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Formation and Sustainment of a 150 kA Tokamak by Coaxial Helicity Injection
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Coaxial helicity injection is used to produce low-aspect-ratio tokamaks with toroidal currents
reaching 150 kA (highest value yet attained by helicity injection current drive) and sustained over
100 kA for many resistive diffusion times, without a current drive transformer. Current drive power
efficiency, assuming no anomalous helicity dissipation, is 40% that of Ohmic. These tokamaks have a
rotating n = 1 toroidal distortion, with poloidal distortions only on the outer bad-curvature region.
Equilibrium reconstruction suggests these plasmas have up to 112 kA of closed-field toroidal current,
an aspect ratio A = 1.69, a tokamak ¢ profile, and a hollow toroidal current profile.

PACS numbers: 52.55.Fa, 52.35.Py, 52.70.Ds

The tokamak is presently the leading contender for pro-
ducing controlled magnetic fusion energy. To make an
attractive reactor, some method of current drive must be
utilized. When scaled to a reactor, the presently studied
current drive methods, e.g., rf, neutral beam injection,
and spheromak injection, have efficiencies on the order
of 1073 — 10~2, requiring a high recirculating power frac-
tion [1-3]. Coaxial helicity injection (CHI) [4] offers a
method of steady-state current drive that has predicted
reactor efficiencies in the tens of percent. This improve-
ment of over a factor of a hundred changes the current
drive costs in a reactor from being dominant to insignif-
icant.

Magnetic helicity is defined by K = [ A - Bdr, where
A is the magnetic vector potential, B is the magnetic
flux density, and the integral is over a volume within a
flux surface. Helicity is easily shown to be proportional
to the arithmetic product of linked flux [5]. Plasmas de-
scribed by ideal magnetohydrodynamics have fixed flux
linkage topology which fixes K. In the presence of finite
resistivity, K decays on resistive diffusion time scales,
but the magnetic energy can decay on the much faster
relaxation time scales. On these short time scales, fluc-
tuations dissipate the magnetic energy while keeping the
the global helicity constant, relaxing the plasma toward
the Taylor minimum energy state [6] where the force-free
equilibrium is given by V x B = AB, where A = yoJ/B
is a global constant. (J = |J| is the current density
and pg is the permeability of free space.) Other effects
such as nonuniform resistivity, helicity injection, and fi-
nite pressure gradients drive the plasma away from the
Taylor state, with the plasma reaching a nonuniform A
equilibrium where these effects and relaxation balance.
This Taylor minimum energy principle very successfully
explains the equilibria and profiles of reverse field pinches
and spheromaks [6].

In a tokamak, helicity is proportional to the product of
toroidal and poloidal fluxes, and for a given current pro-
file K is approximately proportional to the plasma cur-
rent, I,,. Helicity “injection” can sustain I, by applying

3666

a bias voltage, Vinj, to the magnetic flux, ¥i,j, that pene-
trates two electrodes [7]. The voltage applied to the elec-
trodes continuously injects primarily toroidal flux linking
Yinj,» “injecting” helicity at the rate Kinj = 2Vinj¥in; (the
factor of 2 is from the injected flux linking %in; and vice
versa). Qualitatively, this can be thought of as an un-
stable edge-driven current producing fluctuations which
flatten the J/B profile, at constant K, driving current in
the interior of the plasma [8].

A tokamak using helicity injection current drive does
not require the use of a transformer, allowing construc-
tion with low aspect ratio. These low-aspect-ratio toka-
maks, or “spherical tori,” [9] feature natural elongation,
high paramagnetism, improved drift surfaces, and high
predicted A limits [10]. Recent results on the low-aspect-
ratio tokamak START [11] have shown robustness to
tokamak disruptions for aspect ratios A < 2.

A power efficiency, €, for helicity injection current drive
relative to Ohmic can be derived for a Taylor-state toka-
mak and a Taylor-state injector from dissipation of en-
ergy per unit helicity arguments [12,13]. Assuming he-
licity balance (demonstrated for spheromaks, as yet un-
proved for tokamaks) yields

polp/®T
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where ®r is the tokamak toroidal flux, and Iiy; is the in-
jector current. (Note this is a “true” dimensionless power
efficiency, i.e., watt per watt.) The condition Ainj > Atok
is required for helicity to flow from the injector to the
tokamak; thus € < 1. We also note that a high injector
impedance is important, as it produces a large Kijy; (high
Vinj) with a high efficiency (low Iin;). Of course, to obtain
high efficiency, Ainj should be nearly equal to Atok-
Electrodes used for helicity injection vary from small
electron-emitting types [14] to large area coaxial types
[4,15-17]. The small nonaxisymmetric electrodes have a
small value of ¥in;/®r, and need to be heated to elec-
tron emission to produce sufficient Iin; for equilibrium
generation. Coaxial helicity injectors have the advan-
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tage of lower current density requirements, axisymmetry,
and \ip; similar to Aok [4], resulting in lower impurities,
perturbations, and a higher efficiency, respectively. The
direct incorporation of the tokamak toroidal field into the
injector also gives it a high impedance [4,16].

Cowling [18] showed that axisymmetric fields cannot
be sustained by axisymmetric oscillations; hence nonax-
isymmetric motion is required to achieve relaxation cur-
rent drive. CHI current drive experiments usually ob-
serve n = 1 oscillations [15-17].

The Helicity Injected Tokamak (HIT) experiment uses
CHI to form and sustain low-aspect-ratio tokamaks.
HIT’s electrodes, shown in Fig. 1, are a 13 mm thick
copper (1.25 mm W-sprayed) central column (cathode)
and 10 mm thick copper (0.25 mm W-sprayed) outer con-
ducting shells. External coils produce a predominately
radial injector flux, 1inj. Hydrogen gas introduced into
the injector is ionized and preheated by a 100 uF, 7 kV
preionization bank (switched at ¢ = 0) and a 3 mF,
1.7 kV formation bank. A 36 mF, 950 V sustainment
bank then maintains the injector current. HIT diagnos-
tics include surface magnetic field probes, a far-infrared
(184.6 pum) interferometer, two 0.2 m vacuum-ultraviolet
monochromators, an excluded flux loop (compensated to
measure the confinement region paramagnetism A®r),
and various Rogowski loops. (The Thomson scattering
system, though installed for these experiments, did not
yield reliable data.) The plasma current is measured
using fourteen confinement region surface probes as a
“discrete” Rogowski loop, viz., I, ~ 27114:1 B, Atl,/po,
with By, the surface poloidal field, and A¢, the appro-
priate distance centered on each probe. For diagnos-
tic access, the outer shells have a 5 cm wide midplane
gap held apart by 64 copper bushings called “bridges.”
Five toroidally spaced bridge Rogowski loops measure
the current through several of these bridges. Each Ro-
gowski loop is calibrated to the total current, Ip, assum-
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FIG. 1. A schematic layout (top view) of HIT is given,
where the “injector,” “confinement,” and “absorber” regions
are defined. The tokamak is formed and sustained between
the inner and outer conductors.

ing equal current through all bridges. Thus, I;, measures
the amount of Iiy; flowing to the upper shell and the
absorber region’s outer conductor, with a low I, value
implying the injector current nearly encircles the closed
flux region of the plasma. Wall conditioning consists of
H, discharge cleaning followed by Ti gettering. Typical
device and operating parameters are given in Table I.

A “high-current regime” of operation is reached when
I, exceeds 140 kA during the sustainment phase, shown
in Fig. 2(a). This regime is characterized by a higher
ratio of poloidal field on the outer wall to the inner wall,
up/down symmetry, low I, [Fig. 2(b)], and a rotating
n = 1 toroidal distortion causing fluctuations in I, at ap-

TABLE 1. HIT parameters for a high-current regime discharge at ¢ = 1.0 ms.

Parameter Value Parameter Value
Device EFIT Reconstruction
Major radius R 0.3 m Closed field current 112 kA
Minor radius a 0.2 m Open poloidal flux 2.32 mWb
Aspect ratio A 1.5 Open field I, 3.15 kA
Magnetic field Bo 046 T Closed poloidal flux 11.5 mWb
Toroidal flux &r 100 mWb| Helicity K 0.0017 Wb?
Injector flux Yinj 4.9 mWhb| Axis safety factor Q 8.32

Edge safety factor Qo5 11.6
Measured Parameters Elongation K 1.85
Toroidal current I, 150 kA Major radius R 0.31 m
Injector current Iin; 20 kA Minor radius a 0.18 m
Injector voltage Vinj 700 Vv Aspect ratio A 1.69
Average density (ne) 6 x 10 m™3 | Upper triangularity 6up 0.553
Paramagnetism Adr 1.88° mWb| Lower triangularity  iow 0.913

Internal inductance ¢; 0.26

Plasma volume |4 0.36 m?
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FIG. 2. Time wave forms for a high-current regime dis-
charge: (a) plasma current I, (b) injector current Iinj, (c)
bridge current I, (d) injector voltage Vinj, (€) average elec-
tron density along the chord R = 0.24 m (n.), (f) para-
magnetism A®r, (g) current drive power efficiency €, and
(h) helicity decay time 7x.

proximately 50 kHz (Fig. 3). The inverse growth rate
of this n = 1 mode, 1/v, is 110 ps (y/w = 0.033).
Poloidal probe signals show a moving poloidal distor-
tion at 50 kHz existing only on the outer shell probes,
and approximately following the field-line pitch. The
injector current, Iinj, is given in Fig. 2(b). (The dip
in Iinj at t ~ 0.3 ms is due to a load impedance mis-
match between the preionization or formation banks and
the sustainment bank.) The injector voltage, Vipn;, shown
in Fig. 2(d), has a large broadband fluctuation level in
the 50-100 kHz frequency range, similar to those seen
in other coaxial helicity injection experiments [12,16,17].
The electron density, n., averaged along a chord through
R =0.24 m, is (ne) ~ (6 — 10) x 10'® cm~3, Fig. 2(e).
The excluded flux loop shows A®7 to be up to 2% para-
magnetic, Fig. 2(f). The Ovi/OV ratio increases dra-
matically during a discharge, saturating the O vI photo-
multiplier. CV is observed to increase as C VI decreases
and vice versa. The current drive power efficiency, e,
calculated from Eq. (1), is shown in Fig. 2(g) to be ap-
proximately € ~ 0.4 throughout the discharge.

The EFIT equilibrium fitting code [19] is used to re-
construct the flux function ¢ for this discharge, shown
in Fig. 4(a) for t = 1.0 ms. Equilibria are calculated
with no pressure gradient, P’ = 0, and parametrized
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FIG. 3. The bridge Rogowski loops identify a rotating
n = 1 distortion during high-current discharges. The vertical
offset of each Rogowski loop is proportional to its toroidal
position.

with separate surface functions in the confinement region,
FF' = ~y+79, and the injector region, FF’ = (3;, where
F=RBp,y= (¢ —¢m)/ (wup — ¥m), ¥m is the value at
the magnetic axis, 1yp is the value at the absorber insula-
tor, and 79, 71, and Bo are constants [20]. Fitting param-
eters consist of Ip, Iinj, A®r, 15 poloidal surface probes,
and 21 poloidal flux loops. Measured and calculated val-
ues agree to average errors 1.57%, 0.3%, 4.12%, 12.4%,
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FIG. 4. EFIT reconstruction results for high-current regime
discharge at t = 1.0 ms: (a) flux surface contours (dotted
lines are ¥ < 0), (b) ¢ vs normalized flux z (z = 0 on axis,
z = 1 at the separatrix), (c) Jr vs major radius R, and (d)
X = poJ7/Br vs major radius R.
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and 0.58%, respectively. Convergence of EFIT can only be
reliably obtained for high-current regime discharges when
I is low. EFIT suggests that at ¢t = 1.0 ms, 2.32 mWb
of the original 4.9 mWb of injector flux is pulled out and
encircles the 11.5 mWb of closed poloidal flux. Approxi-
mately 3.2-4.6 kA of the 20 kA of Ijn; flows on this open
flux around the tokamak. The safety factor g, the current
density Jr, and A are given in Figs. 4(b)-4(d). Note that
for this low-aspect-ratio configuration we obtain a toka-
mak g profile—increasing away from axis—with a hollow
current density profile (internal inductance ¢; = 0.26).

The helicity decay time 7k is derived from helicity bal-
ance [12], yielding 7x = K/(2Vipj¥in; — K), and in a
tokamak is approximately equal to the plasma resistive
diffusion time. K is calculated by K = 2 [ ¢y dy using
EFIT output, integrating over the closed flux region. We
then assume K = al,, where a = 1.14 x 10~8 Wb?/A is
constant with time, as verified to within 5%-10% by EFIT
reconstructions for every 0.1 ms from t = 0.6-4.4 ms.
The value of K is then obtained by numerically differen-
tiating K. The calculated wave form of 7 is given in
Fig. 2(h), showing values in the 0.2-0.3 ms range. The
entire injector voltage and flux are used to calculate 7x,
making this an average over both the injector and con-
finement regions. The value of 7x in the tokamak itself is
probably higher. Direct temperature measurements are
not available, but spectroscopy indicates the tokamak is
burning through the low Z impurities of C, N, and O.
When similar conditions existed in the CTX spheromak,
100 eV electron temperatures were achieved.

The higher poloidal fields at the outer wall relative to
the central column, seen only in the high-current regime,
result from a larger Shafranov shift which may be due
to an increase in ¢; or an increase in pressure. EFIT out-
put suggests that the shift may be due to an increase in
¢; from a flattening of the hollow current profile. The
current to the wall, I;,, may decrease because the current
density on the outer flux surfaces decreases as the current
at the magnetic axis increases. The n = 1 mode grows
for several cycles indicating that it has a real and imag-
inary component, suggestive of a resistive mode. Thus,
the data are consistent with current flattening caused by
the expected double tearing mode across the separatrix
[4,8]. Another interpretation is that the higher current
causes a nonresonant n = 1 kink mode, perhaps sug-
gesting a higher g requirement for low-aspect ratios than
for high-aspect ratios. Although the high-current regime
and the oscillations occur together, the causal relation
is not known: The mode may be necessary to achieve
high current (double tearing) or the high current itself
may be causing the mode (n = 1 kink). In addition to
these two interpretations, the fact that poloidal distor-

tions only appear in the bad-curvature region is consis-
tent with a pressure-driven ballooning mode.

In summary, the Helicity Injected Tokamak uses coax-
ial helicity injection to produce low-aspect-ratio toka-
maks with plasma currents reaching 150 kA and sus-
tained over 100 kA for several milliseconds, much longer
than the helicity decay time. These plasmas are charac-
terized by a rotating n = 1 distortion at 50 kHz, up/down
symmetry, low injector current to the upper shell, and
high power efficiencies € ~ 0.4. Equilibrium reconstruc-
tion suggests over 112 kA of closed field toroidal current
and a tokamak ¢ profile with a hollow current profile.
These experiments demonstrate coaxial helicity injection
efficiently drives steady-state current in tokamaks.
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