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j =(Qp/t) ) [hB+ (Bx7 /8 )],
where, from '7 j =0, we obtain

B '7 h = (B x r7a/8 ) ( 78 /8 ) . (2)

measurements. Integrated line density was mea-
sured with a microwave interferometer.

Probe data for which the microwave interferome-
ter gave comparable line density evolution were
evaluated. If the line density of two shots matched
well, the probe-measured currents matched well
also. The plasma density profile shape has been
shown to remain relatively constant as the density
decays. The probe-induced reduction in line densi-
ty was small at points far from the probe. Several
radial probe scans were made during each data col-
lection series, and a total of 20-30 shots were taken
at each position. Some measurements were made
at a different toroidal angle, one field period away.
These were consistent.

Local electron temperatures and densities were
obtained with swept floating double Langmuir
probes or ion-saturation probes normalized to the
line density. Line-averaged ion temperatures were
obtained with a swept Fabry-Perot interferometer.

Plasma behavior in the first 100-300 p,sec after
injection is variable, but can be characterized by
unidirectional currents, peaked at the outer edge of
the plasma, having magnitudes of 5 A/cm . In
some cases the buildup of current is preceded by
20-30-kHz oscillations. For times greater than 400
p,sec after injection, the currents are reproducible to
within 10%. Figure 2 shows the time evolution of
the toroidal electron current profiles in this time re-
gion. No significant change in the profiles was ob-
served after the first 400 p,sec when the gun injec-
tion direction was reversed.

Estimates of currents induced by the time varia-
tion of the main field (less than 5% over a shot)
predict that any such currents should be several or-
ders of magnitude less than the measured current.
No change in direction of the current was observed
in the presence of rising or falling main-field
strength.

The current reverses directions on opposite sides
of the magnetic axis. This profile can be viewed as
the superposition of a unidirectional (symmetric)
and a bidirectional (antisymmetric) current. The
bidirectional current is the Pfirsch-SchlQter current.
This current is calculated by imposition of the con-
dition V j =0 together with the equilibrium de-
fined by j x B = V'p. If we take

j =jii+ji =jp&+j, ,

then we obtain the condition

FIG. 2. Toroidal electron current 1200—1800 msec
after injection.

Thus, h(s) =h(0) +ht(s), where

+~t'Bx 7a '78 dl
0

0, is a Clebsch coordinate and d/is an element of arc
length along 8. If a simple Ohm's law, E = —'7g
= q j, is assumed, where q is the resistivity, then,
because of the uniqueness of P, we obtain the con-
dition

ll(0) = f hledl/Jf Bd( (4)

A code which evaluates (3) in a convenient coordi-
nate system for arbitrary fields has been devel-
oped. 5 With use of the actual vacuum fields for
Proto-Cleo, this code has been used to obtain the
Pfirsch-SchlQter current at the measurement site.

To lowest order in an inverse aspect ratio expan-
sion Eq. (I) yields'

j Pz = —(2/e8) (dp/dr) cos(8) Q, (~)

where 8 and P are the poloidal and toroidal angles.
~ is the rotational transform divided by 2m. In this
limit, the Pfirsch-SchlQter current is of opposite
sign at the two intersections of each magnetic sur-
face with the horizontal midplane. By similar
reasoning, the measured toroidal electron currents
were decomposed, in flux coordinates, into sym-
metric and antisymmetric components and trans-
formed back into real space. Figure 3 shows the
measured torodial electron current profile, 1.4 msec
after injection, decomposed as defined above.
Since the ion current, measured by the paddle
probe, is an order of magnitude less than the elec-
tron current, it can be assumed that charge neutrali-

2410



] 7 DECEMBER &984pHYSICCAL REVIEW LETTERSNUMBERyOLUME 53~

e4 Je
350-

3OO—

250—
Al

v 2oo- sy

150

ioo—
C3

O
K
O

Sepa

r

Q

ofOfrlx/
A&IS

-ioo-
/

/Asymmefric-i50-
Compone»pl

o.45
I—200

7 Q 39o.»
R (m)

a'pr ra-function Qf majFIG. 3 Torojdal rents as a u
ius.

50

~here

+ U.)(U«O.43

and

on velpcity ~is thetheamblpplarp
d U. are the elec

asma rotation
ctron

&a 1S

tip Une and ni

and S

inverse aspect ra
'

is the sound specdrl ft velocities, sand ion ri

d

the «-electrons, and thelished by the e
f the elec-

za
ma beuse ln

t, n ls accpmp ls
evaluation otal pressure may

devaluate
tron current.

h numerical y4 show s t e

2OO-

ofile and the antisypfirsch-Schlt{ter
) cotnponent of

"er current p o '
the mea-ux coordinates c

assumed in
tnetric (tn «"

ak totai pressUre
3

d current. The Pe
1.45 x ].0' eV cm

sure
.

Fl 4 washe calculati
lace the total pres-

the ca
asurements p ac

the an-
Experlmenta

—3 +30%. Thust 1.45 x10 ' eV cm —
easured current

sure a
pnent of the m

pfirsc
t'symmetric cpmp

11 evaluated 1

1

from the numerlca y
S hl "ter current by es

f the toroidal curren
c u
The symmetric co P .

en pr bpotstrap cdiffusion-driven o
'

lasma
agre

' '
nal torol a a

'

the

ees with the i
'd 1 axisymmetrlc p aren .

ar ambiPo ar
For a colllslp

1 equilibrium,uasistationary
3

in
is iven byt trap current is g

2(yp/dr) f =

l80-

l50—l60—

lOO—
—l40—

E
l20

l 0o

80-
O

60
O

40

20

50-

0

—50

loo

l50

ppddl e
prob
Qjdth

0430.4l

200—
0.350.45

I

0,$7

2411

r
lI

0

037
I

0 4$
R {m)

;o cttrrents (te&

—20
04l

s) for symmetry

0.»

odeis (dashed Hnemeasurements (so '
f„notion of maj«

FIG 4 "
etric currents rig

Experiment
'

ht graph) as «h) and antisytn



VOLUME 53, NUMBER 25 PHYSICAL REVIEW LETTERS 17 DECEMBER 1984

is a constant equal to 0.71. The quasistable rotation
velocities satisfy

r

ti, (ti, + U„;) U~ u„+ U„;

D ( U„;—U„,) U„; —U„,

(7)

where n = qX t~,/kT, and X ~~, is the parallel electron
thermal conductivity. The roots of (7) were ob-
tained and substituted into (6). Only one quasista-
tionary solution was in the proper direction to ac-
count for the current observed in Proto-Cleo. The
function f is constant to within 10'/0 for minor radii
from 0.75 to 4.0 cm. Expresion (6) is then used to
obtain an estimate for the bootstrap current. Figure
4 shows the calculated midplane bootstrap current
profile and the symmetric component of the mea-
sured current. In Fig. 4, fwas assumed to be 14.5.
Measured T, and T; place f at 14.5+15%. Thus,
the measured symmetric electron current differs
from the bootstrap current predicted by this model
by less than 45%.

This model does not take helical diffusion into
account. However, toroidal diffusion should dorn-
inate in the regime of collisionality valid here.
Also, it was again assumed that the electrons
respond to a force proportional to the total pressure
gradient. A diffusion model similar to that used
above, but including the effects of ion viscosity,
predicts that this assumption is true for the steady
state, and also predicts oscillations consistent with
those observed during the first 100-300 p,sec of the
discharge. It also predicts electric fields which agree
with rough estimates for Proto-Cleo based on mea-
surements of the floating potential.

The bidirectional current exhibited a rough I/8
dependence. This is consistent with magnetohydro-
dynamical theory. For times greater than 1.0 msec,
both the peak bidirectional and unidirectional cur-
rents scale linearly with pressure, as would be ex-
pected, since the pressure profile remains constant.
However, the relatively small on-axis current, not
predicted by the bootstrap model, has a much dif-
ferent time (pressure) dependence and may be due
to other effects, including residual injection
currents.
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