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ABSTRACT

Formation and maintenance of a tokamak discharge utilizirg helicity
injection via a dc low-energy electron beam has been observed in the Current
Drive Experiment (CDX). As the plasma current increases, the discharge
changes from a configuration dictated by the externally imposed vacuum
poloidal fields into a steady-state configuration deminated by the self-
generated poloidal field. This configuration was maintained for 60 msec {the
time limited by the cathode bias supply), equivalent to more than 400
resistive - decay periods. Viewed tangentially, the plasma spontanecusly
evolves into a circular shape. Measurement of the poloidal magnetic field
reveals a considerably peaked current profile, indicating strong radially
inward current pinching. The measured q-profile has a typical wvalue of 10 at
the plasma edge and reaches a minimum of 4 at the magnetic axis. The line-
averaged density profile is also highly peaked, reaching G, = 2 «x 1043 em™3
for the central chord. Measurements of plasma conductivity indicate that T,
rise§ to ~ 25 eV, while the spectroscopically observed average ilon temperature
increases from ~ 1 eV to ~ 15 eV as the current increases. These results
indicate that the current system evolves toward a tokamak configuration even

though the current drive is noninductive.
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In order to drive plasma current in a tokamak, it 1s necessary to inject
"helicity" into the plasma (helicity is a quantity closely related to the
amount of current 1in the plasma).1 Inductive ohmic current drive and

2 are the two major approaches now used for

noninductive rf current drive
helicity injection into tokamak plasmas. However, the former method 1is
inherently not steady state, and the efficiency of the latter may not be high
enough for reactor applications.3 Recently, other types of helicity injection
4-8

have been proposed. These new ideas, generally referred to as "dc" and

“ac" helicity injection, may lead to more efficient metheds for driving
steady-state current and for controlling the current proEile,9 both of which
are crucial for an economie tokamak reactor.

A small toroidal facility, the Curreant Drive Experiment (CDX), is
dedicated to the study of helicity injection based on the nonclassical
behavior of radial curreat diffusion.’?1® 1In the present experiment, the CDX
helicity source is a steady state low-energy electron beam which produces a
current sheath at the surface of the toroidal plasma., Current in the sheath
is transported radially inward by nonclassical pracesses. A low energy beam
possesses certain advantages aver the high-energy relativistic beam which has

11 Current drive

been previously used to create a tokamak-like plasma.
efficiency using high enérgy electrons is predicted to saturate at rtather
modest electron energies due to relativistic effects.d However, the ultimate
current drive efficiency for a low energy beam can be quite good,

12 In

theoreziically approaching ohmic drive efficiency within a factor of ten.
the framework of helicity injection theory, it is the injected beam magnetic
energy and not the beam kinetic energy that is the important quantity and it

is advantageous, therefore, to minimize the energy expended to inject a given

amount of current. This suggests that a low energy beam may be desirable



since the ratio of beam momentum to beam energy increases as the energy
decreases. Other advantages of low energy beam injection include a good
efficiency for converting input energy to beam energy and a modest cost of
implementation. The potential problem of impurity influx from the beam source
cathode material may not arise because of the low beam energy, or may be
suppressed by injection through a magnetic divertor.

For both dc and ac helicity-injection schemes, current is generated near
the plasma edge and, to be useful, must subsequently diffuse into the interior
of the plasma in order to offset resistive current decay. This process
conceptually requires a nonclassical mechanism for current diffusion such as a
current profile-dependent instability.7 As an example, a strong edge current
can 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
cutrem:.13’14 Penetration cf the edge current is the crucial issue for
success of a dc helicity-injection current-drive approach. Spheromak
experiments have demonstrated previously a formation of a spheromak plasma
using the dc helicity-injection concept, although on shorter time m:ales.]'5
In this letter, we report the first demonstration of formation and maintenance
of a steady state tokamak discharge via dc helicity injection and present
evidence for strong inward current diffusion,

The CDX machine is a toroidal magretic confinement device with major and
minor radii of 59 and 10 cm, respectively, and a steady state on-axis field of
5 kG. The wvacuum vessel, toroidal field coils, and power supplies are
composed of the former Advanced Concepts Torus-1 {acT-1).16 Major
modifications including the addition of internal coils, high-current electron
beam injectors, and new diagnostics resulted in a machine specialized for de

helicity infection current drive investigationms.



A variety of diagnostics was used to study the CDX discharge (Fig. la).
A primary indication of the overall plasma shape was provided by time-resolved
imaging of a tangential view of the plasma using "boxcar photography,”!? in
which a fast electro-optic shutter provides photographic sampling and a number
of successive shots are integrated to produce each image. The total toroidal
current was measured with an electrostatically shielded Rogowski c¢oil located
inside the vacuum chamber. A rtadially scanning magnetic probe was used for
the poloidal field measurements. Chord-averaged electron density measurements
were obtained with an 8 mm radially scannable microwave interferometer, and a
radially scannable FIR dual beam laser interferometerl8 was installed for
density and fluctuation measurerents. Ion temperatures were determined from
the Doppler hroadening of a He II line (A = 4686 3), measured with a Fabry-
_ Perot interferometer.

Plasma is created in the CDX device by injection of an electron beam from
a cathode at the bottom of the machine (Fié. 1b). The cathode consists of
lanthanum hexaboride (LaBs) tubes, about 1l cm in diameter and 1 cm in length,
placed over electrically heated carbon rodsj LaBg was utilized for its high
emissivity at relatively low temperature.19-21 Also shown in Fig. lb are the
posicions of the divertor ceoils and the LaBg cathode. The cathode is biased
with respect to the limiter and chamber wall, and in vacuum the electron beam
spirals gently upward following the magnetic field lines. The poloidal field
is strong near the divertor coils (7-10 G) and enables the electron beam to
avoid the cathode a: it travels upward. As the beam drifts inro the main
plasma region, the poloidal field decreases rapidly and is t*pically ~ 2 G at
the plasma center. The electron beam path and radial current penetration to

the main plasma are sketched in Fig. 1b.
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A two-dimensional simulation code was developed to model the
experiment. A transport algorithm computes the current throughout the plasma
cross section given the plasma resistivity together with current diffusionld
and ad hoc current pinching coefficients {which are chosen to macch the
experimental observation). It is acsumed that electroms in the primary beam
follow single particle trajectories for a single 90° scattering distance. The
code steps in time until a steady state solution is reached. Figures 2a-c
show the poloidal field configurations and the partition of beam and plasma
current resulting from three simulations with increasing injected current. In
Fig. 3a, the injected current is gufficiently low that the vacuum poloidal
fields dictate the electron beam path. As the beam current incresses, Fig.
3b, the self-generated poloidal fields become comparable to the wvacuum
poloidal fields and some current is carried by the plasma (as is evident from
the bent beam trajectory). When the injected current has increased
sufficiently that the self-generated pcloidal fields dominate the vacuum
poloidal fields, a dramatic change in the magnetic field structure takes
place, shown in Fig. 3c. In this configuration, the injected electron beam
circulates around the main current-carrying plasma while helicity associated
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 one of the goals of the experiments
described here.

The experiments were conducted with hydrogen or helium as a werking gas,
at a typical prefill pressure of 3 « 1074 tarr. The LaBg cathodes were heated
continuously, and the discharge was created entirely by the electron beam,
pulgsing the cathode bias for 30-60 msec. The cathode bizs voltage, typically
300 v, produced injected electron beam currents up to ~ 50 4, and the

discharge could be repeated at a rate of 2-4 Hz.



Time~resolved images of the discharge formation obtained with the boxcar
photography system are shown in Figs. 2d-f. Each photograph, taken during the
flat top of the discharge, displays :tructure similar to the corresponding
case shown in Figs. 2a-c. The first picture, Fig. 2d, is of a low current
discharge where the total toroidal current, Iy, was less than 10 A, The
second picture (Fig. 2e) is of an intermediate current case where Ip = 50 4,
and the third picture (Fig. 2f) is the high current case where Ip = 330 A. In
this last case, the discharge has a sufficiently high current that the .
resulting plasma is constrained primarily by its own magnetic fieids. As
predicted by the simulation result (Fig. 2c), a tokamak-like circular
discharge was obsezved in Fig. 2f. The minor radius of the steady state
discharge inferred from the photograph was about 3 cm, and the resulting
safety factor (q) at the plasma edge was ~ 10, When the cathode bias was
pulsed off, the plasma current decayed with a L/R time typically Treg ~ 130
ysec. Assuming a 1.2 uH inductaance for the 3-cm radius current ‘channel and
Zogg = 1.5, the implied space-averaged conductivity temperature is kT, =
25 ev. The high current discharge was maintained for several hundred
resistive time periods and, therefore, was essentially steady state. The
limit to the duration of the discharge in this experiment was the capacity of
the cathode bias supply.

In order to measure the generated poloidal magnetic field, a special
radially scanning magnetic probe was developed. To withstand the heat flux
and discharge repetition at ~ 2 Hz, the probe is water cooled. Water flows
through a 3.2 mm o.d. thin-wall stainless steel tube at the end of which is a
200-turn coil wound with #40 AWG insulated wire. This tube is concentric with

a 6.3 mm o.d., closed-end thin-wall stainless tube that provides the vacuum

seal and the water return path. The resistivity of the metal tubing is



(¥

sufficiently high, and the rtubing sufficiently thin, that magnetic flux
diffusion through the probe is rapid com#ared to the time scales of
interest. A boron nitride tube (9.5 mm o.d.} over the probe provided
electrical and thermal insulation from the plasma, while the probe signal was
processed through a low-noise high-gain integrator to yield an outputr-
proportional to the magnetic field linking the coil.

The poloidal magnetic field measured during a radial probe scan which
passed through the plasma axis is shown in Fig. 3a. The points are plotted
for a time during the discharge when the current had reached its full steady
state value. As expected, the poloidal field reversed near the center of the
discharge, The measured poloidal field at the plasma edge of 20-25 ¢ {much
larger than the vacuum poloidal field of =~ 2 G} was consistent with the
measured plasma current of 330 A and the observed discharge radius of 3 cm
(assumingicircular symmetry). The field was typically 10-15% larger on the
high field side, consistent with the toroidal geometry. The current density
and q-profile obtained from this measurement, q = (B:/Bp)(r/R), are shown in
the inset of Fig. 3a. The value of q decreases monotcnically with the plasma
radius, from q = 10 at the edge to q = & at the center while the current
profile indicates not only that current flows inside the plasma core, but that
the current density is higher on axis than at the edge.‘ This centrally peaked
current profile is somewhat surprising in that the current source in this
experiment is purely external. This observation may be a éonfi;macion of
self-rearrangement of the plasma current toward a preferred state,1 in this
case toward a tokamak configuration.

A comparison of the experimental measurements with the simulation shows a
presence of very strong current diffusion and an inward current pinch. In the

code, these diffusion and pinch terms are adjusted until the results agree



sufficiently with the experimental observations. One can qualitatively see
from the picture that, in ocder far the poloidal projection of the beam path
to be circular, it is necessary to have a large circulating current present in
the plasma interior to provide the necessary poloidal field. In faet, in
order to produce the circular discharge shown in Fig. 2c, it is nec2ssary in
our code to .introduce anomalous current diffusion and pinch rterms of
Dj = 4 cm2/'rres and Vj = 12 cm/rres. This indication of anomalous current
penetration may be related to recent theoretical iavestigations in which »a
resistive MHD instability-driven anomalous current diffusion was obtained,8722

The density measured in the high current, tokamak-like discharge by the
FIR laser interferometer is shown in Fig. 3b. The plot shows the temporal
evolurion of the vertical chord-averaged electron density as a function of the
tangency radius of the chord. A region of high plasma density is seen lying
within 3 to 4 e¢m of the plasma axis position, in close agreement with the
magnetic probe and boxcar photography observations. The central chord-
averaged density of Ea =2 x 1013 cm—3, wich a fall-off length of 3=4 cm, is a
significant departure from the relatively flat profile previously observed in
the unconfined ACT-1 plasma where rhe line-averaged density was in the range
of 1012 cn™3, The steepened profile suggests an improved particle confinement
in this tokamak regime. Average ion temperatures, determined by the Doppler
broadening measurement, increased from ~ 1 eV in the low current discharge to
~ 15 eV in the tokamak discharge. These observations appear to support an
increased plasma confinement in the tokamak mode compared to the case when the
field lines are open and intersect the vacuum vessel. The FIR laser system
has also revealed coherent long=wavelength modes in the edge region which have

18

been tentatively identified as drift waves. Although one can conjecture

that these modes may be responsible for the anomalous current penetration



observed in this cxperiment, more detailed investigations are needed ror a
definirive confirmation. Firally, we wish to emphasize that the tokamak-like
discharge observed in the CDX is formed and maintained with no ohmic
transformer action., The loop voltage is gssentially zero during the discharge
except for positive and negative spikes during the curr;nt start-up and
termination.

In conclusion, a tokama’ plasma configuration has been c¢reated and
maintained in steady s:z-te for the first time by means of de helicity
injection via a low-energy elecrren beam. As the plasma current increased, a
circuiar discharge evalved which was qualitatively similar to the predictions
of a nvmerical code that invoked bothh current diffusion and current
pinching., The poloidal magnetic field measurements demonstrated a centrally
peaked curren:t profile with q-~values zangfng from 10 at the edge to 4 near the
center. In addition, a highly peaked plasma density profile with central
chord-averaged values of 2 «x 1013 em™3 was observed, and ion and electron

temperatures were approximacely 15 and 25 eV, reapectively.



10

Acknowledgments

The authors acknowledge J. Taylor and W. Kineyko for their excellent
technical support. We thank H. Furth and K. Bol for important suggestions and
support. We also thank J.R. Wilson for technical suggestions and helpful
discussions. One of the authors (M. 0.) appreciated contributions from J.
Bowman, H. Okuda, and $. Jardin in the development of the 2-D simulation
code. Special thanks are due to D. McNeill for his advice on the Doppler
broadening measurements.

This work is supported by US Department of Energy Contract No. DE-AC02-

76CHO3073,



10

11

12

13

14

15

16

17

11
References

J.B. Taylor, Phys. Rev. Letc. 33, 1139 (1974).

N.J, Fisch, Phys. Rev. Lett. 41, 873 (1978).

€. Karney and N.J. Fisch, Phys. Fluids 28, 116 {1983).

M.K. Bevir and J.W. Gray, in "Proceedings of the Reversed Field
PinchTheory Workshop™, Los Alamos Report LA-8944-LC (Los Alamos National
Laboratory, Laos Alamos, New Mexico, 1981), p. 1765 M.K. Bevir, C.G.
Gimblett, and G. Miller, Phys. Fluids 28, 1826 (1985).

T.H. Jensen and M.S. Chu, Phys. Fluids 27, 2881 (1984).

P.M. Bellan, Phys. Rev. Lett. 54, 1381 (1985).

T.H. Stix and M. Ono, Princeton Plasma Physics Laboratory Report PPPL-
2211 (April 1985).

J. M. . Finn and T.M., Antonsen, Jr., Plasma Preprint UMLPF #86-031
University of Maryland (March 1986); Phys. Fluids {to be published).

M.S. Chance, 5.C. Jardin, and T.H. Stix, Phys. Rev. Lett. 31, 1963
(1983).

T.H. Stix, Nucl. Fusion 18, 3 (1978).

A. Mohri, Nucl., Fusion 25, 1299 (1985).

R. Armstrong et al., Bull. Am. Phys. Soc. 30, 1624 (1985).

H.P. Furth, P.H. Rutherford, and H. Selberg, Phys. Fluids 16, 1054
(1973).

T.H. Stix, Phys. Rev. Lett. 36, 521 (1976).

T.R. Jarboe et_al., Phys. Rev. Lett. 31, 39 (1983).

K.L. Wong, M. Ono, and G.A. Wurden, Rev, Sci. Instrum. 53, 409 (1982).
G.J. Greene, G. Cutsogeorge, and M. Ono, Princeton Plasma Physics

Labaoratory Report, PPPL-2429 (March 1987).



18

19

20

21

22

12

D. S. Darrow, M. Ono, and H.K. Park, Bull. Am. Phys. Soc. 31, 1614
{1986).
D.M. Goebel, J.T. Grow, and A.T. Forrester, Rev. Sci. Imnstrum. 49, 469
{1978).
R. Horton, M. Ono, K.L. Wong, and H. Okuda, Bull. am. Phys. Soc. 29, 1367
(1984),
H. Okuda, R. Horton, M. Ono, and K.L. Wong, Phys. Fluids 28, 3365 (1986).
M. Tanaka et al., 1lltk Conference on Plasma Physics and Controlled

Nuclear Fusion Research, Kyoto, Japan (1986) E-I-3.



Fig. 1

Fige. 2

Fig. 3

13

Figure Captions

Schematiec of the experimental setup: (a) CDX experimental
faeility. (b) Poloidal cress-section for the DC helicity injectien

experiment.

Poloidal cross section of the plasma produced by DC heliecity
injection, (a)-{c) Magnetic field contours computed by a 2-D
numerical simulation code. The lightly shaded area shows the
electron beam path, and the darker shaded area indicates a region of

closed magnetic field lines. (a) Low current case (IT < 10 a) where

Bplasma << Baet (b} medium current case (IT a 50 A) where Bplasma
* By, .4 and {c) high current case (IT = 330 A) where Bplasma
Byac® (d)-(f) Photographs of the poloidal wview of the CDX

discharge. (d), (e), and {¥) correspond to the cases shown in (a),

(b), and (c), respectively.

‘(2) Midplane poloidal magnetic field as a funerion of radial

position. Ip =330 4, B, = 4.3 kG, and R, = 59 em. Inset:
Corresponding deduced gq-values as a function of the mimor radius.
(b) Temporal evclution of the vertical chord-averaged density as a
function of radial positiom, r = R-R,, where R, is the major radius

of the plasma axis.
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