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Fig. 4; for co~Q~ we see that there is not even
qualitative agreement with the standard mean-
field (Vlasov) result, particularly in the behavior
of s'(q, &o) at low frequencies.

Our results indicate that a simulation of the
microscopic behavior of a hydrogen plasma is
feasible and yields quantitatively meaningful re-
sults; the latter indicate that the OCP is only
moderately successfu1. in modeling the real plas-
ma. In future work we plan to extend the calcula-
tions in three main directions: (i) the computa-
tion of transport coefficients, including thermal
conductivity; (ii) the incorporation of external
magnetic and high-frequency electromagnetic
fields; and (iii) the study of nonequilibrium (two-
temperature) plasmas.

We thank C. Deutsch for valuable discussions.

iJ. P. Hansen, I. B.McDonald, and E. L. Pollock,
Phys. Bev. A 11, 1025 (1975).

2L. R. McDonald, P. Vieillefosse, and J. P. Hansen,
Phys. Bev. Lett. 89, 271 {1977).

3J. P. Hansen and I. B M.cDonald, Theory of Simple
Liquids (Academic, London, 1976).

4P. Uashista and A. R@hman, Phys. Rev. Lett. 40,
1887 (1978).

5M. Baus, Physica (Utrecht) 79A, 877 (1975), and
88A 819, 886 (1977).

6A. A. Barker, Phys. Rev. 171, 186 (1968); C. Deutsch,
Phys. Lett. A60, 917 (1977).

7S. G. Brush, H. L. Sahlin, and E. Teller, J. Ghem.
Phys. 45, 2102 (1966).

N. H. March and M. Tosi, Atomic Dynamics in
liquids (Macmillan, London, 1976).

Perimental Observation of the Impurity-Flow-Reversal Effect in a Tokamak Plasma

Keith H. Burrell, J. C. DeBoo, E. S. Ensberg, Ronald Prater, and Seung Kai Wong

Genera& Atomic Company, San Diego, California 98238

C. E. Bush, R. J. Colchin, P. H. Edmonds, K. %. Hill, R. C. Isler, Thomas C. Jernigan,

M. Murakami, and G. H. Neilson
Oak Ridge National Laboratory, Oak Ridge, Tennessee 87880

(Received 5 July 1978)

The inward trasport of a neon test impurity injected into the plasma in the Impurity

Study Experiment (ISX) tokamak has been significantly reduced by poloidally asymmetric

injection of hydrogen gas into the discharge. The result is consistent with the impurity-

flow-reversal effect as predicted by neoclassical transport theory.

The inward transport of impurity ions in toka-
mak plasmas, which is predicted by neoclassical
theory and which was clearly seen in the ATC

(adiabatic toroidal compressor) tokamak, ' poses
a major problem. Impurities, especially high-S
impurities, can be quite deleterious to energy
confinement in fusion-reactor plasmas. Accord-
ingly, it is of interest to study impurity transport
with a view towards methods of impurity control.

Qhkawa' has shown that within the Pfirseh-
SchlGter framework a poloidally asymmetric
source of protons can reduce or reverse the in-
ward transport of impurities, thus providing a
method of impurity control. Subsequent calcula-
tions' ' have generalized this result to include

the effect of heat sources, lower coll.isionality,
and general Qux-surface geometry. The impurity-
flow-reversal experiment was designed to test
this neoc1assical theory, especially the predic-
tions concerning the asymmetric source terms.

In experiments performed on the Impurity Study

Experiment (ISX) tokamak, ' we have found a sub-
stantial alteration of the transport of an injected
neon impurity when poloidally localized injection
of hydrogen gas is used to produce the asymmet-
ric sources. The observed changes are qualita-
tively consistent with expectations based on sim-
ple theoretical models. More quantitative com-
parisons will be reported later. If these prelimi-
nary indications are confirmed by subsequent ex-
periments, this technique could be the basis for
a simple, compact impurity-control technique

for tokamak plasmas.
The essence of the flow-reversal effect is the

use of poloidally localized sources to alter the
parallel proton flows. ' ' This modifies the pro-
ton-impurity friction, thus reducing or, perhaps,
reversing the inward impurity transport. Theo-
retical calculations have shown that in the pres-
ence of asymmetric sources the radial flux of an
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impurity I, of charge Z, is given by'

2qn, I 1 BP, 1 Bpi, &T, | a„a~
where the subscript i (I) denotes protons (impuri-
ties), q is the safety factor, i„is the proton-im-
purity collision time, ~„.is the proton cyclotron
frequency, B~ is the toroidal field, R is the ma-
jor radius, x is the minor radius, and e is the
magnitude of the electron charge. The quantities
lsaLj and 6, are numerical factors of order unity
which depend on the precise collision model used. '

Equation (1) indicates that radial transport is
driven by gradients in the density n and tempera-
ture T (P =nT), but that the sin0 Fourier compo-
nents of the proton source az and the heat source
a~ can also affect the flux. Neutral-transport
calculations have been done to estimate the H, -
injection rate required to make the source terms
comparable to the other terms in Eq. (1). For
model profiles similar to those in the ISX, the
requirement is of the order of 10'" particles/sec,
a rate close to the natural particle loss rate
from the ISX plasma. However, since gas is used
as the source, the source terms are large only in
the outer 1-2 cm of the plasma. Thus, the flow-
reversal effect can alter impurity transport only
in the plasma edge.

The poloidal asymmetry of the sources due to
H, injection into the bottom of the plasma was
somewhat enhanced by depositing a layer of ti-
tanium getter over the top half of the vacuum
chamber every few shots, thus reducing hydrogen
recycling there. (In addition, the titanium re-
duced the effective Z in the plasma from values
around 2 to a value close to 1.) Because of the
ninefold symmetry of the ISX vacuum chamber,
nine getter sources and nine feedback-controlled
gas injectors' were used.

The effect of the source terms has been investi-
gated by observing the spectral lines produced
by short bursts of neon and aluminum that are
introduced into the plasma after the H, injection
has been established. The 1-msec neon pulse
was produced by a fast gas valve located on the
top of the vacuum chamber. The 200- psec alumi-
num burst was injected from the side of the cham-
ber; it was generated by a —,'-J, 20-nsec laser
pulse focused onto an aluminum-coated glass
slide. (This latter technique is similar to one
used on the ATC tokamak. ')

According to Eq. (1), reversing the sign of B~
reverses the sign of the contribution that the
source terms make to I I. If similar plasmas
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FIG. 1. Comparison of plasma parameters for the
toroidal magnetic field clockwise (CW) and counterwise
(CCW): (a) plasma density, (b) H~ line intensity,
(c) plasma current and one-turn voltage. The toroidal
field was 1.5 T. Noise on the voltage trace is caused
by the feedback system controlling the plasma current.

can be obtained with both clockwise (CW) and
counterclockwise (CCW) polarities of the toroidal
field, this dependence on B~ can be used to sepa-
rate the effect of the source terms from that of
other plasma parameters.

In Figs. 1 and 2, we summarize a series of
measurements that were made on CW and CCW
discharges to verify that the plasmas were the
same. (To minimize problems with error fields,
the plasma current was reversed whenever the
toroidal field was. ) While there are some differ-
ences during the breakdown phase prior to 20
msec, the plasmas are very similar during the
main discharge phase where the H, injection takes
place and where the neon and aluminum transport
is investigated. Both the gross discharge parame-
ters in Fig. 1 (voltage, current, and line-aver-
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FIG. B. Normalized difference in neon spectral line
intensity as a function of gas-injection rate for two dif-
ferent values of line-averaged density. To give an idea
of shot-to-shot reproducibility, the mean and standard
deviation of each set of data are given. The inset shows
the time behavior of the Ne VIII (770-A) line intensity
for both polarities of the magnetic field. For this, the
H2-injection rate is 27.5 Torr I/sec and Iine-averaged
density is 1.8&& 10 cm

FIG. 2. Plasma electron temperature profile {a) and

density profile (b) for CW and CCW toroidal magnetic
field. These profiles are taken at 40 msec in the dis-
charges used for Fig. 1.

aged density) and the edge processes producing
the H radiation are quite similar for both polari-
ties of the toroidal field. In addition, the time
behavior of the charge-exchange neutral flux is
almost identical, indicating a great similarity in
proton parameters. Finally, the radial profiles
in Fig. 2 agree to within the error in the data.
The spectrometer and the radiometer do find
some dissimilarities. For example, the radiome-
ter signal for CW plasmas is always greater than
or equal to that for CCW plasmas. We will dis-
cuss the spectroscopic dissimilarities presently.

The theory predicts that, with gas injection
from the bottom, the spectral intensity S of
NeVIII should be smaller for a CCW toroidal field;

c, the»ti»=(~cw ~ccw)/(Scw+ ~ccw)
should be positive. All data in Fig. 3 show 6~0.

For the gas-injection rates used here, calcula-
tions have shown that, if the background plasma
does not change, 6 should vary linearly with the
gas-injection rate. A linear relationship is mani-
fested in the 8, = 2.1 & 10"em ' points in Fig. 3.
(The four n, =1.3 && 10"cm ' data points demon-
strate an increase of 4 with increasing gas-injec-
tion rate; however, since the three values of 4
near 0.5 are the same within the experimental
scatter, one may not say more. )

The slope of the line relating 6 and the gas-in-
jection rate depends on the density and tempera-
ture profiles in the plasma [see Eg. (1)]. In gen-
eral, in actual discharges, these profiles also
depend on gas-injection rate. As the gas-injec-
tion rate decreases, the expected changes in the
profiles are in the proper direction to account for
the fact that the points lie somewhat above the
line, as is seen in Fig. 3 at low injection rates
for the 8, =2.1 && 10" cm ' data. To check if these
changes are sufficiently large to account for the
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observations requires more detailed calculation.
By varying the trigger time for the neon pulse,

we could study the change of the neon transport
with plasma density at constant gas-injection rate.
As the density rose, h decreased (see Fig. 3).
This is consistent with Eg. (1), since the sources
appear there normalized by the local density and
since decreasing neutral penetration causes the
source terms themselves to decrease as density
rises. As part of this sequence, neon was inject-
ed into the plasma before the H, -gas injection
was established. A value of 6=0.01+0.10 was
found, which is consistent with the theoretical
prediction, 6= 0.

These results make it unlikely that one could
explain our results with a model based on the po-
loidal asymmetry of impurity density as seen in
the Alcator tokamak. ' First, that asymmetry in-
creases as density increases'; our 6 values de-
crease. Second, that effect is sensitive to gas-
injection rate only through changes in the back-
ground plasma; our data for 6=0.01 and ~=0.55
in Fig. 3 have comparable values not only of P,
but also of edge electron density and temperature.
However, since these edge values are somewhat
uncertain and since the quantitative effects of
poloidal asymmetry on impurity radial transport
have yet to be worked out, we cannot entirely
eliminate the possibility that the present effect
and that observed in the Alcator tokamak' are
connected.

Aluminum was injected simultaneously with

neon for several sets of discharges. In spite of
an appreciable difference in the neon signal for
the CW and CCW discharges in each set, no con-
sistent variation in the aluminum signals was
seen. Any systematic changes were smaller than
the 30/g shot-to-shot variation in the amplitude
of the spectroscopic signal. This may be because
of the superior ability of the fast aluminum atoms
to penetrate the edge of the plasma where the
flow-reversal layer exists. The aluminum-injec-
tion system" produces atoms with 1-6-eV ener-
gy. , while the neon is at room temperature. In
addition, the relatively-high-density, neutral-
aluminum stream, which is deposited in a 10-cm'
region of the plasma, may be able, through self-
shielding, to penetrate the flow-reversal layer.
This process should not be significant for the
neon, since roughly the same number of neon
atoms as aluminum are deposited over a 26-
cm' region.

We also studied the effect of H, injection on the
naturally occurring impurities. One might sup-
port that, just as with neon, more intense impuri-
ty radiation should be seen from the CW discharg-
es. However, the opposite is true for ArVIII,
TiXI, and TiXII, while no clear-cut changes were
seen in the OIII, OIV, OVI, and N.IV lines. Since
all these lines initially appear well before the H,
injection is established; it may be that their ini-
tial populations differ too greatly in the CW and

CCW discharges for the subsequent effect of the

H, injection on their flow to be seen.
In conclusion, we have produced a significant

change in the transport of neon ions in the plasma.
This change is connected with the H, injection
since it does not exist without the gas injection
and since it varies as the injection rate changes.
The sign of the change and its qualitative behavior
are consistent with the results of neoclassical the-
ory. Since theory predicts that the flow-reversal
effect will increase with B~ and R [see Eg. (1)j,
this effect should be more significant in the larg-
er, higher-field machines of the future.
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