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Space Potential Distribution in the ISX-B Tokamak
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Plasma potentials have been measured for the first time in neutral-beam-heated tokamak
discharges, with a heavy-ion beam probe. Radial profiles of these potentials are presented for coin-
jection, counterinjection, and balanced injection, and for plasmas having only Ohmic heating. They
are found to be very dependent on the direction of rotation with respect to the plasma current.
They are also found qualitatively consistent with those inferred from radial momentum balance
with use of the measured toroidal rotation velocity.

PACS numbers: 52.55.Fa, 52.30.Bt, 52.70.Nc

Detailed scaling experiments from several tokamaks
show that neutral-beam injection significantly de-
creases the global energy confinement times from the
values obtained in Ohmically heated discharges. ' Plas-
ma rotation induced by unidirectional injection has
been suggested as a possible cause. 2 In order to ex-
plore this conjecture, a beam line with its direction of
injection opposing that of two existing beam lines was
added to the Impurity Studies Experiment-B (ISX-B)
tokamak. This has allowed us to investigate plasmas
having corotation, counterrotation, and almost zero
rotation relative to the direction of the Ohmic current.
One aspect of characterizing plasma parameters during
these studies has involved the measurement of spatial-
ly resolved potentials. In this paper we present these
measurements and compare them with the potentials
inferred from momentum balance. Our studies have
been performed in plasmas having a total beam power
Pq of 0.8—0.9 MW, beam energy Eq=36 keV, plasma
current l~ = 150 kA, plasma density n, —4x 10'3
cm ', and toroidal field B~= 12.3 kG. In all cases the
working gas is deuterium and the beams are hydrogen.

A heavy-ion beam probe (HIBP) is used to deter-
mine the plasma potential as a function of minor ra-
dius. ' Singly charged primary ions are injected into the
plasma, and the energy differences between this prob-
ing beam and doubly charged secondary ions, generat-
ed by electron-impact ionization, are measured to ob-
tain the space potential. A schematic drawing is shown
in Fig. 1. A 25-p, A, 160-keV Cs+ beam is employed.
The figure also shows the path along which the poten-
tial is determined. It is not possible to probe closer to
the center of most plasmas than p= r/a —0.4, be-
cause of beam attenuation. Volume resolution is
about 0.1 cm . Radial profiles are obtained in a single
shot, with a scan time of approximately 10 ms during
the quasisteady phase of a discharge. Ultraviolet radia-
tion from the discharges modifies the characteristics of
the analyzer, but we have developed a calibration pro-

cedure for applying appropriate systematic corrections
to the data.

The measured potential profiles are shown in Fig. 2.
The uncertainty is +100 V for Ohmic discharges,
where the ultraviolet loading is small, and +400 V for
neutral-beam cases, where the systematic corrections
are large. Spatial uncertainty is +2 cm. All profiles
are normalized to zero at p=1 (the limiter), because
only accurate relative measurements are possible with
the applied corrections. The plasma potential at
p=0.4 is negative with respect to the limiter in all

5Pcm

FIG. 1. Schematic diagram of the ISX-B heavy-ion beam
probe, and flux-surface plot indicating the measurement
scan line.
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FIG. 2. Measured space potentials with zeros set at the
outermost flux surface.
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cases, but is much deeper for counterinjection than for
coinjection. The values for nonrotating plasmas (bal-
anced injection and Ohmic) are between these limits.

In order to examine whether the measured poten-
tials are consistent with theoretical expectations, we
evaluate the ion radial momentum-balance equation
for circular plasmas. The flux-surface-averaged equa-
tion in steady state is5

BP,' + ( VeiBe) —( Ve Be)

where e, n;, and P, are the elementary charge, ion den-
sity, and scalar ion pressure, respectively, 4 is the
electrostatic potential, Be and Be the poloidal and
toroidal magnetic fields, and Ve; and V&; the poloidal
and toroidal plasma rotation velocities. We use mea-
sured data for the toroidal rotation, and modeling
results for the ion pressure and density.

The ion temperature, ion density, and poloidal mag-
netic field are obtained with the time-independent
zORNOC analysis code. The ion temperature profile,
T, (r), is obtained from power-balance modeling and
the central ion temperature (from charge-exchange
measurements). The ion density is obtained from
quasineutrality (assuming oxygen is the only impuri-
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FIG. 3. Magnitudes of central toroidal rotation velocities
obtained from Doppler shifts of 0 VIII CXE lines.

ty), the measured electron density profile (from inter-
ferometers), and a neoclassical conductivity model for
an assumed constant Z, IT. For beam-heated discharges
the fast ions are assumed to slow down only through
classical collisions. The flux-surface-averaged value
of Be is given by (Be) =pol(p)/l(p), where 1(p) is
the current enclosed by the flux surface with cir-
cumference l(p). The current profile consistent with
the observed location of the q =1 surface (from soft
x-ray diagnostics) and magnetic measurements provid-
ing the shape of the outermost flux surface is modeled
by the analysis code. Values of these parameters are
given in Table I. To reduce modeling inaccuracies due
to impurity accumulation and profile variations of Z,ff
in counter discharges, measurements are obtained as
early as possible.

The determination of toroidal rotation has improved
significantly from initial efforts. 7 The central rotation
is obtained from Doppler shifts of charge-exchange-

TABLE I. Central values of plasma parameters used in calculating the space potential
from the ion momentum balance.

Ohmic
Balanced injection
Coinj ection
Counterinjection

T.
(ev)

550
660
840
580

Ti

(e&)

396
635
740
483

e
(cm ')

5.0 x 10'3
5.3 x 10'
5.8 x 10"
4.8 x 10'3

(cm ')
4.0x 10'
4.8 x 10'3
5.1 x 10'
4.2 x 10'3

Ip

(kA)

145
149
150
143

ZefT

2.4
1.1
1.2
1.4
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excitation (CXE) impurity spectral lines, while Dop-
pler shifts of electron-excited recycling impurities are
used elsewhere. s Profiles of V~(r) are relatively
broad, and can be approximated by a parabolic func-
tion V& = Vyp(1 —p2), where 0.84& n & 1.25 and
we take u = 1. Because of strong interspecies frictional
coupling, we estimate that the difference of V&

between impurities and main ions less than 3x105
cm/s. Figures 3(a) and 3(c) indicate that for coinjec-
tion and counterinjection, V&p

—1.2x 107 + 1.5x 106
cm/s with fluctuations of 20'/0. For counterinjection
the plasma always disrupts because of impurity accu-
mulation7 before steady rotation is reached [Fig. 3(c)].
Potential measurements have concentrated on gettered
discharges. The rotation studies in ISX-B were per-
formed in different, mostly nongettered, discharges.
However, the measured central rotation is almost in-
dependent of controllable plasma parameters (n„Pb,
l~, and gettering), and profile variations as a function
of these variables appear to be minor. For balanced
injection, Fig. 3(b), the rotation is zero within experi-
mental uncertainty. Similarly, any rotation of Ohm-
ically heated discharges is less than 5 x 105 cm/s.

Poloidal rotation above the instrumental limitation
of 5 x 105 cm/s (C v, 2221 A) has not been detected in
ISX-B. For Ohmically heated plasmas the third term
in Eq. (1) is estimated from an expression by Hirsh-
man, 9

1 I 2i i)Ti
(Ve ~y) = ——— '

e pii Br ' (2)

where p. i; and p, 2; are the ion parallel viscosity coeffi-
cients resulting from particle flow and heat flux. Cal-
culated values of Vp; —2x 105 cm/s for Ohmic heating
cause the potential well to be "deepened" by —200
V. Equation (2) is not valid for beam-heated dis-
charges because of momentum input and anomalous
viscosity. For these discharges we take this term equal
to zero.

The measured potentials and toroidal rotation show
considerable time evolution during a coinjection
discharge. Three radial scans, separated in time by 10
ms, are shown in Fig. 4 for the various cases. The
plasma current, loop voltage, and line-averaged elec-
tron density were essentially constant. The relative
charge in the potentials is small, except during coinjec-
tion. &cry limited studies have also indicated that T;
exhibits variations of 200—400 eV in the outer one-
third of the plasma during the "quasisteady" period of
a coinjected discharge.

Potentials calculated from integrating Eq. (1) and
measurements from the heavy-ion beam probe are
compared in Fig. 5. For Ohmically heated discharges,
where uncertainties are smallest, agreement is excel-
lent. For balanced injection, the measurement and
calculations do not match well. The general trend
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FIG. 4. Measured space-potential evolution during the
flat-top portion of the discharges.
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agrees, however, with the potential decreasing toward
the plasma center. For coinjection the large fluctua-
tions in the measured potential make direct compar-
isons difficult, since data are not being compared for
the same time in the same set of discharges The p.ro-
file obtained at 254 ms, however, is consistent with
the calculations. In the case of counterinjection,
where the first two terms in Eq. (1) have the same
sign, the agreement is relatively good [Fig. 5(d)]. For
this case it has been necessary to assume that the rota-
tion profile is the same as for coinjection. The profiles
cannot be evaluated directly because the location of
the radiating ion shifts drastically during a discharge.

The uncertainties of both the HIBP data and of the
other plasma parameters are greater in neutral beam
discharges than in Ohmically heated discharges. They
are difficult to evaluate, particularly for coinjection
where 4(r) primarily results from the difference of
two comparable quantities. ~e conservatively esti-
mate the uncertainties in the calculated values to be
+ 650 V with beam injection and + 100 V for Ohmic
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tentials with calculations from the radial momentum
balance. These results strongly substantiate previous
suggestions that impurity behavior in ISX-B" is con-
trolled by beam-driven neoclassical effects"" because
the ordering and magnitudes of the potentials that we

have directly observed are necessary to the physical
processes predicted by these theories.
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FIG. 5. Comparison of calculated (dashed) and measured
(solid) potential profiles. Experimental rotation velocities
of (a), (b) 0, (c) 1.2 x 10'(1 —p~) cm/s, and (d) —1.2
x 10'(1 —p ) cm/s were used to obtain the calculated
curves.

discharges.
In summary, the trends expected for corotating,

counterrotating, and nonrotating plasmas are con-
firmed by HIBP results. The large uncertainties of
several parameters, however, make it difficult to ob-
tain precise comparisons of the measured plasma po-
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