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Evidence for Separatrix Formation and Sustainment with Steady Inductive Helicity Injection
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The first sustainment of toroidal plasma current of 50 kA at up to 3 times the injected currents, added in
quadrature, using steady inductive helicity injection is described. Separatrix currents—currents not
linking the helicity injectors—are sustained up to 40 kA. Decreases in the n = 1 toroidal mode of the

poloidal magnetic field at higher current amplifications indicate more quiescent, direct toroidal current
drive. Results are achieved in HIT-SI (with a spheromak of major radius 0.3 m) during deuterium
operations immediately after helium operation. These results represent a breakthrough in the development
of this new current drive method for magnetic confinement fusion.
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Improvements in current drive efficiencies are needed to
lower the circulating power fraction to meet the require-
ments of a magnetic confinement fusion reactor [1-3].
Helicity injection, driving the bulk electron distribution,
provides an alternative path for reducing the circulating
power. Electrode based helicity injection has been used for
spheromak formation [4] and is an effective method for the
startup of toroidal devices [5—7]. Steady inductive helicity
injection (SIHI) requires less density injection [8] and
should have less impurity generation than electrode based
methods. STHI involves the nonlinear plasma phenomena
of self-organization, relaxation, and reconnection that are
of general interest in the study of planetary and solar
magnetic fields. Magnetic helicity is the linkage of mag-
netic flux with magnetic flux [9]. Helicity is conserved on
magnetic energy time scales and has been shown to be the
best constant of motion in a magnetized plasma [4].
Spheromak formation relies on the relaxation of the mag-
netic field structure towards a Taylor state [10]. The helic-
ity injected torus with steady inductive helicity injection
(HIT-SI) [11] investigates a method of current drive and
spheromak formation through constant inductive helicity
injection into a confinement volume of major radius 0.3 m.
Magnetic helicity is injected into HIT-SI through the use of
two injectors, named the X and Y injectors, each operating
with injected voltage and flux in phase to inductively drive
current along field lines [11-13]. For a more detailed
description of the construction and operation of HIT-SI
see Ref. [12]. The results presented here have been
achieved with the injector voltage and flux driven sinus-
oidally at 14.5 kHz. A principal goal of the HIT-SI experi-
ment is to prove the efficacy of inductive helicity injection
current drive by forming and sustaining a spheromak with
significant toroidal current.

Wall conditioning with helium plasmas and subsequent
operation with deuterium has led to improved performance
and new insights into the current drive mechanism.
Deuterium discharges have achieved HIT-SI record
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toroidal currents (> 50 kA) and current amplification
ratios (3, the record for all spheromaks) with up to 40 kA
of separatrix current (see Ref. [11], Fig. 2 showing the
spheromak equilibrium with separatrix). Additionally, the
measured n = 1 toroidal Fourier mode of the poloidal
magnetic field decreases at higher current amplification
ratios indicating more direct drive of the toroidal current.

An FIR interferometer [ 14] is used to measure the chord-
averaged electron density at an impact parameter of 35 cm
along the midplane of the confinement volume. Surface
probes measure the poloidal magnetic field at 18 locations
around each of four poloidal cross sections located at
toroidal angles of 0°, 45°, 180°, and 225°. Using the
surface probes and the assumption of zero magnetic field
at the corners in the poloidal cross section (two poloidal
cross sections are shown in Fig. 1), Amperian loops are
constructed to measure the toroidal current (the simply
connected confinement volume precludes the use of an
external Rogowski coil for this measurement). The toroidal
current reported in this Letter is the average toroidal cur-
rent from these four locations [15,16]. Both injector cur-
rents are measured with Rogowski coils. The toroidal
current and the injector currents added in quadrature
(quadrature values are the square root of the sum of the
squares of injector signals averaged over an injector cycle)
are accurate to within 5%. The n = 1 Fourier mode am-
plitude and phase are measured by surface magnetic probes
located at 16 locations on both sides (z = +/ — 3 c¢cm) of
the midplane diagnostic gap. SPRED (spectroscopy, poor
resolution extended domain) measures line radiation in
HIT-SI at an impact parameter of 29 cm along the mid-
plane of the confinement volume.

Careful attention to fueling and wall conditioning are
necessary to produce the desired plasma conditions in
magnetic confinement fusion experiments [17]. HIT-SI
uses alumina as a plasma-facing surface to insulate the
plasma from the copper flux conserver and ensure that
current drive is completely inductive [12]. Alumina reacts
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FIG. 1 (color online). The HIT-SI geometry is shown with the
confinement volume in the center, the Y injector to the left, and
the X injector to the right. The poloidal cross sections at 45° and
225° are shaded. Included in the figure is a model representing
the current paths in HIT-SI. The separatrix current (solid line) is
shown with the injector currents at a time with negative
X-injector (dotted line) and positive Y-injector (dashed line)
current. In the top right of the figure is a 2D projection of the
current paths with the view looking at the X injector from the
midplane of the confinement volume. At the representative time
shown the X injector, Y injector, and separatrix current pass the
45° plane, while only the separatrix current passes the 225°
plane.

chemically with hydrogen isotopes, which makes it a good
pump. However, the walls quickly become saturated with
hydrogen isotopes, increasing wall recycling and radiated
power. Past experimental results on HIT-SI have used
helium as the operating gas [8,11-13]. Earlier experiments
performed in hydrogen and deuterium without helium
conditioning had achieved low toroidal currents. Recent
operations have shown that helium can be used to condition
the walls before deuterium operations. For the data pre-
sented in this Letter, gas is injected through needle valves
at the toroidal midpoint of the two injector half-toroids.
Plasma breakdown is achieved spontaneously from the
injector voltage. Without helium wall conditioning, ade-
quate fueling of the injectors excessively fuels the confine-
ment volume resulting in poor achieved toroidal current.
Gas deficiencies in the injectors cause voltage spikes and
localized wall heating near the injector mouths. The po-
tential for localized wall heating limits the shot length to
2 ms. Helium wall conditioning allows higher gas injection
rates while still achieving lower density in the confinement
volume through the pumping of deuterium by the alumina
walls.

Three shots of a typical helium and deuterium shot
sequence are shown in Figs. 2 and 3. Operating settings
are similar for all three shots. The first shot is a typical
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FIG. 2 (color online). (a) The toroidal currents and (b) line-
averaged electron densities of a helium shot (121959) and
subsequent deuterium shots (121961 and 121963).

helium shot with an average electron density of
~4 % 10" m™3 and a toroidal current of magnitude
20 kA (toroidal current polarity is not controllable for
dual injector shots [13]). For the first deuterium shot, the
toroidal current reaches 40 kA with lower electron density
than the helium shot. The total injected power on this
deuterium shot is ~25% higher than the helium shot
despite the similar operating settings. Higher plasma im-
pedance, from the lower density, causes a larger increase in
injected voltage compared to the decrease in injected
current resulting in increased power injection. Continued
deuterium operations lead to increased density and an
oscillating toroidal current of lower magnitude. A large
increase in impurity hydroxide radiation occurs after re-
peated deuterium shots as the walls no longer pump the
deuterium (see Fig. 3).

The toroidal current amplification is calculated by divid-
ing the toroidal current time averaged over an injector cycle
by the injector currents added in quadrature. Part (d) of
Fig. 4 shows current amplification greater than 2 achieved
from 1.1 ms until the injectors are shut off at 1.8 ms with
peak amplification during injector drive of 3. The quad-
rature Ay is 21 m~! at peak amplification. Also of note is
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FIG. 3 (color online). Line radiation of a helium shot (121959)
and subsequent deuterium shots (121961 and 121963).
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FIG. 4 (color online). X- and Y-injector currents (a) and volt-
ages (b) with quadrature values; (c) toroidal current and toroidal
current time-averaged over an injector cycle. The current decay
time 7, = —1/(dl/dt) is averaged over 100 us after the injec-
tors are off; (d) current amplification of the time-averaged
signals.

the time between 0.9 and 1.5 ms when the toroidal current
rises from ~20 to ~50 kA. This is the first time on HIT-SI
that the toroidal current has shown steady growth through
multiple injector cycles to a current amplification greater
than 2. This result provides important experimental con-
firmation of the ability of SIHI to continuously build up
toroidal current during the sustainment of the plasma
discharge.

The average and oscillation magnitude of the local
toroidal currents are roughly the same at each toroidal
location (see Fig. 5). Oscillations in the local toroidal
currents are at the injector frequency (14.5 kHz). The
separatrix current (/) is calculated by subtracting the
average of the instantaneous amplitude of the local current
oscillations at the four toroidal locations from the average
toroidal current. After the injectors turn off the separatrix
current increases as the helicity in the injectors is trans-
ferred, through magnetic relaxation, to the separatrix
current.

Using toroidal Fourier mode analysis of the poloidal
magnetic fields measured by the surface probes, the injec-
tor magnetic fields appear predominantly as an n = 1
mode. In addition to the injector n» = 1 mode there are
n = 1 eigenmodes of the confinement volume. The mag-
nitude of the n = 1 Fourier mode measured by the surface
probes increases before axisymmetric toroidal current is
measured in the confinement volume (see Fig. 6). As the
toroidal current increases the n = 1 mode decreases. The
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FIG. 5 (color online). Toroidal current measurements at the
four toroidal locations with the average toroidal current and the
separatrix current. The vertical dotted line at 1.8 ms indicates
the time when the injectors are turned off.

amplitude of the injected current is relatively constant
during the shot. This implies the decrease in the measured
n = 1 Fourier mode is the result of less energy in the
n = 1 eigenmode of the confinement volume. It is pro-
posed that as the toroidal current increases the injectors
begin to transfer helicity directly to the toroidal current
(perhaps through electron locking [8]) without driving the
n = 1 eigenmode of the confinement volume. The inverse
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FIG. 6 (color online). (a) The magnitude of the n = 1 toroidal
Fourier mode of the poloidal magnetic field, (b) the injector
currents, and (c) the toroidal current.
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FIG. 7. Scatter plot of the current amplification compared to
the magnitude of the n = 1 toroidal mode of the poloidal
magnetic field averaged over an injector cycle and normalized
by the quadrature injector signal for six shots.

correlation of toroidal current with measured n = 1
Fourier mode for six deuterium shots is summarized in
Fig. 7.

The local toroidal current measurements can be ex-
plained by a separatrix current along with injector currents
(see Fig. 1). When the average toroidal current is greater
than the total injected current, all of the current in the
confinement volume will flow in the same toroidal direc-
tion (the injector currents will flow in the same direction as
the separatrix current). The oscillations in the locally mea-
sured currents are from the oscillating injector currents
passing that location. This interpretation is confirmed by
the magnitude and phase of the measured current oscilla-
tions shown in Fig. 5. The minima in the local current
measurements occur when no injector current passes a
given toroidal location and therefore measures only sepa-
ratrix current. Thus, the minimum level of toroidal current
at each of the four toroidal locations is attributed to the
current inside the separatrix (Fig. 5) with the oscillations
the result of the injector currents passing by a given toroi-
dal location. This result indicates a sustained region of
separatrix current through multiple injector cycles.

An alternative explanation for the current amplification
is injector current making multiple toroidal passes in the
confinement volume. This explanation also requires the
injector currents to transit in the same toroidal direction
of the confinement volume each half cycle. The toroidal
current would then be scaled by the sum of the injector
current magnitudes, which has significant fourth harmonic
content. At current amplifications greater than 2 the mag-
nitude of this fourth harmonic content is approximately
half of the magnitude of the first harmonic. The local
toroidal current measurements do not suggest the presence

of large oscillations at 4 times the injector frequency (see
Fig. 5). In addition, each injector turns off every half cycle,
forcing closure of the injector flux. It seems unlikely that
every half-cycle injector field lines making multiple toroi-
dal transits would be produced or handed off to the other
injector. However, the data do not preclude some injector
current making multiple toroidal passes so the amount of
separatrix current is qualified by the phrase “up to.”

The efficiency of SIHI is calculated by comparing the
Ohmic power required to maintain the current (Pg) to the
input power from the injectors (Pj;) [18]. Between 1.5 and
1.8 ms of shot 122385 (Figs. 4 and 5), the toroidal current
and input power are nearly constant: I,,, = 53 kA, I, =
38 kA, and Pinj = 9.4 MW. The toroidal current energy,
W, =420 [19], is used to estimate the energy in the
separatrix region, Wy, = W; I, /I, =300 J. Since
W, « I,,.> the energy decay time can be calculated from
the current decay time (Fig. 4), 7y = 7,;/2 = 143 = 9 us.
This gives P = Wy,/7w = 2.1 = 0.1 MW and an effi-
ciency of ¢ = Pq/ Pi,j = 0.22 + 0.01. Direct comparisons
of the current drive efficiencies of helicity injection to
conventional current drive methods are limited by the
accuracy of scaling laws. Further experiments are neces-
sary to test the favorable scalability of helicity injection to
reactor conditions [20].

Achieving the record current amplification for a spher-
omak of 3 with current persistence after the injectors are
off proves that SIHI is an effective solenoid free and
electrode free plasma startup method. This in itself is a
major breakthrough for fusion power generation. The evi-
dence presented here for significant separatrix sustainment
and the monotonically increasing toroidal current to higher
current amplifications shows the viability of SIHI current
drive. Additionally, as the current amplification improves
the injectors demonstrate more effective coupling to the
toroidal current without exciting the n = 1 eigenmode of
the confinement volume, indicating SIHI may be compat-
ible with good confinement. It is suggested that toroidal
current drive is limited by a buildup of density in the
confinement volume.
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