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BThe Bloch equation gives a Lorentzian line shape for uniform modes whose lifetime is not infinite and whose
shape is actually more complex. We stress that the theory presented here is linearized and hydrodynamic. Exten-
sions of the theory to include nonlinear and nonhydrodynamic effects, when simplified to manageable form, would
have other points of contact with the continuum mechanics approach of Ericksen and Leslie.
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For several years, we have been empirically producing steady-state, mirror-confined

hot-ion plasmas with 7; ~ a few keV and »; ~ 101*/cm

3. We describe here the ion-heating

mechanism, which is an instability having a fine-grained azimuthal structure covering
a broad band of frequencies around w,;, having a rapid growth rate on the order of w,;,
and being driven by an intense radial dc electric field. It does not require that 7, >T;.

By “turbulent heating” we mean that the appro-
priate direct-current power is converted by the
plasma itself to radio-frequency oscillations that
result in intense heating of the plasma. Such
turbulent heating experiments have been extreme-
ly successful in the past.? However, in heating
ions, the general assumptions are that the elec-
trons must be heated first by the turbulent dis-
charge, then ions are heated by some secondary
process that depends on the presence of hot elec-
trons. In this Letter, we demonstrate a contrast-
ing case in which, in our apparatus, ions are
heated intensely, although the electrons remain
relatively cold.

Our present ion-heating device is a magnetic-
mirror system with an intense, dc magnetic
field® (50-25-50 kG). As shown in Fig. 1, an in-
tense electron beam (typically 15 kV at 5 to 10 A)
is injected axially into the center of the device,
where plasma is generated from deuterium gas.
An important feature of the device is that the in-
jected electrons must flow radially across the
strong magnetic field to reach magnetic field
lines that flow to the grounded hollow anodes. In-
vestigation of the x-ray photon spectrum from a
10-kV electron beam inside the plasma showed
that the electron beam was both spread in energy
(expected from a conventional axial beam-plasma
interaction), and reduced in energy to about 5
keV. This reduction of the electron-beam energy
suggested that the center of the plasma was about
5 kV negative with respect to the wall. Hence,
we suspected that a radial dc electric field of
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about 10 kV/cm (5 kV across z cm) was present
and could be responsible for the ion-heating
mechanism.

Additional important information was obtained
with our high-speed auto- and cross-correla-
tors,® which now have an upper frequency limit of
2 X10' Hz. Using specially designed electrostat-
ic probes, we observed that the plasma showed
intense radio-frequency activity (kilovolts per
centimeter) at about v,; (10° Hz), that the rf elec-
tric field was directed primarily perpendicular
to the dc magnetic field, and that the azimuthal
wavelength was 1 mm. In addition, we could de-
tect bulk azimuthal plasma rotation which also
suggested a radial dc electric field of about 10
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FIG. 1. Schematic of ion-heating apparatus. The
length between mirrors is about 50 cm. The azimuthal
sectors schematically illustrate the results of rf cor-
relation measurements near w,; that show (1) excellent
axial cross-correlations, (2) poor azimuthal cross-
correlations, and (3) rapid decrease in amplitude with
increasing radius.
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kV/cm.

That both the applied dc and the ion-heating ac
electric fields must be primarily perpendicular
to the axial dc magnetic field appears reasonable,
since we infer from x-ray, Langmuir probe, and
helium singlet-triplet spectroscopic data that the
bulk of the plasma electrons are relatively cold
(T,<100 eV), and hence cannot sustain intense
low-frequency electric fields parallel to the mag-
netic field. Additional evidence that dc and low-
frequency ac (<w,,,w,,) electric fields are radial
(i.e., i-ﬁo) was obtained by observing the polariza-
tion of electric-field—induced spectral emission
from helium* added to the system. These fields
give rise to satellite spectra of the helium 23P-
43D, 3F triplet (4471 A), and the 2'P-4!D,'F sin-
glet (4922 A) emission lines. Electric field
strengths increasing from near zero on the mag-
netic axis to about 7 kV ecm ™! at 1 ¢m, and then
decreasing to less than 2 kV ¢cm ™! at 2 ¢cm radial
distance, are found. An Abel inversion giving in-
tensity of the satellite lines as a function of plas-
ma radius, together with the displacement and in-
tensity of 7 and 0 components in the Zeeman
structure of the satellites, gives the electric
field strength and implies that the direction of
the electric field is perpendicular to the magnet-
ic axis.

We have mathematically analyzed the instability
in the following way. We assume that an intense,
dc radial electric field induces rapid —ﬁo X B, azi-
muthal rotation in the plasma. At these high azi-
muthal rates of rotation, mass-dependent cen-
trifugal-force effects become appreciable, and
the ions rotate at a slower velocity than do the
electrons. Also, we note that in the frequency

range of interest, wg >w,,>wW=w,; >w., the ions
can be considered moving freely as in an azi-
muthal beam, while the electrons can be consid-
ered “magnetized.” Thus one expects an entire
family of azimuthal beam-plasma-like instabili-
ties to occur. Those instabilities investigated so
far, along with the basic assumptions for each
and their resulting characteristics, are tabulated
in Table I. All these instabilities have the basic
features of oscillating near w,;, having enormous
growth rates (10"-10° e-folds/sec), and heating
ions without necessarily heating electrons. The
table is valid only for our operating conditions,
in which the heating occurs in a shell having an
effective radius of 1 cm, and a radial dc field EO
of about 10 kV/cm. One of these instabilities
(No. 1 in Table I) gives the highest growth rate
and is probably our basic heating mechanism. It
requires a strong radial density gradient. This
instability has been briefly discussed previously,?
although apparently not correlated with experi-
ment. A comparison of a computed graph of
growth rate versus frequency for this particular
instability with an experimentally observed fre-
quency spectrum (Fig. 2) shows good agreement.
We here assume that the saturated amplitude of
the instability is proportional to its growth rate.
An additional interesting feature of these in-
stabilities is that they heat ions without requiring
hot electrons to be present first. Also, they heat
ions so as to increase the velocity perpendicular
to _150, and so may tend to heat ions out of the loss
cone in mirror machines. For example, the time
required to heat an ion to 1 keV corresponds to
about one “bounce” time between the mirrors in
our machine. Any intense quasi-dc radial elec-

Table I. Theoretically predicted instabilities evaluated for the conditions of our mirror machine.

Growth time Azimuthal wave number for
Instability Conditions required (max) maximum temporal growth?
1. Radial density gradient? 107? sec B w,,/Au
2. Electrons move axially, ions azimuthallyb 1077 sec® oo d
3. Radial density gradient caused by applied E field 1077 sec kR w,/Au
4. Collisions between electrons and ions 1078 sec R w,,/Ap
5. Velocity shear in rotating ion cloud 1077 sec® k= “’m'/l‘i
6. Mixture of 50 % D* and 50% T* 107° sec kR w,,/Au

2Ap is relative drift of ions and electrons; p; is the ion drift velocity.

bSee Ref. 5.
¢Computer solution for one case.

dNot studied, as it is damped by ion-electron collisions.

®This is the growth time predicted by perturbation theory; numerical analysis predicts growth times ~100 times

shorter.
fNo radial density gradient required.
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FIG. 2. Comparison of rf spectrum extracted from an electrostatic probe immersed deep in the plasma with a
typical computer solution for v (growth rate) vs w .y (frequency), both normalized to w,; for instability No. 1 in
Table I. The break in the experimental spectrum at w/w,; =4 is due to a change of scale in the spectrum analyzer.

tric field perpendicular to a strong magnetic
field produces these instabilities; hence they may
possibly be produced in any convenient (open and
perhaps closed) magnetic geometry. Finally,
since the fluctuations are both experimentally
and theoretically fine-grained A £1 mm in our
case), and are confined to a small, cylindrical
heating zone, they can heat ions without neces-
sarily causing rapid, convective plasma loss
across the magnetic field.

A final point is that for ion heating, it is neces-
sary that w,>w,,. Computations verify past ex-
perimental results and demonstrate that as w,, is
increased above w,, the growth rates for ion-
heating modes in general decrease rapidly. In
their place, electron-heating modes abruptly ap-
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pear. Such behavior is expected, since in the
limit as w,,—~ 0, the electrons are unmagnetized,
and one expects to recover the electron-heating
modes of the standard beam-plasma interactions.
Since, to heat ions, w, must be larger than w,,,
we require high magnetic fields to heat ions at
high plasma densities (25 kG and 10*® ¢cm ™2 in
our case).
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Collisionless modes extracting electron thermal energy and convecting it radially are
considered as a possible explanation of the electron thermal energy radial transport,
larger than the one predicted by the proper collisional theory, in confined high-tempera-
ture plasmas carrying a current along the magnetic field.

Recent experiments on plasma confined in to-
roidal magnetic configurations in which electrons
are resistively heated by a current flowing along
the magnetic field have indicated that the electron
thermal-energy transport across the field is
much larger than that obtained by the proper col-
lisional transport theory.!”™® In other words,
while it appears that the resistivity as predicted
by previous experimental and theoretical work
is anomalous® (that is, enhanced by a finite fac-
tor over its collisional value), the evidence
seems to be that the resulting increased electron
heating is accompanied by enhanced electron
thermal-energy loss.

We propose for this a mechanism which relies
on the excitation of current-driven drift modes
of the same type as those which have been in-

voked to explain the observation of anomalous re-
sistivity.® These modes have frequency propor-
tional to the radial gradient of the electron pres-
sure p, parallel to the magnetic field and tend to
grow at the expense of longitudinal electron ther-
mal energy. The existence of drift modes is con-
sistent with the observation of a relatively flat
electron pressure profile? in the plasma column
of the T-3 Tokamak in the sense that their ex-
citation is expected to reduce the electron pres-
sure gradient.

We consider for simplicity a one-dimensional
plane model of a confined plasma with density
gradient in the x direction and the main magnetic
field in the z direction. In the neighborhood of a
point x =x, the magnetic field can be represented
by B~B,[8,+8,(x—x,)]/L,, the latter term indicat-
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FIG. 2. Comparison of rf spectrum extracted from an electrostatic probe immersed deep in the plasma with a

typical computer solution for v (growth rate) vs w .y (frequency), both normalized to w,; for instability No. 1 in
Table I. The break in the experimental spectrum at w/w,; =4 is due to a change of scale in the spectrum analyzer.



