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Steady-State Tokamak Discharge via dc Helicity Injection
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A tokamak discharge has been formed and maintained through helicity injection, by use of only an
external dc low-energy electron beam. The discharge, in a 5-kG toroidal field, evolved to a steady-state
circular cross section with g(a) =10, ¢(0) =4, which was maintained for more than 400 L/R periods,
the time (60 msec) limited by the cathode bias supply. The density profile reached a line-averaged
e =2%10"3cm 73, while 7. =25 eV and T; =15 eV. Strong central peaking occurs and inward pinching

is indicated for both density and current.

PACS numbers: 52.80.Sm, 52.50.Gj, 52.55.Fa

In order to drive plasma current in a tokamak, it is
necessary to inject *“helicity” into the plasma (helicity is
a quantity closely related to the amount of current in the
plasma).! Inductive Ohmic current drive and noninduc-
tive rf current drive? are the two major approaches now
used for helicity injection into tokamak plasmas. How-
ever, the former method is inherently not steady state,
and the efficiency of the latter may not be high enough
for reactor applications.? Recently, other types of helici-
ty injection have been proposed.®"® These new ideas,
often referred to as “dc” and ““ac” helicity injection, may
lead to more efficient methods for driving steady-state
current and for controlling the current profile,® both of
which are crucial for an economic tokamak reactor.

A small toroidal facility, CDX, is dedicated to the
study of helicity injection based on the nonclassical be-
havior of radial current diffusion.”'® In the present ex-
periment, the CDX helicity source is a steady-state low-
energy electron beam which produces a current sheath at
the surface of the toroidal plasma. The current is then
transported radially inward by nonclassical processes.
The ultimate current-drive efficiency for a low-energy
beam can be quite good, theoretically approaching
Ohmic-drive efficiency within a factor of 10. !

For both dc and ac helicity-injection schemes, current
is generated near the plasma edge and, to be useful, must
subsequently be transported into the interior of the plas-
ma in order to offset resistive current decay. This pro-
cess conceptually requires a nonclassical mechanism for
current diffusion such as a current-profile-dependent in-
stability.” As an example, a strong edge current is ex-
pected to trigger the double-tearing instability only if its
direction of flow is parallel to that of the interior current.
Magnetic turbulence associated with the instability could
then facilitate rapid radial penetration of the edge
current.'>!3  Spheromak experiments have already
demonstrated the formation of a spheromak plasma with
the dc helicity-injection concept, although on shorter
time scales.' In this Letter, we report the first demon-
stration of formation and maintenance of a steady-state
tokamak discharge via dc helicity injection and we

present evidence for strong inward current transport.

The CDX machine is a toroidal magnetic-confinement
device with major and minor radii of 59 and 10 cm, re-
spectively, and a steady-state on-axis field of 5 kG. The
vacuum vessel, toroidal field coils, and power supplies are
composed of the former Advanced Concepts Torus-1.!°
Major modifications including the addition of internal
coils, high-current electron-beam injectors, and new di-
agnostics have provided a machine specialized for the
study of helicity-injection current drive, and the facility
is now designated CDX (Current Drive Experiment).

Plasma is created in the CDX device by injection of an
electron beam from a cathode at the bottom of the
machine, Fig. 1. The cathode consists of lanthanum hex-
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FIG. 1. Poloidal cross section for the dc helicity-injection
experiment. Magnetic field contours computed by a 2D nu-
merical simulation code. The lightly shaded area shows the
electron beam path, and the darker shaded area indicates a re-
gion of closed magnetic field lines. The total toroidal plasma
current, Ir, is 330 A.
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aboride (LaBg) tubes, about 1 cm in diameter and 1 cm
in length, placed over electrically heated carbon rods;
LaBg was utilized for its high emissivity at relatively low
temperature.'®"'® The cathode is biased with respect to
the limiter and chamber wall, and in vacuum the elec-
tron beam spirals gently upward, following the magnetic
field lines. The vacuum poloidal field, Fig. 2, is strong
near the divertor coils (7-10 G), Figs. 1 and 2, and en-
ables the electron beam to avoid the cathode as it travels
upward. As the beam drifts into the main plasma re-
gion, the vacuum poloidal field then decreases rapidly
and is typically =2 G at the plasma center.

To model the experiment, a two-dimensional current-
transport code was developed. It computes the toroidal
current on a grid, /;;, according to the following equa-
tion:

61,,—/61 = —[ij/Tij -V (D,jV[,‘j)
—V-U;Vi)+Sy. (1)

The terms on the right-hand side of the equation
represent plasma resistivity, current diffusion,'® pinch-
ing, and injected-current source terms, respectively. The
diffusion and pinching coefficients, which are nonclassi-
cal in nature, are chosen to match the experimental ob-
servations. In this regard, the simulation is similar to the
approaches taken by the tokamak transport codes'® for
analysis of anomalous transport processes. The source
term is nonzero only for those grid points which lie in the
path of the injected electron beam current. It is assumed
that electrons emitted from the cathode follow single-
particle trajectories for a single 90° scattering distance.
For simplicity, we have assumed spatially uniform resis-
tivity, diffusion, and pinching coefficients. (This assump-
tion may be reasonable for a small tokamak plasma

FIG. 2. Magnetic field contours for the vacuum poloidal
field, Ir=10 A.
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where the electron temperature tends to be relatively
uniform.) When current diffuses out of the plasma
boundary (hitting the limiters), it is considered to be
lost. The code advances in units of the plasma resistive
time until a steady-state solution is reached. According-
ly, we normalize the diffusion and pinching coefficients to
the resistivity time, minimizing the error due to uncer-
tainty of the plasma resistivity.

Figure 2 shows the poloidal field configuration when
the injected current is still sufficiently low that the vacu-
um poloidal field dictates the electron beam path. When
the injected current has increased sufficiently that the
self-generated poloidal fields dominate the vacuum po-
loidal fields, a dramatic change in the magnetic field
structure takes place, shown in Fig. 1. In this con-
figuration, the injected electron beam circulates around
the main current-carrying plasma while helicity associat-
ed with the beam is transferred to the main plasma
which now displays a field structure similar to that of a
conventional tokamak. Laboratory confirmation of this
computed tokamak configuration was a major goal of the
experiments described here.

The experiments were conducted with hydrogen or
helium as a working gas, at a typical prefill pressure of
3x10 ™% Torr. The LaBg cathodes were heated continu-
ously, and the discharge was created entirely by the elec-
tron beam, pulsing the cathode bias for 30-60 msec.
The cathode bias voltage, typically 300 V, produced in-
jected electron-gun currents up to =50 A, and the
discharge could be repeated at a rate of 2—-4 Hz.

Time-resolved images of the discharge formation ob-
tained with photographic sampling with use of an
electro-optic shutter?® (“boxcar photography”) displayed
a tokamaklike circular structure similar to the corre-
sponding computed cases. The minor radius of the
steady-state discharge inferred from the photograph is
about 3 cm, and the resulting safety factor, g, at the
plasma edge is =10. When the cathode bias was pulsed
off, the plasma current decayed with an L/R time typi-
cally 7,,s=130 usec. On the assumption of a 1.2-uH in-
ductance for the 3-cm radius current channel, the im-
plied space-averaged conductivity temperature is k7T,
=25 eV for the estimated Z.y==1.5. The high-current
discharge was maintained for over 400 resistive time
periods, its duration limited by the capacity of the
cathode bias supply.

A special water-cooled radially scanning magnetic
probe was developed to measure the generated poloidal
magnetic field. Magnetic-flux diffusion through the
probe structure is rapid compared to the time scales of
interest, and the probe signal was processed through a
low-noise, high-gain integrator to yield an output propor-
tional to the magnetic field linking the coil. The mid-
plane poloidal magnetic field for the steady-state plasma
is shown in Fig. 3. As expected, the poloidal field re-
verses near the center of the discharge. The measured
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poloidal field at the plasma edge of 20-25 G (much
larger than the vacuum poloidal field of =2 G) was con-
sistent with the plasma current of 330 A (measured with
an internal electrostatically shielded Rogowski coil) and
the observed discharge radius of 3 cm (on the assump-
tion of circular symmetry). The field was typically
10%-15% larger on the small major radius side, con-
sistent with the toroidal geometry. The current density
and g¢q profile obtained from this measurement,
g =(B./B,)(r/R), are shown in the inset of Fig. 3. g de-
creases monotonically with the plasma radius, from
g =10 at the edge to g =4 at the center, and the central-
ly peaked current profile is somewhat surprising in that
the current source in this experiment is purely external.

A comparison of the experimental measurements with
the simulation shows the presence of very strong current
diffusion and an inward current pinch. In order to pro-
duce the circular discharge shown in Fig. 1, it was neces-
sary in our code to use current-diffusion and pinch terms
of D;=~4 cm?%/ 1, and V; = 12 cm/ 1. This indication
of anomalous current penetration may be related to re-
cent theoretical investigations in which an anomalous
current diffusion was obtained,®?! driven by a resistive
MHD instability.

One can estimate the experimental helicity-injection
efficiency using the helicity equation in steady state,’

6f2(I)B-ndS=—f2nj'BdV, 2)

where the left-hand term is the rate of helicity injection
and the right-hand term is the resistive loss term. Here,
@ is the relative potential between cathode and plasma, n
is the plasma resistivity, and j is the current density. We
define here an experimental helicity-injection efficiency
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FIG. 3. Midplane poloidal magnetic field as a function of
radial position. I7 =330 A, By=4.5 kG, and Ro=59 cm. In-
set: Corresponding deduced ¢ and j values as a function of the
minor radius.

coefficient as e. Equation (2) can be reduced to
eDB.,AA=IBrn2nR, where AA is the effective cathode
area of =(1 cm)x2xzR, By is the vertical field strength
near cathode of =10 G, By —4.3 kG, I =330 A, R=59
cm, and 7 is the average plasma resistivity. From Eqg.
(2), we obtain ¢=0.5 or about 50% efficiency of the dc
helicity injection in our experiment.

The density measured in the high-current, tokamak-
like discharge by the dual-beam far-infrared laser inter-
ferometer?? is shown in Fig. 4. High plasma density is
seen within 3 to 4 cm of the plasma axis. The central
chord-averaged density is 7, =2x%10'3 ¢cm ~3 with a fall-
off length of 3-4 cm. The steep profile suggests good
particle confinement in this tokamak regime. Average
ion temperatures, determined by the Doppler broadening
of the Hell A 4686 line increased from =1 eV in the
low-current discharge to =15 eV in the tokamak dis-
charge.

In conclusion, a tokamak plasma configuration has
been created and maintained in steady state for the first
time by means of dc helicity injection via a low-energy
electron beam. As the plasma current increased, a circu-
lar discharge evolved which was qualitatively similar to
the predictions of a numerical code that invoked both
current diffusion and current pinching. The poloidal
magnetic field measurements demonstrated a centrally
peaked current profile with g values ranging from 10 at
the edge to 4 near the center. In addition, a highly
peaked plasma density profile with central chord-
averaged values of 2x10'* cm ~3 was observed, and
average ion and electron temperatures were approxi-
mately 15 and 25 eV, respectively. Preparations are now
underway to increase the plasma current to the 1-kA
range which corresponds to g(a) =4 discharge in an
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FIG. 4. Temporal evolution of the vertical chord-averaged
density as a function of radial position, r =R — R, where Ry is
the major radius of the plasma axis.
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Ohmic-driven tokamak plasma on CDX.
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