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p', where p~ and AR are the density and thick-
ness of the tamper]. Even though the shell should
be Fermi degenerate (to minimize the energy of
compression) no additional energy penalty is paid
to reach such densities because the increased de-
generacy energy from compression is well bal-
anced by the decrease in material needed to at-
tain a specific prhR. (It is prhR of the tamper
rather than its mass which determines the energy
gain of the target'). Since in many target designs,
the input energy varies as the compressed mass,
o. -particle reflection could lead to a substantial
reduction in the driver energy needed to achieve
thermonuclear ignition.

These arguments apply mainly to the small tar-
gets that are designed to demonstrate the feasibil-
ity of inertially confined fusion by reaching near-
breakeven conditions, and not to high-gain, reac-
tor-grade designs. It should be emphasized that
a-particle reflection is only one of many mecha-
nisms that will affect ignition, and which need
further study. Others presently under investiga-
tion include: (1) reduction in thermal conduction
to the tamper by intentionally seeding the fuel
with high-Z ions, (2) large contamination of the
fuel by high-Z tamper ions due to hydrodynamic
instabilities, and (3) preheat of the fuel resulting

from an incomplete understanding of energy trans-
port in the design of the target. Of these, only
high-Z seeding and n-particle reflection can re-
lax the constraints needed for thermonuclear ig-
nition.
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This paper reports experimental evidence that a convective loss occurs in a low-density
plasma subjected to the ion-cyclotron rf field of m = + 1 azimuthal mode which is conven-
tionally employed. By utilization of an m = + 1 circularly polarized rf field produced with
a multiphase rf source, the convective plasma loss is eliminated, which results in an im-
provement in heating efficiency by more than 70/o.

PACS numbers: 52.50.Qj, 52.25.Fi, 52.35.Hr

Radio frequency heating has now been recog-
nized as one of the most promising methods for
direct heating of ions in a fusion plasma. In con-
junction with heating, however, there has been
observed anomalous loss of the plasma due to rf-
enhanced turbulence. ' Recently, Wong and Bel-
lan' reported the enhancement of drift waves by
electric fields near the lower hybrid frequency,
which results in modification of density profile.
The effect of ponderomotive force also becomes

important when the excursion velocity of particles
in rf fields exceeds the thermal velocity. It is
thus desirable not only to achieve higher heating
efficiency but to reduce enhanced plasma loss
during rf heating.

In this Letter, we wish to present the experi-
mental evidence that an rf field of rn =~ 1 azi-
muthal mode, which is conventionally used in ion-
cyclotron rf (ICRF) heating, produces convective
cross-field plasma loss. By utilizing the ra=+ 1
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circularly polarized rf field, we can achieve high-
er overall heating efficiency in consequence of
eliminating convective plasma loss.

The convective loss is produced through parti-
cle drifts due to the ponderomotive force of the
large-amplitude rf field. Let us consider a cyl-
indrical, homogeneous, collisionless plasma
with radius y, immersed in a static magnetic
field &, in the z direction. If the current density
in a Kharkov-type coil' [see coil B in Fig. 1(a)]

is approximated by je =jo 5(r —r, ) sin0 cos(—
k~, z

+ et ) with r, being the coil radius, the rf electric
field in the plasma is the superposition of fields
of =+1 and —1 modes, and may be represented
by

E„a' = [E,(r) +E,(e)] cosC,+[E,(~) + E,(r)] cose„
E,'" =[-Z,(r)+E,(r)] sine,

+ [-E,(r)+ E,(~)]sine„z, "& = 0, (1)
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where C', ~ kti~+ cot, 4, =-0 -kiiz+Nt with ~ll

the axial wave number, and E, (E,) and E (E )
are, respectively, the amplitudes of the left- and
right-hand circularly polarized field components
of the m=+1 (—1) mode. [Hereafter, the field in
Eq. (1) is termed the m =+ 1 field. ] Following the
procedure used by Chen and Etievant', we can
obtain linear and second order (in the field am-
plitude) solutions for particle motions. To second
order, the ponderomotive force gives rise to a
quasisteady drift of ions in the direction perpen-
dicular to both the force and 8,. After some al-
gebra, we obtain the radial component of the
quasisteady ion Qux, which is given by
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FIG. 1. Two-dimensional profiles of ion saturation
current I;, (in arbitrary units) for n 0(r = 0) = 1.2 & 10'
cm ', (d/~„- = 0.99, and I&' = 0.51&&103 A'. A sim-
plified schematic of the rf coils is also shown. (a) Tem-
poral evolution of I;, profile for the m = + 1 mode (left
traces) and for the m = + 1 mode (right traces). (b) I;,
profile for the m = + 1 mode with two different coil
positions. The direction of I';„predicted by Eq. (2)
is indicated by arrows.

(&d-CO~; ) ((d+ (d~~ )
(2)

where ypg,. is the ion mass Qp ls the plasma den-
sity, and co„. is the ion cyclotron angular fre-
quency. ' This shows that the large cross-field
ion Qux is produced by the nz =+ 1 rf field at the
fundamental ion cyclotron resonance. We must
note that the y~ =+ 1 and —1 rf fields in Eg. (1)
are not necessarily the wave fields.

In order to eliminate this convective plasma
loss, we design an rf coil which can produce the
m =+ 1 or —1 rf field selectively. [see coil A in
Fig. 1(a)] In this case, we have E, =E, =0 (for
the m =+ 1 mode), or E, =E, =0 (for the m = —1
mode); then Eg. (2) predicts that no radial flux
of ions is produced.

The experiments were performed in a single-
ended Q machine of a potassium plasma. The
plasma, with density n, = (0.1 —5) && 10 o cm ',
formed a column 4 cm in diameter and 1.3 m
long in an axial uniform magnetic field up to 10
ko. For the excitation of the m =~1 field, we use
coil B with r, =3 cm and 2m/k,

~

=52 cm set 50 cm
downstream from the hot plate. (Actually, two
coils are used in order to determine k~j ) The
coil is fed by an oscillator which can deliver
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pulsed rf power up to 200 W at a frequency of
0.35 MHz. The rf coil A. for the selective excita-
tion of the m =+ 1 or —1 field simply consists of
two elements displaced azimuthally by 90 each
other. Each element, which has the same dimen-
sion as coil &, is connected to the oscillator
through an LC phase-shifter. Driving two ele-
ments 90' out of phase, we can produce the azi-
muthally rotating field.

When coils was operated in the yn =+ 1 mode,
the amplitude of the rf magnetic field away from
the coil was resonantly peaked at cu/co„=0. 98 for
~, =2.0&&10' cm ', and the field was almost left-
hand circularly polarized on axis. When no was
decreased, the peak shifted closer to the point
where ~/&u„=1. For the m = —1 operation, the
amplitude of the rf field changed little from that
without the plasma, and had no dependence on
co/~„. These results indicate that the m =+ 1
field generates the gyes

=+ 1 slow wave, while the
nz = —1 field generates only an antenna near field
rather than a propagating wave field. For the
coil B, the rn =+1 field is equally divided into the
~ =+1 and —1 spectral powers, and both the re
=+ 1 slow wave and the yg = —1 antenna near field
are generated.

The temporal evolution of the two-dimensional
profile of ion saturation current I;, during an rf
pulse was measured with a Langmuir probe mov-
able in three degrees of freedom. The equal-E;,
contours are displayed in Fig. 1(a) for the m =+ 1
and +1 operations with mean squared rf current
Ir =0.51&&10' A', v/u„=0. 99, and nc =1.2x10"
cm ' for both modes. The contours are almost
concentric at t =0 (before the rf pulse) and con-
tinue to be so with time for the m =+ 1 operation.
On the contrary, the profile for the m =+ 1 opera-
tion shows a convective drift pattern at t =0.4
msec such that higher-density, hot ions in the
plasma core drift radially outward and lower-
density, cold ions in the periphery radially in-
ward in adjacent quadrants alternately. From
the boundary condition which relates &, i to j~,
we note that the azimuthal position where je =0
corresponds to 0 = 0 or z in the theory described
before. The arrows in Fig. 1(a) designate the
direction of I',.„predicted from Eq. (2). There
is good agreement between the prediction and the
experimental result. We note also from Eq. (2)
that the rotation of the rf coil & in azimuth by 90
will result in reversal of the direction of 1;„.
This is demonstrated by the difference of the
measured I;, contours in Fig. 1(b). Only the rf
coil B was rotated by 90' between the two traces;

all other parameters were the same. The convec-
tive drift patterns correspond well with the theo-
reticaQy predicted direction of I;„which is again
indicated by arrows. No enhanced cross-field
loss was observed when the m = —1 field was ap-
plied, showing that both E, and E, (or E, and E,)
are necessary for the convective motion.

The cross-field ion flux was obtained in such
a way that the axial ion saturation current I, to
the negatively biased cold end plate of radius rr,
was measured as a function of axial distance z
to give F;„which is equal to (2m.~ e) '(BI, /&z). '
Figure 2 shows F;„divided by the density aver-
aged over the cross section, ~, as a function of
I~'. Drift-wave activities, ' an increase of the
amplitude and the phase velocity and changes in
the frequency spectrum, were observed as E~'
was increased. The dotted curve in Fig. 2 is
drawn theoretically with use of the Bohm diffu-
sion coefficient with measured T, and the density
scale length for the m =+1 case. The numerical
factor of the coefficient, so chosen as to fit the
experimental data at I~ =0, is 5.2&&10 . The
theoretical curve agrees well with the experiment-
al points for the nz =+1 mode, showing that the
increase of radial loss for this mode is due to
the enhancement of Bohm diffusion. Since the
drift-wave activities were nearly the same for
both modes with the same Irs, the excess of F,„/
n for the m =+ 1 mode (solid curve) over that of

. 25

20

E

Q m=']

0 %=+1

10

0.2 0.4 0,6 08
(10 A )

1.0

FIG. 2. Hadial ion flux 1;„divided by the averaged
plasma density n vs mean square rf current in the rf
coil, Iq, for the m=+ 1 and m=+1 modes. [no
= (1-3)x 10~ cm 3 and ~f(dci p gs
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the Bohm diffusion (dotted curve) is attributed to
the radial ion convection peculiar to the ~ =+ 1
field. This fractional I',„/n corresponding to the
convective loss is proportional to I~', which is
consistent with Etl. (2) since E, to E, are propor-
tional to I~. From the measurement of wave mag-
netic fields with probes, the magnitudes of E, and

&, are estimated to be 6.3 V/m and 3.8 V/m,
respectively, at & = 2.0 cm for I~' = 0.62 & 10' A'.
Substituting these values and co/co„=0.98 into Etl.
(2), we obtain I';„/n= 21';„/n, (r =0) to be 6.7 m/
sec with an error of + 3@o involved in the estima-
tion of the field amplitudes. The directly mea-
sured value of I';„/n for the m =+ 1 mode above
the Bohm diffusion value is 6.9-9.3 m/sec for the
same I~' as shown in Fig. 2. The agreement be-
tween theory and experiment is seen to be very
good.

There may arise a question that the convective
drifts are produced by the azimuthal asymmetry
of equilibrium potential due to asymmetric heating
of ions or electrons by the nz =+ 1 field. A dif-
ference in equilibrium potential of 0.6-0.8 V be-
tween two points separated by 90 in azimuth at
z= 1,5 cm is necessary to produce 1,„=9X10"
m ' sec"', which is measured at ~ =0.5 X 10' cm ',
no(r =1.5 cm) =0.3x10' cm s, and Ir'=0.48X10'
A'. However, the measured potential difference
is always less than 0.3 V, which is much weaker
than that required.

The ion temperature as measured with a multi-
grid energy analyzer was raised from 0.3 to about
20 eV for the re =+ 1 operation, while it was less
than 2 eV for the ng = —1 operation. (Irm = 9.0 &10'
As for both modes. ) For the m =+1 mode, the
increment of ion energy density, Ap, is propor-
tional to both the incident rf power and initial
plasma density, provided ~/co„=0.97. The + ICP/ o

discrepancy in ~/to„value yields the reduction
of Lp by a factor of 3.

The heating efficiency for each rf mode is
given in Fig. 3, where the ordinate is the maxi-
mum bp and the abcissa is the incident rf energy
into the plasma from t =0 to the time when the
maximum hp is attained. The increased ion ener-
gy density is proportional to the incident rf ener-
gy. We can see that the &pe =+1 operation of the
rf coil indeed improves the overall heating ef-
ficiency over the nz =+ 1 operation by more than
70'%%uo. From the loading measurement, we found
that, in the m =a 1 operation, about 20% of the
incident rf power is dissipated in the ~ = —1 field
which heats ions little as shown in Fig. 3. So the
elimination of the re = —1 field component should

1766

14

12

E 1P
O

0
0 8o

CL

6

4 6
RF ENERGY (1Q &oule)

FIG. 3. Maximum increment of ion energy density
vs incident rf energy for three operating modes. (n 0
= 5.0&10 cm 3 and ~/; = 0.97.)

result in improvement in heating efficiency of no
more than 20%%uo. The observed improvement far
more than expected is because of the heating by
the m =+ 1 field is accompanied by the convective
cross-field loss of accelerated ions.

In summary, we have observed convective plas-
ma loss caused by the azimuthal ponderomotive
force of the gyes =~ 1 ICRF field. This result is in
quantitative agreement with the theory based on
the fluid model. By utilization of the gyes =+ 1 cir-
cularly polarized ICRF field, the convective loss
is eliminated, and an improvezaeet in heating ef-
ficiency by more than 70%%uo is achieved.
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Three-dimensional, electromagnetic computer simulations are presented showing the
evolution of colliding columnar plasmas. The interaction leads to a spiral. configuration
during which radiation is emitted.

PACS numbers: 52.55.Dy, 52.55.Ez, 52.65.+ z, 98.50.Eb

The behavior and interaction of colliding plas-
mas is a problem which has been under investiga-
tion for twenty-five years. The salient point of
these investigations is that plasmas which are
generated and fired at each other from plasma
guns or sources do not merge and decay in a sim-
ple manner. Instead, a rather dramatic configu-
rational transformation is observed during which
the emission of radiation is recorded. Bostick"
first coined the term "plasmoid" to describe the
magnetic-field-carrying structure which he ob-
served and photographed. Figure 1 depicts time-
resolved Kerr-cell photographs and illustrates
the attraction/repulsion property of interacting
plasmoids. The winding and dragging of the plas-
moid's magnetic fields leads to the creation of a
spiral formation.

Renewed interest in colliding plasmas is pri-
marily due to two device-oriented research appli-
cations; fast plasma shutters for high-power
glass lasers and radiation source emission from
colliding exploding-mire plasmas in high-power
pulseline generators. In the first case, a dense
(&10"cm ') propagating plasma produced from
an exploding wire is used to shield the final out-
put amplifiers from target-reflected laser light.
In the second case, a load consisting of an array
of exploding wires is strung between the anode
and cathode of a multiterawatt generator diode.
X-ray pinhole-camera photographs of the radia-
tion from the colliding vaporized-mire plasmas

often show a distinct helical form. At times,
dense plasma columns, or filaments, which are
apparently those of the original wire plasmas,

FIG. 1. Kerr-cell photographs of two plasmoids fired
from sources 10 cm apart across a magnetic field of
4.7 ko (into paper) (Ref. 1).
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