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Rapid Thermal Transport from Turbulent Skin Layer to Plasma Core in a Toroidal Experiment
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Anomalously rapid thermal transport from a skin layer to the plasma core has been ob-
served in a toroidal turbulent heating experiment. The thermal transport rate is approxi-
mately two orders of magnitude faster than the classical rate based on the anomalous
electron collision frequency.

Skin effects in toroidal turbulent heating experi-
ments have been reported by several groups. ' '
However, little is known of the transport of ener-
gy created in the skin layer, whether it is lost to
the vacuum wall or it penetrates into the plasma
core. In proposed schemes for turbulently heat-
ing a large toroidal plasma, 4 such as a reactor-
size tokamak, one crucial assumption is that the
thermal energy deposited in the skin layer is rap-
idly transported toward the plasma core. Other-
wise, the electron temperature in the skin layer
would become undesirably high, prematurely
quenching current -driven instabilities. Although
the assumption is based on some experimental
facts previously reported, these were obtained in
plasmas with a skin layer artificially created by
ring electrodes' or a nonuniform electric field. '

In this Letter, we report experimental observa-
tions of rapid thermal transport from a genuine
current skin layer toward the plasma core during
a time interval when energy loss is still unimpor-
tant. The experiment is performed in a toroidal
device described previously. " The mode III op-
eration, or tokamak mode, is employed. A heli-
um plasma with an electron density (5—10) &&10"

cm ' is prepared by rf preionizer and preheater
pulses in a toroidal magnetic field of 3 kG. A
toroidal electric field with a quarter period of
2.0 ps is inductively applied by discharging a 2. 5

pF, 50 kV capacitor. Diagnostic methods include
a 76-GHz microwave interferometer' for the elec-
tron density measurements, a small movable
magnetic probe for measuring the local magnetic

field (both poloidal and toroidal components), a
small Rogowsky coil for direct measurement of
the local current density, and a diamagnetic Rog-
owsky coil wound around the feeder cable to the
toroidal magnetic field coils. The local magnetic
field measurements yield a plasma current-den-
sity profile and a plasma pressure profile, and
the diamagnetic Rogowsky coil measures the av-
erage plasma pressure. The total energy input
into the plasma can be calculated from the total.
plasma current (measured by a Rogowsky coil)
and the output voltage from a one-turn loop cor-
rected for the plasma inductance. '

Figure 1 shows typical examples of the radial
distribution of the poloidal magnetic field Sp and
the change (increase) in the toroidal magnetic
field AB, observed at different times in the dis-
charge, for n, =1&&10"cm '. [As shown later,
in Fig. 4, P~ (poloidal beta) never exceeds unity
and the plasma stays paramagnetic —hence the ob-
served increase in the toroidal magnetic field. ]
The toroidal current density j, can be calculated
from j,=a (rB~)/rBr and is in agreement with di-
rect measurements made with use of the small
Rogowsky coil (Fig. 2). It is clearly seen from
Figs. 1 or 2 that the plasma current is limited to
a skin layer until about 1.5 ps after applying the
main heating field. During this time interval, the
distribution of the current layer is stable. After
1.5 JLfs the skin current penetrates into the column
center within 0.3-0.5 ps.

The profile of the plasma pressure P =n(T,
+ T, ) over the cross section of the plasma column
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FIG. 1. Time evolution of (a) the poloidal magnetic
ield strength and (b) the change of toroidal magnetic

field strength as a function of the radial position. (b)
shows that the plasma is paramagnetic.
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can be determined from the field distribution
shown in Fig. I, provided that the plasma is in
equilibrium. In the case of axial symmetry, P
is given by"

BP I ~B 8
(rB~) +B„—

Bx

The toroidal correction to Eq. (1) is negligibly
small. We have numerically integrated Eq. (1)
for the observed magnetic-field profiles shown
in Fig. 1. The results are shown in Fig. 2 as sol-
i lines. At an earlier time (f ~0.26 ps) the plas-
ma pressure is determined by the preheater, and
is almost flat over the entire region. When the
main heating becomes effective, the pressure
first increases in the skin current region. How-
ever the re pressure profile rapidly becomes flat-
tened, within 0.3-0 5-0.5 ps, indicating an extremel
fast therm . ' orm pres-al transport. A very nonuniform pres-
sure profile, peaked in the skin layer, would have

een observed if there were no ene rgy escape
from the skin la ery, since energy is continuously
deposited there. Figure 3 shows the results for
a lower density (n =7&&10"cm ') Fl tcm q. F at pressure
profiles are again predominant.

tal la
The effective electric fieM strength d th t

a plasma current along the toroidal direction

lated from the electric field and the current den-

least two rwo orders of magnitude smaller than that
ivory as a

based on classical electron-ion collision. " The
time evolution of the electron temperature T,
shown in Fig. 4(b) is obtained from the plasma
pressure in Fig. 2, neglecting the ion tempera-
ture T. «505 eV, as obtained spectroscopically
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FIG. 8. Time evolution of the profile
sure for n = 7&&10 cm, B&——2.95 kG.

FIG. 2. Time evolution of the profile of plasma pres-
sure (solid line) and current density (broken line). B
=2.9 kG; n =1x10 cme
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by monitoring the He II 4686-A line). The heating
rate is about 7.3 x 108 eV/sec.

The total plasma energy is estimated from
three independent sets of data. First, the total
energy deposited in the plasma can be calculated
from

ei = 2mB f Ip(t')Ep(f')(gg', (2)

where R is the major radius. The results are
shown in Fig. 4(c) as a solid line. Second, the in-
tegration of the local plasma pressure yields

e2 = 2V[2f P(x)mr dr/ma'] —= ', VP~, —(3)

where V is the total plasma volume and a is the
minor radius. Third, the measurement of the

FIG. 4. (a) The toroidal electric field strength E&,
the total plasma current 4„and the voltage V& as a
function of time. (b) Time evolution of the plasma con-
ductivity a in the skin layer and the electron tempera-
ture T . (c) The energy deposited in the plasma (dashed
line) and the energy content in the plasma (closed circle)
obtained from local pressure measurement, and (closed
triangle) from the total diamagnetic signal. (d) Average
poloidal P obtained from local plasma pressure (open
triangles) and from total diamagnetic signal (closed
circles). n = 1X 10 cm; B&= 2.9 kG.

where p~ is the average poloidal P factor shown
in Fig. 4(d). The observed plasma energy (e2, e,)
shows reasonable agreement with the energy in-
put (e, ) until about 1.6 ps, after which they devi-
ate because of energy loss.

The observed skin-current profiles can be ex-
plained in terms of semiclassical diffusion"
based on the field penetration associated with the
anomalous collision frequency. The electron
drift velocity in the skin layer is (3.8-13)x10'
cm/sec, which is an order of magnitude larger
than the ion sound velocity Q, of (3.4 —14.2) x10
cm/sec. Since T,» T,, the skin layer is subject
to the ion acoustic instability. That the observed
energy transport is mainly due to electron ther-
mal conduction, and not electron convection or
diffusion, is evident from the current profiles
shown in Figs. 1 and 2. The skin layer stays at
the original location for at least 1.5 ps, and the
energy transport is completed well before 1.5 JLis.

If particle convection were responsible, rapid
penetration of the current would have been ob-
served.

The speed of the thermal transport, estimated
from the ratio of the plasma radius to the pres-
sure flattening time, is of the order of the ion
acoustic speed, which is about two orders of
magnitude larger than the classical rate vr'&rv/
~„', where v~ is the electron thermal speed, E~
(-1/a) is the temperature-scale coefficient, v is
the anomalous collision frequency, and +„is the
electron cyclotron frequency.

The mechanism of this observed anomalous
thermal transport is unexplained at present. How-
ever, we should note that the importance of ther-
mal transports caused by ion acoustic waves has
been recently pointed out. " The energy balance
calculated at the skin layer requires the level of
turbulence W/nT, be of the order of 10 2 if the
observed thermal transport is to be caused by
ion acoustic waves. The energy transport by the
waves is practically unhindered by the toroidal
magnetic field in contrast to the conventional.
model'4 based on E&B random-walk processes
and could play an important role in devices of
high magnetic fields.

In conclusion, we have observed anomalously
rapid thermal transport from a turbulent skin lay-
er to the plasma core in a toroidal experiment.
The speed of the energy transport is found to be
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approximately Io' times faster than the classical
value based on the anomalous collision frequency.
Studies on the fluctuation level are underway.
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Theoretical Study of the Electronic Properties of Trigonal Se under Pressure
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Pseudopotential calculations for the pressure dependence of the dielectric constants
and energy-band structure of trigonal Se are presented. The calculations explain recent
experimental observations of a strong pressure dependence for the optic spectra of Se.
It is shown that interchain interactions and not local-field corrections are most impor-
tant in describing the pressure data.

The pressure dependence of the optical proper-
ties of solids is determined by (i) changes in elec-
tronic states as a function of the spacings between
atoms and (ii) explicit density dependence of the
dielectric response function, for example, loca, l-
field effects. ' Of particular interest in this re-
spect are molecularlike solids in which the densi-
ty can be increased greatly with pressure. Re-
cently measurements of the ref lectivity spectrum
of trigonal Se under pressure have been reported
by Kastner and Forberg (KF).' They interpreted
their results in a molecular model, i.e., they
completely neglected (i), and concluded that the
large pressure-induced changes could be explained
only by local-field effects included in (ii). In this

Letter, we examine the electronic bands of Se un-
der pressure and we show that the resulting op-
tical properties, calculated with no local-field
corrections, explain the results of KF. We find
that the large effects observed by KF are, in fact,
precursors of the transition of Se to a metallic
nonmolecular structure, which occurs at 130
kba.r.s We further argue why one expects a band
picture for the electronic states to be adequate
and local-field eorreetions to be small in Se.

Trigonal Se is a chainlike crystal, in which
each atom is strongly bound to two nearest neigh-
bors to form helical chains. The chains are
packed together in a hexa, gonal pattern with each
atom having weaker interactions with four more-
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