discusses initial results from simulations with the
TSC code that describes a scenario for full non-inductive start-
up and ramp-up.

2. Experimental results

CHI is implemented in NSTX by driving current along field
lines that connect the inner and outer lower divertor plates as
shown in figure 1 and described in detail in [10-13]. During
CHI operation, the divertor plates are used as electrodes. In
NSTX the inner vessel and lower inner divertor plates are

the cathode while the outer divertor plates and vessel are the
anode. Prior to initiating a CHI discharge the toroidal field
coils and the lower divertor coils are energized. The lower
divertor coils produce magnetic flux linking the lower inner and
outer divertor plates, which are electrically isolated by toroidal
insulators in the vacuum vessel. A programmed amount of
gas is then injected into the vacuum chamber and voltage
is applied between these plates, which ionizes the gas and
produces current flowing along magnetic field lines connecting
the plates. In NSTX, a 5-30mF capacitor bank charged to
1.7kV provides this current, called the injector current. As
a result of the applied toroidal field, the field lines joining
the electrodes wrap around the major axis many times so the
injector current flowing in the plasma creates a much larger
toroidal component, typically by a factor of 10-50 at the peak
of the injector current in NSTX.

The maximum current multiplication (CM) that could be
achieved in a ST device using CHI is related to the ratio of the
toroidal flux in the CHI plasma to the injected poloidal flux, and
is given by the relation CM = vr/ip;. This can be understood
as the winding factor, which is similar to the parameter g, the
number of times a field line goes around toroidally for a single
transit along the poloidal direction. Thus, for a given injector
flux, either increasing the toroidal field or the size of the device
or both would increase the CM factor.

Significant improvement in the performance of CHI
discharges in NSTX was achieved by reducing low-Z
impurities, mainly oxygen and carbon in the initial electrode-
driven discharge. Reference [13] describes this work in
detail so the methods are briefly summarized here. The
lower divertor plates, which are used as the CHI electrodes
were initially cleaned using an extended electrode discharge.
The CHI system itself was used for this purpose by running
many discharges at high injector current but with significantly
increased injector flux connecting the lower divertor plates.
By maintaining the injector current below the level required
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Figure 2. Comparison of time traces for discharges initiated with
and without CHI start-up. The CHI-started discharge is essentially
over by 150 ms, and begins an uncontrolled current decay starting at
150 ms. This is because the CHI-started discharge uses a unipolar
central solenoid swing and so has available only half the solenoid
flux of the reference NSTX discharge which uses bi-polar central
solenoid swing. After about 140 ms, as the solenoid is reaching peak
current for the CHI-started discharge, the available loop voltage
provided by the solenoid drops to too low a level to sustain the
discharge at the 1 MA levels. Thus at about 150 ms, the CHI-started
discharge begins decaying (due to insufficient loop voltage), which
causes the plasma to shrink. This is reflected by the decrease in
elongation and increase in inductance seen after 150 ms.

(by MHD considerations) for ejecting the flux, the discharge
was maintained near the lower divertor plates. This cleaning
was followed by coating the lower divertor plates with lithium
from a pair of evaporator ovens mounted at the top of the
vacuum chamber, as described in [14]. Finally, during the
CHI discharges, two poloidal field coils located in the upper
divertor region were energized to provide a ‘buffer’ flux to
reduce contact of the growing CHI discharge with the upper
divertor electrodes [13]. Without this buffer flux, the growing
CHI discharge could contact the upper divertor plates. This
contact usually generated an arc between the upper divertor
plates, which injected low-Z impurities into the CHI discharge,
causing it to become more resistive which rapidly consumed
the poloidal flux in the plasma.

Detailed results on the coupling of CHI-started discharges
to induction are described in recent work [15, 16]. The results
on the reduction in the central solenoid flux required to reach
normal plasma current are briefly summarized here. In figure 2
we are comparing the plasma current trace for a CHI-started
discharge ramped up by induction to a standard discharge
initiated and ramped up by induction only. The inductive-
only discharge is from the NSTX database, assembled over
10 years of operation that reached 1 MA in a shorter time than

other L-mode discharges. At 132 ms the CHI-started discharge
consumes a total of 258 mWb of central solenoid flux to ramp
up to 1 MA. At this time the reference inductive-only discharge
gets to about 0.7 MA and it does not reach 1 MA until 190 ms,
by which time 396 mWb of central solenoid flux had been
consumed. Typical L-mode discharges in NSTX require at
least 50% more inductive flux than discharges assisted by CHI.

Figure 2 shows that these plasmas have both a very high
elongation of ¥ &~ 2.6 and very low internal inductance /; &~
0.35 from the start of the discharge. The CHI-initiated plasmas
are relatively free of MHD activity despite having low density,
which has previously been associated with increased instability
during normal inductive start-up. Stability of CHI-started
plasmas may also be due to high values of the safety factor
q. While g(0), gmin have not been measured experimentally,
equilibrium reconstructions of NSTX CHI discharges suggest
values of about 8—12 for both parameters.

The lower internal inductance of CHI-generated dis-
charges is associated with the formation of a hollow electron
temperature profile, which is a characteristic of the CHI-start-
up process which causes more of the current to flow in the outer
region. This should also make it easier to control these plas-
mas because the current flowing in the plasma is effectively
closer to the currents in the external equilibrium control coils.
Many advanced operating modes for tokamaks strive to main-
tain a hollow current profile throughout the discharge both to
reduce thermal transport and to maintain macroscopic plasma
stability. That CHI is able both to provide an initial current
profile similar to that which is achieved in conventional toka-
maks through the use of high-power auxiliary heating, and to
produce lower densities than achievable with conventional in-
ductive start-up should benefit advanced scenario operations
in NSTX-U.

3. Current start-up potential on NSTX-U

In a steady-state tokamak or an ST discharge that has no central
solenoid, and is sustained non-inductively, it is necessary that
the current start-up method must generate sufficient initial seed
current so that it could be non-inductively ramped up to the
levels required for sustained operation. Demonstrating this
capability in support of a Fusion Nuclear Science Facility
(FNSF) is a major objective of the NSTX-U program goals.
On NSTX-U, the initial seed current will be ramped up using
the three sources from a second more-tangential neutral beam
system with tangency radius of 110, 120 and 130cm. The
increased tangency radius of injection increases the NBICD
efficiency by depositing fast-ions on-average more parallel to
the magnetic field. TRANSP calculations [17] show that the
second more-tangential neutral beam system is far superior
to driving current than the present beams that have smaller
tangency radii and that the new beams would couple efficiently
to targets with plasma currents as small as 300kA. CHI, in
NSTX-U, must therefore generate plasma currents of this
magnitude.

In transient CHI, the maximum plasma current that the
system can generate is directly proportional to the amount of
poloidal injector flux the CHI system is capable of injecting
into the vessel. This is because all of the poloidal flux the
ST plasma contains at the end of the start-up phase must be
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Figure 3. Injector flux contours for maximum allowed currents in
the primary injector coil for (@) NSTX and (b) NSTX-U.

provided by the injector flux. In the absence of dynamo current
drive there is no other mechanism to generate this closed field
line poloidal flux during the very short 2-3 ms it takes CHI to
establish the toroidal plasma current. Thus, in transient CHI,
the injector flux places an upper limit on the magnitude of
plasma current CHI can produce. Note from figure 1 that a
mere 2.5 ms after the CHI capacitor bank has been discharged
the CHI discharge has fully filled the vessel to form closed-
flux plasma. In these discharges the plasma toroidal current
(1p) is related to the plasma poloidal flux through the relation
Yp = IpRplipo/2. Here [ is the normalized plasma internal
inductance and R, is the location of plasma major radius. For
NSTX-like parameters with /; ~ 0.35 and R, of 0.93m in
NSTX-U, generating 400kA of closed-flux plasma current
requires injection of at least 82 mWb of poloidal injector flux.
NSTX-U has two injector flux coils, as shown in figure 3.
Use of both these coils allows for a maximum injector flux
of 340 mWb in NSTX-U. This is considerably more than the
injector flux capability in NSTX, which was 80 mWb. The
reason for this substantial injector flux increase in NSTX-U is
that the primary coil, the coil that is shown circled in figure 3,
is much closer to the CHI gap in NSTX-U than in NSTX,
this allows the injector flux from the injector coil to be used
much more efficiently. Thus NSTX-U will have the capability
to generate the 400kA of closed-flux current that is needed
for subsequent current ramp-up by the new tangential neutral
beam system.

The maximum injector flux limits on NSTX-U suggest that
transient CHI on NSTX-U may have the potential to generate
close to the full 1 MA plasma current as this plasma would
have a poloidal flux which is less than the injector flux limits on

NSTX-U. Increasing the CHI-produced plasma current, which
requires injecting more poloidal injector flux requires higher
levels of injector current. The minimum injector current, fiy;,
required by CHI is related to the injector flux through the
relation [18] Iinj = 21/f§1j/(u%d21TF). Here ‘d’ is the distance
between the injector flux footprints on the divertor plates, Itg
is the current in the toroidal field coil and y; is the minimum
injector flux that must be injected to generate a plasma with
poloidal flux v, assuming there are no losses. Analysis of
NSTX results shows that most of the injector flux (>70%) is
retained as plasma poloidal flux, so the required injector flux
values are about 30% more than the poloidal flux contained
in the resulting plasma. Because of the increased toroidal
field in NSTX (1T versus 0.55T in NSTX), for NSTX-U
conditions injecting the amount of flux needed for a 400 kA
discharge would require an injector current of about 13 kA,
this is approximately the levels of injector current that could
be driven in NSTX without impurity issues. The increased
flux injection capability in NSTX-U at similar levels of the
injector current used on NSTX is due to the higher toroidal
field capability of NSTX-U, as reflected by the injector current
relation. For comparison, the HIT-II experiment that had a
much smaller electrode surface area, but due to better electrode
surfaces, was able to drive 30 kA of injector current without
impurity issues [19].

Impurity production from electrode surfaces is due to
bombardment of material surfaces by plasma ions, which
sputters atoms from the electrode surfaces into the plasma
discharge. At a higher level of injector current the ion
bombardment increases, as current is directly proportional to
the amount of charge carriers. For NSTX graphite electrodes
the primary impurities were carbon and oxygen that was
adsorbed in the form of water. On HIT-II the anode was
tungsten and the cathode was graphite that was largely free
of water. At temperatures below 100eV, the line radiation
from metallic impurities is much less than that from low-Z
impurities [20]. At temperatures of about 20 eV, line radiation
from oxygen is much more than that from carbon [20]. It is
because of reduced influx of oxygen on HIT-II, a much higher
level of injector current could be driven on HIT-II. For graphite
electrodes that contain adsorbed water, an effective way to
minimize the influx of oxygen is to coat the entire surface of
the electrode with lithium, as sputtering would then result in
a predominantly lithium influx into the plasma, which has a
much lower radiative cooling effect than oxygen [20]. The
graphite electrodes on NSTX-U should have less adsorbed
water than on NSTX, because NSTX-U will have capability to
bake the divertor plates to a higher temperature than what was
possible on NSTX. In addition, as described below, NSTX-U
will have improved capability to more fully coat the divertor
plates with lithium. These improvements on NSTX-U should
allow NSTX-U to operate at injector currents higher than
achieved on NSTX.

As briefly described in section 2, NSTX CHI research
developed and utilized multiple methods for low-Z impurity
control in CHI discharges. These methods will be further
improved on NSTX-U, using new hardware capabilities; to
further extend the magnitude of the CHI-produced plasma
currents closer to the limits allowed by the injector flux coils.
Initially NSTX-U will rely on full lithium coating of the lower
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divertor surfaces. The results in figure 2 benefitted from
only 50% coverage of the divertor surfaces with Li, so the
increased Li coverage should have an immediate improvement
on CHI discharges in NSTX-U. In addition, NSTX-U will
have the capability to coat the upper divertor with Li. This
has the benefit that during weak absorber arcs, which are
usually present in high-current CHI discharges, Li will replace
much of the oxygen impurity source. In addition to this,
the ‘buffer flux’ NSTX coils used for reducing contact of
the evolving CHI discharge with the upper divertor are twice
as large on NSTX-U and have twice the current slew rate
capability of the NSTX coils. These methods should allow
the intrinsic CHI electron temperature to further increase
beyond that achieved on NSTX. To synergistically add to
these improvements, NSTX-U will be equipped with a 28 GHZ
1MW ECH system. GENRAY calculations indicate that
the absorbed ECH power could be over 50% for CHI-like
conditions, and preliminary calculations suggest that the CHI
plasma electron temperature would increase by over 200 eV in
20 ms. At these temperatures, pre-programmed application of
the 6 MW of high harmonic fast wave (HHFW) should boost
the electron temperature substantially. Recent work on NSTX
has shown that HHFW could increase the electron temperature
of 300 kA plasmas from 200 eV to over 1 keV in less than 20 ms
[21]. In addition to these improvements, it is also planned
that after the start of initial plasma operations with graphite
divertor tiles, molybdenum tiles will replace the lower graphite
divertor tiles in NSTX-U. This should further reduce the influx
of low-Z impurities. All of these improvements would act
synergistically to enable NSTX-U to increase its capability for
increasing the CHI-produced plasma current while reducing
the impact of low-Z impurities.

4. TSC simulations

TSC is a time-dependent, free-boundary, predictive equilib-
rium evolution and transport code [22,23]. It has previ-
ously been used for development of both discharge scenar-
ios and plasma control systems. It solves fully dynamic
MHD/Maxwell’s equations coupled to transport and circuit
equations. The device hardware, coil and electrical power
supply characteristics are provided as input. It models the
evolution of free-boundary axisymmetric toroidal plasma on
the resistive and energy confinement time scales. The plasma
equilibrium and field evolution equations are solved on a two-
dimensional Cartesian grid. Boundary conditions between
plasma/vacuum/conductors are based on poloidal flux and tan-
gential electric field being continuous across interfaces. The
circuit equations are solved for all the poloidal field coil sys-
tems with the effects of induced currents in the passive con-
ductors included. Currents flowing in the plasma on open field
lines are included, and the toroidally symmetric part of this
‘halo current’ is computed. For modelling CHI in NSTX,
the vacuum vessel is specified as a conducting structure with
poloidal breaks at the top and bottom across which an electric
potential difference is applied from which TSC calculates the
injector current using a model for the resistivity of the ‘halo’
plasma. This circuit, however, contains a sheath resistance at
each electrode, which is difficult to model. Since for the pur-
poses of this study, it is the injector current and flux that are

important, we adopted the modelling strategy of adjusting the
injector voltage in order to match the measured current rather
than simply applying the measured injector voltage.

TSC simulations of NSTX transient-CHI discharges have
successfully demonstrated current persistence [24], that is, the
toroidal current persisting after the injector current has been
reduced to zero. This generation of closed flux is the result
of an effective (positive) toroidal loop voltage induced by the
changing poloidal flux on the open field lines as the injector
current is reduced to zero. Reference [24] provides additional
details showing consistency with earlier theoretical predictions
[18]. It also predicts that CHI scaling with toroidal field is
favourable for larger machines. As described in section 3, the
higher toroidal field allows more poloidal flux to be injected
at lower levels of injector current, which decreases low-Z
impurities.

This paper describes the first simulations of a fully non-
inductive start-up scenario with CHI and subsequent non-
inductive current ramp-up using neutral beams in support
of planned experiments on NSTX-U. The CHI discharge is
initiated in TSC as described in [24], and a closed-flux target
of about 400 kA is established. This is the seed current that
is subsequently ramped up using neutral beams. During the
CHI-start-up phase, the first step involves current driven by
the external injector circuit on purely open field lines. After
this discharge fills the vessel, the applied CHI voltage is
rapidly reduced. The resulting decrease in the injector current,
which causes the injected poloidal flux to also decrease,
induces a positive loop voltage that causes the generation
of closed field lines carrying toroidal current. At the onset
of flux closure a second step in the simulation is initiated.
This continuously solves for the plasma boundary, including
locating the divertor X-point, and begins solving the flux
surface averaged transport equations. This phase begins 17 ms
after the CHI discharge is first initiated. At 17 ms, horizontal
position control is implemented to position and stabilize the
CHI plasma on the outer passive plates. This is different
from conventional inductive start-up in which the early plasma
is usually positioned on the centre column, and the plasma
is located much farther away from the equilibrium control
coils than the CHI discharge is. Then, at 40ms vertical
position control is used to vertically centre the highly up/down
asymmetric CHI plasma. As shown in figure 4, by 57 ms
the CHI-initiated plasma is under full feedback equilibrium
control. Experimental results from NSTX, shown in figure 2,
relied on similar feedback control of the CHI discharge on
similar time scales as used in these initial TSC simulations.
The remaining two flux plots in figure 4 show that during the
later parts of the non-inductive current ramp-up, as the plasma
current increases, the discharge becomes elongated and fills
the vessel.

For these simulations, the initial electron temperature for
the CHI discharge is 100eV. This is a reasonable starting
value based on other simulations that show that 1 MW of
28 GHz ECH heating power (with 50% absorption efficiency)
could rapidly increase the electron temperature of a CHI-
like discharge to over 200 eV. The initial electron density is
assumed to be 3 x 108 m—3, similar to the densities obtained
during CHI-start-up in NSTX, as shown in figure 2. In the
simulation, the initial plasma internal inductance is below
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Figure 4. Poloidal flux contours from the TSC simulation showing
the evolution of the flux surfaces at 17 ms, 57 ms, 3.7 s and 6 s and
the corresponding plasma currents are 514 kA, 172 kA, 920 kA and
994 kA, respectively.

0.5, consistent with that calculated by EFIT for the CHI
discharge in NSTX shown in figure 2. The CHI discharge,
which is a low density, low inductance L-mode plasma is
initially heated with 0.5MW ECH and 2MW of HHFW
power. These are the magnitudes of the power absorbed by
the plasma. The purpose of both these systems is to increase
the electron temperature to the several hundred eV range for
coupling to neutral beams as described in section 3. While
HHFW could significantly contribute to current drive, in these
initial simulations, we ignore any additional current drive from
HHFW. During the first 200 ms, the density is kept low (below
the cut-off density for ECH propagation and a Greenwald
density fraction of less than 0.3), so that ECH can heat the
discharge. Once the electron temperature exceeds 200eV,
ECH heating becomes less important as further temperature
increases could be achieved using the HHFW system. By
about 200 ms, the electron temperature exceeds 500 eV, after
which the density is increased along with the neutral beam
power. During the remaining current-ramp-up phase, as shown
in figure 5(a), the electron density is maintained at about 0.6
times the Greenwald density fraction.

Figure 5(b) shows the evolution of the auxiliary heating
from ECH + HHFW and NBI used in TSC. Figure 5(c) shows
the plasma current components in these simulations. TSC
uses fixed heating deposition profile shapes and efficiencies
for the NBI CD, which is based on fits to TRANSP simulation
results [17]. During the low density phase of the discharge the
RF power is increased to 2.5 MW. This is assumed to be from
a combination of 0.5 MW absorbed ECH power and 2 MW of
absorbed HHFW power. After that 2 MW of HHFW power is
retained in these simulations.

Figure 5(c) shows that during the initial 500 ms, neutral
beam current drive is important in sustaining and slowing
down the current decay. The coupled neutral beam power
is assumed to be quite small during this phase (1.25 MW),
primarily due to numerical restrictions within the TSC code
that excludes formation of very hollow current profiles.
In actual experiments, presumably the neutral beam power
could be increased even further. At 0.34s, an H-mode is
initiated, after which the bootstrap + NBI currents exceed the
equilibrium plasma current, and the plasma current is over-
driven.

Starting from this time on, both the neutral beam power
and the density are increased. This further increases the
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Figure 5. Shown are TSC results from a full discharge simulation
that involves plasma start-up using CHI and current ramp-up using
NBI and bootstrap current overdrive. Shown are (a) the Greenwald
density fraction, (b) power traces for NBI, ECH + HHFW and the
total non-inductive power, (c¢) current traces showing components of
the total non-inductive current drive, plasma current, neutral beam
driven current and the bootstrap driven current, (d) the plasma
thermal energy, (e) the energy confinement time and (f) central
electron and ion temperature.

bootstrap current and by 1s, the combination of both these
current drive terms exceeds 800 kA. By 2 s, the neutral beams
and the bootstrap current contribute about 1 MA of current
drive and the plasma current gradually ramps up to 1 MA
at 6s. During the NBI + bootstrap current overdrive phase,
the increasing poloidal flux induces a negative loop voltage
inside the plasma so the net current, which is the plasma
current, increases on a slower timescale. Here we note that
in these initial simulations, we have limited the plasma energy
confinement time to be about 30 ms. During operation with
lithium evaporative coatings, confinement times significantly
in excess of 30 ms have been observed in NSTX [25]. At a
higher level of the energy confinement time, the current will
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ramp up faster than in this simulation, which should allow a
period of non-inductive sustained operation in NSTX-U. These
initial simulations have also ignored current drive from the
application of HHFW. An alternative scenario would be to
increase the amount of HHFW power during the initial 1—
2s and to benefit from additional current drive provided by
HHFW. These future optimizations will study scenarios that
strive to ramp the plasma current in less than the 6 s required
in these simulations.

The Coppi-Tang L-mode transport model [23] is used in
the initial L-mode phase. This transport model is improved
with a reduced thermal diffusivity in the pedestal region to
simulate an H-mode and give the profile shape observed in
the high bootstrap-fraction phase of the H-mode in NSTX
discharges. In both the L- and H-mode phases, the density
profile shape is prescribed and has a peaking factor (defined
as the ratio of the density at the magnetic axis to the volume
averaged density) of approximately 1.1. The Zg value of 3.0
is also specified and is maintained constant in time and space.

Using these assumptions, figures 5(d) and (e) show
the evolution of the stored plasma energy and the energy
confinement time. The energy confinement time slowly
increases to 30ms at 2s, after which it remains close to
this value. The electron transport is adjusted to keep the
energy confinement time at about 30 ms, consistent with energy
confinement times in neutral beam-heated NSTX discharges.
This value of tg is consistent with NSTX observations,
although with Li conditioning, energy confinement times
significantly exceeding 30 ms have been observed in NSTX.
A higher confinement time would mean that beyond 2s, a
faster current ramp-rate would be maintained so that the
discharge would reach 1 MA in less than the 65 it takes in
these initial simulations. The resulting central electron and
ion temperatures are shown in figure 5(f), and have values
of 1.7keV for the electrons and 2.5keV for the ions. T; is
significantly higher than 7. because, to be consistent with
NSTX experimental observations, the ion thermal diffusivity
is chosen to be 0.4 times the electron thermal diffusivity,
because x; in NSTX is approximately neoclassical. The value
of x; in these simulations varies from 1 to 10m~2, whereas
the neoclassical value of x; in NSTX neutral beam-heated
discharges is 1-5m~2 [26].

These initial studies with the TSC code give confidence
that NSTX-Upgrade appears well equipped to study non-
inductive current formation and ramp-up as needed for an ST-
FNSFE

5. Summary and conclusions

The application of CHI on NSTX and on HIT-II combined
with recent simulations with the TSC code has revealed many
important aspects of CHI physics and its application to future
machines, particularly the NSTX-U. The key results, not all
of which are covered in this paper but are described in the
supporting references, are briefly summarized below.

The 0.3MA current generation in NSTX validates
capability of CHI for high-current generation in a
ST. Successful coupling of CHI-started discharges to
inductive ramp-up and transition to an H-mode demonstrates
compatibility with high-performance plasma operation. CHI

start-up has produced the type of plasmas required for
non-inductive current ramp-up and sustainment. These are
discharges with low internal inductance, low density and high
elongation. The CHI scaling with increasing machine size is
favourable for NSTX-U and to future devices.

The NSTX is now undergoing a major upgrade, to NSTX-
U, to increase the capabilities of its toroidal and poloidal field
coils and to add a second more tangentially injecting neutral
beam line. Analysis of the NSTX results shows that the
amount of closed-flux current generated by CHI is closely
related to the initially applied injector flux. On NSTX-U
the available injector flux is about 340 mWb, considerably
exceeding 80 mWb in NSTX. The modelling projects that it
should be possible to generate over 400kA of closed-flux
current with CHI in NSTX-U. At this current, the second
more tangentially injecting neutral beam should be capable
of providing sufficient current drive to ramp-up the plasma
current. TSC simulations show that CHI could be an important
tool for non-inductive start-up in next-step STs and quite
possibly for tokamaks as well. NSTX-U is well positioned
to develop full non-inductive start-up and current ramp-up in
support of FNSF.
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