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Experimental observation and studies of a new type of cold electrostatic mode near the
ion-ion hybrid frequency are presented. The resonance cone behavior associated with
this mode is verified. The wave dispersion relation has been measured which shows a
clear resonance behavior near the hybrid frequency. Associated with the mode, strorg
electron Landau damping by bulk electrons and equally strong ion damping near the ion-
ion hybrid resonance are observed. This type of mode should be readily excited in
high-field devices (Bo& 30 kG).

Although rf heating near the ion cyclotron fre-
quencies (ICRF) utilizes electromagnetic waves
as the principal energy carrier, an important
role played by electrostatic waves has been rec-
ognized for linear mode-conversion processes
occurring near the ion-ion hybrid resonance lay-
er. ' Since electrostatic waves can be readily ab-
sorbed by a plasma, the excitation of such waves
would significantly alter the heating efficiencies
of such applied rf power. In this report, we
present the first experimental observation of
what we tentatively call the cold electrostatic ion-
cyclotron wave, which turns into a hybrid mode
near the ion-ion hybrid resonance. This type of
mode can be readily excited in high-field devices
(B,) 30 ko) with hydrogen (and D-T as well) plas-
mas.

The real part of the wave dispersion relation is
written in the following form'.

where y =v/k ii (m, /2T, )"', Z is the plasma dis-
persion function, ' and 0 designates all species.
In deriving Eq. (1), we let (V, kii/&o)', (kii/k, )'
=0(m, /m, ), and (kip ) be small. For simplici-
ty, we now let the electrons be cold [a reasonable
approximation for &u/k ii Ve - 1.5, where V, = (T,/
m, )"'] and the plasma to have two types of ions.
Then Eq. (1) can be written as follows:
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Here N,. are the partial ion concentrations and Z,-
are their charge states such th at+;N, Z, = 1.
The frequency range of wave propagation can be
determined from Eq. (2) to be &u & Q„and ~„,
=v»[1 —0(ri, '/ri~, ')]&v «,. For a given kii,
the mode exhibits a resonance below ~» which
depends on the plasma density and cutoffs at 0,.
For +~, »O, ' and z sufficiently away from &IH,
one can neglect the first and last terms in Eq.
(2). Then the dispersion relation becomes inde-
pendent of plasma density.

We have experimentally investigated this wave
in the Princeton L-4 linear research device. '
The L-4 has a steady-state axial magnetic field
of 4.2 kG [f„(He) = 1.6 MHz] with & 1% field in-'

homogeneity in an axial length of = 2.3 m and a
relatively low electron temperature (measured
by propagating the ion acoustic wave) of = 0.5 eV
in the experimental region. Other plasma param-
eters are as follows: the plasma density n, = (1
—2)x 10" cm '; the ion temperature T, & 1/10 eV;
and the neutral gas filling pressure P =2x go '
Torr. In this experiment, helium and neon rath-
er than hydrogen are used since their ion concen-
tration has been previously studied in detail. "

We first show the so-called "resonance-cone"
behavior of the present mode which was first pre-
dicted in the work of Fisher and Gould' and theo-
retically investigated in the work of Kuehl. ' The
theory predicts that an electrostatic signal with
its Fourier components satisfying the cold plas-
ma condition propagates obliquely into the plasma
along a trajectory which makes an angle 8 = sin '
(k,i/k) with respect to the magnetic field. In Fig.
1(a), a simplified schematic of experimental set-
up is shown. The resonance-cone-launching
structure is essentially a 28-cm-long, 32-in. -i.d.
pipe (actually constructed from nine rings elec-
trically tied together) which is aligned with the
axial magnetic field. In the figure, a qualitative
picture of the resonance-cone trajectory is shown.
The resulting resonance cone is detected by an
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FIG. l. (a) Simplified schematic of resonance-cone
propagation setup. (b) A typical detected radial profile
of resonance-cone amplitude. (c) 3esonance-cone ra-
dial position as a function of axial distance. f= 1.24
MHz, B =4.1 kG, He:Ne=6:4. (d) Resonance-cone an-
gle as a function of ou/& „e for two ion-concentration
ratios (as labeled). The dots are experimental points
and curves are that of theory.

array of radially moving rf probes In Fig. . 1(b),
a typical radial profile of detected signal is shown.
One can measure the resonance-cone angle by
plotting the radial position of the amplitude maxi-
ma as a function of the axial distance from an-
tenna which is shown in Fig. 1(c). The solid
curve is the best-fitted line and the dashed curve
is the value computed from EII. (2) which shows
a good agreement.

In Fig. 1(d), the measured cone angles as a
function of oI/O„, are shown for pure helium and
He:Ne = 2:8. The dashed curves are computed
from Eq (2) assum. ing Irr&I'/AI'» 1. The agree-
ment is reasonable except near cu» where the
finite-density term becomes important especially
since the exciter is located outside of the plasma
column where the density is very low. In order
to Iluantitatively account for the density effect,
the wave differential equations' were solved and
the resonance-cone trajectory was calculated in-
cluding a realistic density profile. The density

FIQ. 2. (a) Simplified schematic of wave propagation
setup. (b) Radial interferometry output of propagated
wave for various ~/QH, (as labeled) in He:Ne=2:8 p1as-
ma. {c)Wave dispersion relation for bvo ion concen-
trations (as labeled). The dots are experimentally mea-
sured values. The solid curves are theoretical values.

profile was measured by the electron plasma-
wave resonance-cone propagation' which yielded
an exponential density profile [i.e. , n(x) = n,
x exp(-x/R), where R = 2 cm]. This permitted
an analytical solution for the trajectory integral
and simplified subsequent numerical computa-
tions. The result of such a calculation is shown
by solid curves in Fig. 1(d). The agreement is
now very good even when v -+„,&+». Since the
above theory, which takes the wave trajectory
and the density profile into account, describes
our experimental situation quite accurately, the
theoretical analysis for the data presented in the
following sections were calculated in this manner.

Next, we measured the wave dispersion rela-
tion by using a slow-wave structure which ex-
cites a mode with fixed A. ll. By fixing /II p ls
automatically fixed through the wave dispersion
relation. It should be noted that this type of be-
havior has been studied extensively for the low-
er-hybrid-wave propagation. "*" A simplified
schematic of the experimental setup is shown in
Fig. 2(a). The present slow-wave structure con-
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sists of four identical cylindrical sections where
one of the sections was used to excite the reso-
nance cone [see Fig. 1(a)]. The four sections are
alternately phased in or out of phase to make two
axial wavelengths with X

I~

= 62 cm. The half width
of the calculated Fourier spectrum is about +15'%%.

The propagation characteristics, the wavelengths
and the dampings are measured by a set of radial
probes. The measured axial wavelength X,~= 61
cm is found to stay reasonably constant as expect-
ed. The radial wavelength, on the other hand,
shows large changes with changes in ion concen-
trations and &u/0, . In Fig. 2(b), a typical radial
interferrogram is shown. From such data, the
wavelength can be seen to decrease rapidly as &
approaches (o,~ = 0.680H, . The measured disper-
sion relation is shown in Fig. 2(c) for two concen-
trations (as marked). The solid curves are the-
oretically computed values including the finite-
electron-temperature effect. The agreement be-
tween theory and experiment is seen to be very
good.

In this experiment, the waves are propagated
with their parallel phase velocities in a range Ic/
k ll

V = 2.0-3.3, therefore they can interact with
bulk electrons and encounter a strong electron
Landau damping. We have measured such damp-
ing y, as a function of wave phase velocity Ic/kI, .
We define damping rate y, such that the wave is
damped by exp(-y, ) as it propagates an axial dis-
tance of All. Therefore y, can be deduced, for ex-
ample, from two observation points Z, and Z,
(Z, &Z,) as

(4)

where E(z,) and Z(Z, ) are the measured wave
amplitudes at respective positions. In Fig. 3(a),
the experimental data points are shown in circles.
The measured damping rate increases rapidly as
the wave phase velocity is being lowered into the
electron thermal distribution [see the inset in
Fig. 3(a)]. For ~/k

~~ V, &2.2, the wave was atten-
uated so severely that the measurement could not
be done with accuracy. The solid curve in Fig.
3(a) is obtained from theory for a Maxwellian
electron distribution with electron-neutral colli-
sions also included. " The agreement between
theory and experiment appears to be very good.
We note that in this experiment the effect of hot
primary electrons which are emitted by the tung-
sten filiment source, "is avoided by propagating
the wave toward instead of away from the source.

Perhaps the most important phenomenum ob-
served in this experiment is strong ion damping
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FIG. 3. (a) Wave damping rate due to electron Landau
damping and electron-neutral collisions as a function
of wave phase velocity. The dots are experimentally
measured values and the solid curve is obtained from
theory. (b) V/ave damping rate due to ion-collisional
dampirg near ion-ion hybrid resonance fequency for
two plasma densities (as labeled) in -89g helium plas-
ma. The dots (solid and circles) are experimentally
measured values. The curves are theoretical values
for three ion concentrations (as labeled).

associated with the ion-ion hybrid resonance lay-
er. As the wave approaches the resonance, it
gradually turns into a pure ion wave whose mo-
tion is sustained by a 180' out-of-phase oscilla-
tion between ions of different species4 and the
wave group velocities (perpendicular phase veloc-
ity as well) slow down considerably. Consequent-
ly, near the resonance, a relatively weak colli-
sional process among the two ion species can ef-
fectively damp the wave energy, heating bulk
ions. In this experiment, we have indeed ob-
served and measured this rapid increase of wave
damping as the ion-ion hybrid resonance is ap-
proached. The damping was measured with rela-
tively low-helium-concentration plasma thus in-
creasing v„, and minimizing the effect of the
electron Landau damping which is subsequently
subtracted from the measured damping. In Fig.
3(b), we plot the measured damping rate, y, [de-
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fined similarly as Etl. (4)], in a He-Ne plasma
with 8% helium-ion concentration. The two val-
ues of the plasma densities are plotted to show
the density dependence of the resonance frequen-
cy. We observe ~„, approaches ~» as the den-
sity is increased which is in agreement with the
theory. As shown by the figure, the measured
damping increases rapidly as the wave approach-
es the resonance frequency. The curves are theo-
retical values calculated using the experimental-
ly measured parameters. In the calculation, the
ion-ion collisions among different ion species
(which is the dominant process here) and the ion-
neutral collisions are included. The effect of ion
viscous damping, "

y, cc v, , (k ~,)' is not included
since in this experiment, the wave did not reach
the (k~;)'- 1 regime because of the heavy damp-
ing. Since the measured ion concentration has
some uncertainties [here (8+ 2)% helium), the
calculation was carried out for a range of con-
centration. From the plot in Fig. 3(b), we see
that the best-fitted curve to experimental points
is 8.5/g helium which is well within the concen-
tration uncertainty, and thus we conclude that the
observed damping rate agrees well with theory.

In conclusion, the low-frequency resonance-
cone behavior associated with the cold electro-
static ion-cyclotron wave was verified experi-
mentally. With a slow-wave structure, the wave
dispersion relation was measured which yielded
a strong resonance behavior near the ion-ion hy-
brid resonance frequency. When to/k~~ V, (&.0, the
wave was observed to damp heavily by electron

Landau damping. As ar approaches co„„ the wave
damping was observed to increase rapidly due to
the ion-ion collisions. Throughout the experiment,
the measured values were found to agree well
with theory.
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Magnetic pickup loops inserted into the Macrotor tokamak have shown a broad spec-
trum of oscillation in B„and B& up to f= 100 kHz. The high-frequency B„have short radi-
al snd poloidal correlation lengths L ( 5 cm, in contrast with the usual Mirnov oscills-
tions with f= 7 kHz and L»5 cm. The observed magnitude RIB,)/Br&10, where the
summation extends over all f& 30 kHz, is in the range in which such radial magnetic per-
turbations may be contributing to anomalous electron energy transport.

The persistent anomaly of electron energy con-
finement in tokamaks has recently stimulated
discussion of magnetic-fluctuation-induced trans-
port. ' ' In this Letter we describe what we be-
lieve are the first observations of small-scale

r'adial magnetic fluctuations inside a tokamak
plasma. Such fluctuations can in theory cause
enhanced radial energy flow through a local re-
structuring or destruction of the magnetic flux
surfaces.
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