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Abstract
Initial results from the recently implemented transient coaxial helicity injection (CHI) system on
QUEST are reported. QUEST uses a new CHI electrode configuration in which the CHI insulator
is not part of the vacuum boundary, making this configuration easier to implement in fusion
reactors. Experimental results show that transient CHI startup in this alternate electrode
configuration is indeed possible. Reliable gas breakdown was achieved, and toroidal currents up
to 45 kA were generated.

Keywords: non-inductive current drive, coaxial helicity injection, spherical tokamak, solenoid
free fusion plant, electron cyclotron heating

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

1. Introduction

Conventional tokamaks rely on the use of a central solenoid
to generate the initial plasma current. Non-inductive current
drive on tokamaks is an important capability, which increases
the prospects of a tokamak for a future fusion reactor. Thus
far, in conventional aspect ratio devices, after initial plasma
start-up, operation with ∼700 kA of non-inductive current
drive without using the central solenoid has been demon-
strated in JT-60U [1]. A compact, low aspect ratio fusion
reactor without a central solenoid would have the advantages
of lower construction cost and higher plasma beta [2].

In spherical tokamaks, due to space restrictions for a
central solenoid, non-inductive plasma start-up without the
center solenoid is more crucial. Plasma start-up using
microwaves has been confirmed on LATE [3], MAST [4],
and QUEST [5, 6]. Non-inductive current drive will also be

studied in NSTX-U [7, 8] and MAST-U [9]. In some of these
scenarios the toroidal plasma current evolves through a
sequence of non-inductive current ramp phases until it is fully
sustained using non-inductive current drive methods.

Transient coaxial helicity injection (CHI) [10] is a
promising method for the initial seed current generation in a
non-inductive current ramp-up scenario. The CHI current is
generated by applying voltage across two coaxial electrodes
that are connected by open magnetic flux [11], known as the
injector flux. The combination of the injector flux with the
external toroidal magnetic field results in a helical field line
path encircling the major axis. The injector current supplied
by an external power source is driven along the field lines
connecting the electrodes. Similar to the situation in a rail
gun, the injected current along the magnetic field lines creates
a magnetic field with a toroidal component. One may think of
the metal armature in a rail gun being replaced by a plasma
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armature consisting of the injector flux. The poloidal comp-
onent of the current in the plasma load (or the radial comp-
onent between coaxial electrodes) crossed with the toroidal
component of the magnetic field generates the accelerating
force. When the injector current exceeds a threshold so that
the force, ´J BPOL Tor overcomes the magnetic field line
tension of the injector flux, the injector flux evolves upwards
into the vessel carrying with it the injected current.

In transient CHI, soon after the injector flux (the poloidal
flux) fills the vessel, the injector current is rapidly reduced to
zero. If the injector flux footprints are sufficiently narrow, the
injected flux can disconnect at the electrodes, in which case
the injected flux inside the vessel can close in on itself and
generate a closed field line configuration [12, 13]. The
method, referred to as transient CHI, is capable of robust
and reliable current start-up. On HIT-II about 100 kA of the
initial CHI produced toroidal plasma current was ramped up
to 180 kA using the central solenoid; this was about 40%
higher than the plasma current that was generated by induc-
tion alone [10]. On NSTX about 200 kA of the initial CHI
followed by inductive ramp up produced toroidal current of 1
MA using 40% less central solenoid inductive flux [14, 15]. If
electron cyclotron heating (ECH) is used to heat the CHI
plasma, the capability of CHI for current startup is projected
to be significantly enhanced. In a scenario of the fully non-
inductive current drive, applications of CHI will require ECH
heating to increase the electron temperature to the 1 keV
level [8].

CHI capability has now been implemented in the mid-
size spherical tokamak (ST) device—QUEST [16, 17]. In
QUEST, the toroidal plasma current is usually generated by
ECH, with minimal use of the central solenoid [18–21].
Without using the central solenoid, a steady state discharge
was maintained for more than 1 h 55 min with ~I 5 kAp of
toroidal plasma current [17, 19] by using the 8.2 GHz
microwave ECH system [22], and the toroidal plasma current
up to about 70 kA has been transiently achieved [21] by using
the 28 GHz microwave ECH system [23]. A primary objec-
tive on QUEST is to generate about 100 kA of initial

CHI-produced plasma current and to investigate the coupling
of this plasma to the 28 GHz microwave ECH system.

QUEST is equipped with important capabilities that will
extend CHI studies to new parameter regimes. These are the
benefits of CHI operation using a full metallic system that,
due to reduced low-Z impurities, should permit the initial
plasma to reach higher electron temperature. The capability
on QUEST to heat this initial target with ECH should further
increase the electron temperature of these plasmas. As
described in section 2.1, the CHI electrode configuration on
QUEST is simpler and different from the ones on HIT-II and
NSTX, and it may be easier to implement this configuration in
a fusion reactor [24]. However, CHI start-up in this new
electrode configuration needs to be demonstrated. This
demonstration would require showing the presence of about
30–50 kA of unambiguous closed flux current after the CHI
system is fully turned off, which is signified by the presence
of an injector current that is nearly zero. This is an important
part of the CHI program on QUEST.

The primary transient CHI objectives on QUEST are
shown in table 1. The methodology for this sequence is as
follows. First, based on results from HIT-II and NSTX, our
understanding of the transient CHI process is that the max-
imum amount of closed flux current that can be generated in a
ST is directly proportional to the amount of poloidal flux that
can be injected into the vessel. In addition, through the
appropriate use of the injector flux shaping coils, the injector
flux must be made sufficiently narrow so that when the
injector current is rapidly reduced, the injector flux simply
does not pull back into the injector region. On QUEST, the
maximum levels of useful injector flux permitted by the
present coil configuration are on the order of 28 mWb. Based
on results from NSTX [14], the normalized closed flux
plasma inductance could be expected to be in the range of
0.35–0.45. For a plasma major radius of 0.64 m, and a flux
conversion efficiency of 60%, equation (3) in [14] results in a
maximum closed flux plasma current of 100 kA. The flux
conversion efficiency is the amount of initial injected open
flux that is converted to closed flux. Through careful design

Table 1. Primary transient CHI program objectives on QUEST.

CHI Parameters Required hardware capability

Demonstrate closed flux formation by generating 30–50 kA closed flux
current

Using present capabilities

Show that ECH is able to heat a CHI target by comparing the electron
temperature of reference CHI plasmas to CHI plasma heated
using ECH

400 kW ECH capability

Increase the closed flux current magnitude to ∼100 kA (Te>20 eV) -Increase the toroidal field to ∼0.4–0.5 T
-Possibly, lower the electrode plate to be closer to the lower
divertor coils or add an additional CHI-dedicated coil

Increase the electron temperature to over 100 eV (ne<9.8× 1018 m−3) Replace stainless-steel electrode plate with tungsten electrode
plate and include wall conditioning efforts to reduce the pre-
sence of low-Z impurities such as from oxidized metal surfaces

Sustain the CHI produced current for longer durations using
non-inductive current drive

With the above improvements, and improved knowledge of ECH
current drive that is developed in parallel using non-CHI
targets
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of the poloidal flux coil locations with respect to the CHI
electrodes, this conversion efficiency could be made very
high, and values above 70% have been observed on NSTX.
However, the coil configuration optimization for QUEST CHI
is not as good as on NSTX, so that we use a reduced effi-
ciency factor of 60% for QUEST transient CHI. So, this is
approximately the highest levels of closed flux current one
may expect from QUEST transient CHI experiments. How-
ever, for the purpose of demonstrating that closed flux sur-
faces have in fact been generated in this new electrode
configuration, one only needs to show that some unambig-
uous level of closed flux current is present within the plasma
discharge. On QUEST, any persisting current level above
10 kA should be unambiguous, and may be adequate for this
initial objective. The 30–50 kA listed in table 1 is a level that
is comparable to the levels of current generated by other
means on QUEST, such as for example from ECH, so this is
used as a target value for a transient CHI demonstration [21].
Since QUEST has a 400 kW of capability of ECH system,
showing that ECH is able to heat a CHI target is the next
logical step. Finally, getting to 100 kA will require some
additional hardware improvements as noted in table 1. For the
initial CHI work on QUEST we are using stainless steel
electrodes. Metals, in particular iron, have a tendency to
oxidize, and at present no specific measures have been taken
to control impurities on the electrode plates. However, once
the high-current capability of transient CHI on QUEST has
been demonstrated, the next logical step is to try and sustain
this current non-inductively. For that objective, we plan to
implement further improvements such as the use of refractory
electrodes and introduce plasma wall conditioning techniques,
specifically aimed at improving electrode surfaces to mini-
mize the level of low-Z oxidized impurities, and to reduce
electrode sputtering, both of which are needed to reduce
radiative losses and to allow the plasma to heat up to high
temperatures so that the resulting L/R current decay time
could be longer.

This paper expands on the work of the first transient CHI
experiments on QUEST, which were reported in the short
Rapid Communication paper [25]. In this paper, we describe
the CHI system in much more detail, including the conditions
needed for initial gas breakdown, the bubble burst current
requirements, and the current multiplication factor on QUEST.
Then as a result of further improvements to the CHI power
supply we were able to generate discharges in which the CHI
produced toroidal current magnitude was increased from 29 to
45 kA with evidence for toroidal current persistence after the
injector current was reduced to zero.

2. The CHI system on QUEST

QUEST is a mid-size ST device with major radius R=
0.64 m and minor radius a=0.4 m. In physical dimensions,
it lies between HIT-II (R=0.3 m, a=0.2 m) and NSTX
(R=0.86 m, a=0.66 m). On QUEST, as shown in
figure 1(a), there are end-plates (divertor plates) on the upper
and lower parts of the vessel, and hot walls inside the outer

vessel structure for controlling the temperature of the out-
board plasma facing portions of the vessel. During the CHI
experiments, the hot wall components were maintained at
room temperature. The nominal toroidal field at the machine
axis (at R0=0.64 m) is 0.25 T in all experiments repor-
ted here.

Four poloidal coil pairs located above and below the
vessel mid-plane are used to control the plasma equilibrium.
These coils are normally operated in a series configuration,
with two coils connected to a single power supply. Thus, for
example, PF1 and PF7 are connected in series and operated
by a single power supply. Likewise, PF2 and PF6 are con-
nected in series, PF3–2 and PF5-2 are connected in series and
PF3-1 and PF5-1 are connected in series. The very first CHI
experiments on QUEST, described at the beginning of
section 3.2 used this configuration. For the more recent
experiments that are described towards the end of section 3.2,
the PF5-2 and the PF3-2 coils were disconnected from the
series configuration and they were driven independently using
a dedicated power supply for each coil. This change was
implemented to give greater control over the generation of the
injector flux.

The microwave injector ECH systems operate at 28 GHz,
8.2 GHz and 2.45 GHz respectively. During the CHI experi-
ments, the 8.2 GHz microwave system was used for pre-
ionization to assist with gas breakdown. Figure 1 shows the
location of the installed CHI electrodes on QUEST. An
external capacitor-based power supply shown in figure 2 and
CHI-specific gas injector system were also installed to enable
transient CHI operations.

2.1. New CHI electrode configuration

The previous CHI electrode structures are shown for HIT-II in
[26, 27] and for NSTX in [14, 28]. Two toroidal ceramic
breaks are interposed between the inner vessel (which is the
inner cathode electrode) and the outer vessel (which is the
outer anode electrode) in these devices. The injector flux
connecting the lower inner and outer divertor plates is formed
in the injector region by the divertor poloidal field coils. In
QUEST, as shown in figure 1, the electrode configuration is
simpler in design compared to the ones on HIT-II and NSTX.
In QUEST an electrically insulated bias-electrode is installed
as a cathode on the lower end-plate and a ground-electrode is
attached as an anode to the hot wall which is connected
electrically to the vessel.

To achieve the required electrode insulation from the rest
of the vessel components, a toroidal-segmented alumina
insulator was installed on top of the QUEST lower divertor
plate. The insulator consisted of sixteen interlapping arc
segments, so that there was no physical gap through the
insulator segments. The insulator plate is 42 cm wide
(radially) and it was positioned to be aligned with the outer
edge of the lower divertor plate. On top of this, a stainless
steel current interface plate with a width (radially) of 27 cm
was installed. This was also aligned with the outer edge of the
lower divertor plate. Then, at three toroidal locations, the
current interface plate was connected to the current feed rod
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that extended all the way down below the lower vessel
components on QUEST. An alumina insulator tube sur-
rounded the current feed rod, and the vacuum interface for the
three current feed rods was made at the lower part of the
entrance into the QUEST vessel. A custom vacuum feed-
through design was used to provide capability for the insu-
lating feedthrough to move without adding stress to the
insulating ceramic tube. The primary component of the
insulating feedthrough is PEEK (Polyether ether ketone).

Three current feed locations were chosen to reduce the total
maximum current through each rod to accommodate the
J×B forces on the rods during operation with an external
toroidal field. Finally, an electrode plate also 42 cm in width
(radially) was installed on top of the current interface plate
and bolted on to the current interface plate. The cathode
electrode plate has the same inner and outer diameter as the
alumina insulator plate. The alumina plates were not radially
extended past the edge of the electrode plate to avoid direct

Figure 1. The new CHI system in QUEST. (a) Side view of the QUEST drawing showing the upper and lower end-plates, hot walls, and CHI
(bias and ground) electrodes. Gray contours indicate typical magnetic flux surfaces formed by poloidal field coils (PF1-7) and the cyan line
shows the location of the ECR layer of 8.2 GHz microwave used for pre-ionization. (b) Photo of CHI electrodes in QUEST.

Figure 2. Photo showing the QUEST device and the 2 kV, 30 mF CHI capacitor bank power supply. The power supply is located about 10 m
away from the QUEST vessel. Six coax cables (RG218 equivalent) are used to connect the power supply to the CHI electrodes on QUEST.
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plasma contact during normal (non-CHI) QUEST plasma
operations.

In general, it is preferable to install the CHI electrode
closer to the center stack region so that CHI could benefit
from the higher levels of toroidal field that are present in this
region. But because CHI was not part of the original QUEST
design, and due to the need for minimizing changes to the
QUEST physical hardware and the added benefits of locating
it closer to the lower external poloidal field coils, the electrode
plate was positioned to be aligned with the outer edge of the
lower divertor plate.

The PF5-2 coil is used as the primary coil to generate the
injector flux. PF coils adjacent to PF5-2 are used to shape
the injector flux. The injector flux connects the lower end-
plate electrode (the cathode) to the ground electrode attached
to the hot-wall components. The NSTX as well as the QUEST
types of CHI electrode designs have been considered for
application of transient CHI to an ST-FNSF [29] based fusion
power plant [24]. The performance of CHI current drive on
the former (NSTX type) electrodes is easy to predict from the
experimental results from HIT-II and NSTX, but that elec-
trode configuration requires a more complicated design for
electrical insulation. A main goal of the CHI experiments on
QUEST is to investigate the performance of the current drive
using the alternate simpler electrodes to facilitate the appli-
cation of transient CHI in a fusion reactor.

2.2. Power supply and control system

The transient CHI system on QUEST is powered by a capa-
citor bank containing six 5 mF, 2 kV capacitors. The max-
imum bank energy is 60 kJ. The capacitor bank is configured
for operation with two Type A ignitrons. Two or three
capacitors can be connected to each ignitron. The ignitrons
can be triggered independently. This flexibility is needed to
provide some voltage programming capability as the CHI
discharge evolves in time and is based on experience gained
from CHI operations on NSTX that uses a similar capacitor
bank configuration. Experience on NSTX showed that if too
much capacitor bank energy is discharged when voltage is
first applied to the electrodes the plasma evolution is so fast
that it just ejects a portion of the plasma all the way to the
other end of the vessel and plasma does not have sufficient
time to adjust to the equilibrium conditions being provided by
the pre-programmed external field coils. Thus, the method
developed on NSTX is to first discharge a smaller portion of
the capacitor bank energy and allow the plasma to grow part
way up the vessel and then discharge an additional capacitor
bank module to further grow the plasma.

The capacitor voltage at each of the two ignitrons is
monitored, and this information is fed back to a Labview
based control system used to operate the capacitor bank. The
current output from the capacitor bank is connected to the
CHI electrodes at three different toroidal locations using six
coax cables. Fast voltage monitors are used to actively
monitor the electrode voltage at these three locations during
the plasma pulse. The ground side of the capacitor power
supply is directly connected to the vessel, which is also the

primary ground during CHI experiments. At each of the
current feed locations, a high power 100 Ω resistor is con-
nected directly across the high voltage and ground leads. This
is a safety system that allows the ignitrons to conduct even if
a plasma load is not established inside the vessel during CHI
operations. This system proved very helpful during the initial
plasma commissioning experiments on QUEST. To suppress
voltage spikes, resistor-capacitor snubbers are also employed
at each of the three current feed locations. Each snubber
consists of a low inductance 600 mOhm resistor stack in
series with a 32 μF capacitor. The current through each of the
ignitrons as well as the total current through both ignitrons
(the injector current) is measured.

Figure 3 shows the circuit diagram of the capacitor bank,
operated by the Labview based control system. The CHI
power supply operation is initiated by first disconnecting the
high voltage side of the capacitor bank from ground. This is
followed by programming the charging power supply to the
desired voltage, then connecting it to the capacitor bank by
energizing a relay. After the capacitor bank is fully charged,
the charging relay disconnects the power supply from the
capacitor bank. At the appropriate time, the main QUEST
plasma control system sends a trigger to discharge the capa-
citor bank. The CHI Labview controller provides a pre-pro-
grammed delay between ignitrons 1 and 2 so that the second
ignitron can be triggered after some delay, as in NSTX. After
the end of the QUEST shot cycle, the capacitor bank is
returned to the normal safe state.

2.3. Gas injector and control system

Figure 4 shows the CHI gas injector system. Hydrogen gas
enters the injector flux region at two toroidal locations via fast
pneumatic valves connected to small plenums. The pneumatic
valves are used because solenoid-operated valves cannot be
used in the high magnetic field region near the coils. To
operate these valves, helium at 0.7 MPa is supplied by sole-
noid-operated valves 1.5 m away in the lower field region. As
shown in figure 1, the gas inlet inside the machine is at the
anode. The injected gas is directed towards the high-voltage
cathode plate. The timing of the gas injectors is adjusted to
provide maximum gas pressure in the inter-electrode region at
the time the capacitor bank discharge is initiated.

The gas valves are also operated by the Labview based
control system. First, the small gas plenum located between
the two pneumatic valves is filled with hydrogen by first
ensuring that the fast valve to the QUEST vessel is closed and
then opening the slow pneumatic valve for a brief period. The
pneumatic valves are activated by pressurizing a gas line
using a solenoid valve located in a low magnetic field area. At
the required time, the QUEST plasma control system sends a
trigger signal to a fast 120 V trigger generator, which rapidly
activates the solenoid valve used to trigger the fast valve. At
the end of the cycle, the pressurized gas lines between the
solenoid valve and the pneumatic valves are vented and the
pneumatic valves returned to their normal state.
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2.4. CHI discharge operation

The CHI system on QUEST is operated as follows.

(1) Toroidal field at Bt0=0.25 T is applied and then the
injector flux configuration is formed by driving currents
in the poloidal field coils. A typical injector flux pattern
is shown in figure 1.

(2) H2 gas is injected into the injector region by gas
injectors 1 and 2.

(3) At the time when the gas pressure in the electrode
region reaches a high value (about 18 ms after the
trigger timing of the fast valve), voltage in the range of
−1.0 to −1.8 kV is applied to the bias-electrode by the
capacitor bank power supply. If conditions for gas
breakdown are satisfied, the injected gas is ionized and
the injector current starts flowing along the injector flux
that connects the ground anode to the cathode electrode
plate. Triggering the gas valves and observing with a
fast camera to see when the gas first begins to
breakdown in the injector region is used to adjust the
timing.

3. Experimental results and discussion

3.1. Gas breakdown

Reliable gas breakdown was achieved in the injector flux
configuration shown in figure 1, with 26 mWb of poloidal
injector flux connecting the electrodes. This corresponds to
operation with −1.5 kA of coil current in the PF5-2 coil
that has 41 turns. If the current in this coil was increased to
−2 kA, breakdown was still possible, but it was not very
reliable. With −5 kA in the PF5-2 coil breakdown was not
possible. All these conditions used about −1.8 kV charging
voltage. It was also found that about 20–30 kW of 8.2 GHz
ECH was necessary to achieve breakdown. The reason for
this dramatic change in breakdown behavior is attributed to
the need for satisfying the Paschen condition for gas break-
down [30], and is shown in figures 5 and 6.

Although Pashen’s condition was derived for electrical
breakdown between flat plates, interestingly, a careful
examination of the breakdown requirements for NSTX CHI
discharges by Hammond [31], shows that it can also be
applied to the CHI configuration, possibly because the

Figure 3. Circuit diagram of the capacitor bank connected to the bias electrode in QUEST. CS-E1, 2, 3 and 4, PS and CT1 and CT2 are
control signals from the Labview control system. Voltage of capacitors (VC1 and VC2), currents through ignitron 1 and 2 (I1 and I2) and
total current (I3) and electrode voltages at three different toroidal locations (FVM1-3) are monitored.
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electron’s accelerated speed parallel to the magnetic field due
to E is much higher than the drift speed perpendicular to the
field due to E⊥. For QUEST case, the accelerated speed due to
E is ~ ´ -2 10 m s7 1 while the drift speed due to E⊥ is

~ ´ -4 10 m s .4 1 On QUEST, a very clear trend has been
seen for improved breakdown as the ratio of toroidal flux to
injector flux is increased.

Figure 5 is a plot of the field line connection length
between the electrodes calculated at the location where the 8.2
GHz ECH resonance layer intersects the high-voltage elec-
trode plate (shown in figure 1). It shows that the field line
connection length is 1.3 m for maximum current of −5 kA in
the PF5-2 coil but increases to 4 m if the coil current is
reduced to −1.5 kA, 30% of its maximum rating. Figure 6 is
a plot of the required gas pressure for gas breakdown at
−1.8 kV for these two connection lengths. It shows that the
required gas pressure in the injector region is nearly 3 times
higher for the case of shorter connection length (the high
injector flux case). Experimental conditions on QUEST do
not allow us to measure the inter-electrode gas pressure, but
this calculated pressure requirement, in conjunction with the
observed vessel pressure, which is in the ´ -–5 10 10 2 Pa
range strongly suggests insufficient gas pressure as the reason
for not being able to achieve breakdown at the high injector
flux values.

Conditions for breakdown at higher values of the injector
flux can be enhanced by improving the response time of the
gas injection system so that the gas plenum empties faster:
increasing the conductance of the gas pipe line could further
increase the gas pressure transiently in the electrode region

while keeping the total amount of injected gas low. Increasing
the toroidal field would also increase the field line connection
length. In these experiments, the toroidal field was 0.25 T.
However, in a pulsed mode, with additional modifications to
the power system hardware, QUEST may be able to support
operations at 0.5 T.

Although a higher value of the toroidal field (for a given
injector flux) increases the field line length and reduces the
gas pressure necessary for gas breakdown, it also increases
the required voltage to attain a given injector current.

3.2. Toroidal current generation

In this section we describe the results of toroidal current
generation in the QUEST CHI electrode configuration.
Figure 7 shows the waveforms of a discharge after voltage
application by the capacitor bank power supply. The primary
observation is that the voltage monitor signals at the three
locations on the electrodes are largely the same. The orange
trace does show slightly increased amplitude that could be
due to some asymmetry in the arcing along the electrode
plates. While transient localized arcs are seen in some dis-
charges, the location of this voltage monitor behind the center
stack (from the fast camera viewpoint) does not at this time
permit us to say if this is due to asymmetry in arcing or due
increased electromagnetic noise pick-up in this channel.
Future experiments will try to better understand these small
differences in the voltage measurement. Given that the
increased amplitude in the orange signal is small, the voltage
seems to be applied axisymmetrically to the electrodes, and
there are no major asymmetries in the CHI discharge on the
electrode plates, even though the gas is injected at only two
locations. From an initial value of −1.8 kV near t=0, the
voltage drops rapidly to a lower value of about −600 V at
∼0.1 ms. The voltage drop signifies gas breakdown. This is
the first indicator of the bias-electrode being electrically
connected to the vessel ground through a conductive plasma
load inside the machine. In conjunction with this voltage
drop, the injector current and toroidal current begin to
increase. The injector current from ignitron 1 flows first and
then, after the delay of 0.1 ms, the current from ignitron 2 also
flows. By changing the delay time, the injector current
waveform is adjusted. The total plasma current is calculated
in two ways. First, by numerically integrating the raw unin-
tegrated signal from a Rogowski coil measurement inside the
QUEST vessel. Second, by correcting for integrator droop of
the passively integrated Rogowski coil signal. Both these
measurements agree with each other. The toroidal current also
increases with the injector current and continues to increase
up to a peak value of 22 kA as the injector current decays in
time. In this early discharge on QUEST, the toroidal current
persists for just as long as the injector current is present.
Although some toroidal plasma current may flow on closed
flux surfaces, we cannot rule out the possibility that all the
toroidal current in this case flows on open field lines.

During these discharges an AXUV photodiode array was
used to track the motion of the evolving plasma discharge,
shown in figure 8. The waveforms show the radiation from

Figure 4. (a) Photo of CHI gas injector. (b) Diagram of gas injector
piping lines. CS-A2 and 3 and GT1 and GT2 are the signals from the
Labview controller for operation of solenoid valves, VFS, VFV,
VSS and VSV.

7

Plasma Phys. Control. Fusion 60 (2018) 115001 K Kuroda et al



the visible to the soft x-ray region. The AXUV diode sight
lines are shown on the left side of figure 8. The experimental
traces are shown on the right side of the figure. The differences
in the rising phase of waveforms of the different channels
reflect plasma growth crossing the sight lines. A mid-plane
camera was also used during these first experiments. The
primary observation is that the AXUV diode signals are
consistent with the plasma growing up from the injector at
least to the mid-plane. The camera measurements were con-
sistent with this but did not have sufficient time resolution to
confirm detachment of the plasma from the injector.

The data in figure 7 shows that the CHI produced toroidal
current does not track the injector current. The CHI produced
toroidal current peaks well after the injector current peaks.
The injector current has reduced to a substantially lower level

at the time of the peak in the toroidal current indicating that,
for this low temperature plasma, some closed flux surfaces
may be forming but are masked by the long decay time of the
CHI injector current. This suggests the need for ramping
down the CHI injector current more rapidly. To permit this,
the CHI capacitor bank was modified by replacing all twelve
current limiting power resistors between capacitors and
ignitrons, as shown in figure 3, from 150 mOhms each to
40 mOhms each to reduce the RC discharge time. In addition,
the size of the gas injection plenums was reduced and the

Figure 5. Field line connection length between CHI electrodes at the location where 8.2 GHz ECH resonance layer intersects the high-voltage
electrode plate with (a) −5 kA in PF5-2 coil (41 turns), 50 A in PF6 coil (36 turns) and 1 kA in PF7 coil (12 turns) and (b) −1.5 kA in PF5-2,
15 A in PF6 coil and 0.3 kA in PF7 coil. (The toroidal field is 0.25 T.)

Figure 6. Required gas pressure for gas breakdown at −1.8 kV for
two field line connection lengths, (a) 1.3 m and (b) 4 m. Curved lines
are the calculated Paschen conditions and straight lines are electric
field on each field line.

Figure 7. Waveforms of the three voltage monitors across the
electrodes, injector current monitored at the outlet of power supply
and toroidal current after voltage application by capacitor bank
power supply. The trigger time of the second capacitor module can
be seen by the inflection in the injector current waveform, and the
corresponding changes to toroidal current waveform on a much
slower time scale. The plasma current measurement has an error bar
of less than 0.5 kA.
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operating pressure of the gas system increased so that less gas
would be injected, but much more rapidly. The power supply
configuration for the QUEST PF coils was also changed to
provide better control of the CHI plasma discharge. The main
injector flux coil (PF5-2) was independently operated, with-
out it being connected to the PF3-2 coil. The currents in the
PF1 and PF7 coils, which are responsible for generating
the vertical equilibrium field, were increased to better position
the plasma inside the vessel. Finally, the camera system was
substantially improved by adding a fast color camera, better
positioned by using a reentrant lens system that provided
more complete coverage of the vessel interior. It is useful to
note that due to the reduced series resistance the charging
voltage on the capacitor bank must be appropriately reduced
to attain the required injector current.

With these operational changes, the CHI discharges
improved substantially. The amount of injected gas was
reduced to 15 Torr l by a factor of about two compared to the
gas injection amounts of 31 Torr l used during the discharge
shown in figure 7. Initiation of CHI discharges at sufficiently
low levels of injected gas is quite important, and necessary, as
described in a recent NSTX CHI paper [31]. Improved tor-
oidal currents up to 45 kA were generated that showed tor-
oidal current persistence after the injector current was reduced
to zero, as shown in figure 9. The plasma was generated using
23 mWb of poloidal injector flux, which was formed mainly
by driving 2.1 kA of current in the PF5-2 coil. Figure 9 shows
that the injector current now drops much faster, and some
CHI generated toroidal current remains after the injector
current has been reduced to zero. While small, the existence
of persistent current is a definite improvement, which was not
observed in the early discharges, as shown in figure 7. The
error in the toroidal current measurement is less than 0.5 kA,
as the toroidal current is zero when there is no gas breakdown.
Since the central solenoid is not used to drive a loop voltage
and none of the PF coil currents are changed in time during
these experiments, there is no source, other than CHI, for
toroidal current generation in the plasma or in CHI electrode
plate. Figure 9 also shows images from the fast camera
observations at different times during the discharge pulse.
These show the existence of a plasma throughout the toroidal

current pulse measurements. Data from a mid-plane Halpha
chord also show the presence of plasma throughout the pulse,
consistent with the camera images. There is a possibility that
the small amount of persisting current could be induced in the
electrode plate or in the surrounding structures, as the CHI-
produced toroidal current decays. However, if this were the
primary source of the long small current decay, then one
would think that it should be related to the magnitude of the
initial CHI-produced toroidal current. This is not the case.
The highest CHI produced toroidal currents do not show the
longest current decay times. In addition, spectroscopic signals
and the visible camera images show the presence of plasma
when the current is present. Nevertheless, given the small
amount of persisting current that is present, at this time, one
cannot completely rule out the possibility that some of the
current maybe induced on the vessel and CHI structure. While
this is an encouraging initial result, additional improvements
to the plasma equilibrium control and the injector flux shaping
are needed to improve the current persistence results before
one can conclude that this is due to the presence of some

Figure 8. AXUV sight line schematic drawing and the signal from each channel. Black and gray plots show the toroidal current and injector
current, respectively.

Figure 9. Transient CHI discharge on QUEST that uses a faster
injector current ramp-down time. Shown are the CHI produced
toroidal current, injector current, Hα signal and fish eye fast camera
images at different times during the discharge.
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closed flux plasma in the discharge. These results show that
the new CHI electrode configuration on QUEST is indeed
performing similar to the electrode configurations used on
HIT-II and NSTX, although many more improvements
remain to be made to attain the level of transient CHI dis-
charge performance attained on HIT-II and NSTX.

3.3. Bubble burst condition and current multiplication ratio

In these CHI discharges the injector current continued to
increase with the capacitor bank energy, which is an expected
result. Figure 10 shows the peak injector current versus the
peak of toroidal current for many shots with the same PF 5-2
coil current of −1.5 kA, but with not the same level of current
in the other PF coils. Two to four capacitors were used in these
discharges. The figure shows the toroidal current to increase
with the injector current. This is an important result as it means
that the additional injected power must be driving the main
CHI plasma load, and that most of it is not lost in spurious
arcs, such as the absorber arcs reported in NSTX CHI plasmas
[32]. This is an encouraging result for this alternate electrode
configuration used on QUEST. At the same injector current
value, there is a large scatter in the measured toroidal current.
This is because the equilibrium PF coil currents conditions
were not all the same during this initial study. Configurations
that have a wider injector flux footprint would require less
injector current to grow the plasma, and these aspects have not
been studied at this time. In addition, there is also some
undesirable arcing in some discharges. These need to be better
characterized in future studies.

The data shows that about 25 kA of injector current is
needed before the toroidal current begins to increase. This
threshold is approximately consistent with the bubble burst
current magnitude [11, 13, 33].

Because the injector flux pattern ranges from the outer edge
of the electrode to the inner edge, and because the inter-electrode

gap distance also changes as a function of radius, one cannot
explicitly calculate a single value for the bubble burst current.
Ultimately, one needs to know the current density on these field
lines to correctly calculate the bubble burst current. Through
consideration of other factors such as the exact geometry of the
QUEST electrode, one may in future, be able to improve the
bubble burst current calculation. Nevertheless, the bubble burst
current parameter provided in [11] is a useful parameter that
provides an estimate for the magnitude of the required injector
current in CHI discharges. The bubble burst current calculated as

y m= ( )/I d I2 ,inj
BB

inj
2

0
2 2

TF with a representative electrode gap of
0.2 m, and injector flux of 26 mWb results in a bubble burst
current magnitude of about 26 kA. Here ITF is the current in the
toroidal field coil, 800 kA, d is the electrode gap and ψ is the
injector flux.

The bubble burst current is the threshold injector current
needed to overcome the magnetic field line tension as
reported in previous studies of CHI [11]. At this threshold
value, the ´J BPOL Tor force is able to overcome the field line
tension of the injected flux, allowing the currents flowing
along these field lines and the injector flux to expand and fill
the vessel.

Another observation is that the current multiplication
ratio of the peak toroidal current to the injector current peak is
lower than 1 for these discharges, whereas it is 6 to 7 on HIT-
II and it is up to 70 on NSTX. This is due to a combination of
yet un-optimized discharges on QUEST that does not permit a
direct comparison with results from HIT-II and NSTX and
because of the much lower value of the toroidal flux within a
QUEST CHI discharge. Since the current multiplication fac-
tor is proportional to the ratio of toroidal flux to the injector
flux in the CHI plasma [11], and not to the absolute value of
the toroidal field, it is necessary for the discharge to fully fill
the vessel before a good comparison could be made to the
results from the HIT-II experiment. HIT-II nominally oper-
ated with 12 mWb of injector flux and at 0.5 T to achieve a
current multiplication of 6. In comparison QUEST has twice
the value of the injector flux and half the toroidal field of HIT-
II and these discharges do not yet fill the vessel completely, as
did the CHI plasmas on HIT-II and NSTX.

Simple estimates that consider a circular plasma with
minor radius in the range of 10–20 cm show that such a
plasma would have enclosed toroidal flux in the range of
8–30 mWb. This is similar to the magnitude of the injector
flux. So, we would expect the current multiplication factor to
be in the range of one for these first experiments. In future
experiments as larger bore plasmas are generated, and the
plasma expands to more fully fill the vessel, and with less
injector flux, the current multiplication factor should exceed
1, and reach about 3, even at only 0.25 T toroidal field.

4. Summary

Initial experimental results from transient CHI plasma gen-
eration using a new electrode configuration on QUEST are
very encouraging for future CHI plasma start-up studies on

Figure 10. Peak of toroidal current versus peak of injector current for
the shots with the same PF 5-2 coil current of −1.5 kA. Orange
circles indicate the shots with the typical condition of the other PF
coil currents, 15 A in PF2 and PF6 coils (36 turns for each) and
0.3 kA in PF1 and PF7 coils (12 turns for each) and blue circles
indicate shots in which there are further changes to these coil
currents. A small amount of current flows in the snubber circuit
resulting in some injector current even for the no-breakdown cases.

10

Plasma Phys. Control. Fusion 60 (2018) 115001 K Kuroda et al



QUEST. Reliable plasma breakdown and poloidal flux evol-
ution into the vessel have been demonstrated, which shows
that CHI plasma evolution in the new electrode configuration
is indeed possible. This is an important, and necessary, first
step to enable useful CHI plasma operations on QUEST. The
maximum achieved toroidal plasma current generally
increases with increasing injector current. This is a good
result as it suggests that spurious arcing may not be as severe
as was originally hypothesized for this electrode configura-
tion, but clearly requires more detailed studies in the future. In
this experiment, peak toroidal currents up to 45 kA were
measured in the plasma. The existence of toroidal current
after the injector current is reduced to zero is an encouraging
result that suggests the possibility of some current flowing on
closed field lines in these initial transient CHI generated
plasmas on QUEST, although at this time, the possibility of
this current being induced by the decaying CHI plasma can-
not be disputed. The demonstration of unambiguous closed
flux generation is the next step for the CHI program on
QUEST.
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