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Measurements of density thresholds for an ion-cyclotron instability in a mirror-con-
fined plasma are interpreted in terms of a boundary for Landau damping of the unstable
waves. Allowing for an observed normal-mode structure, experimental threshoM val-
ues are accounted for quantitatively.

The collisionless damping of electrostatic plas-
ma waves is expected to play an important role
in achieving stable confinement of high-tempera-
ture plasmas. This Letter reports measure-
ments of density thresholds for an ion-cyclotron
instability in a mirror-confined plasma. The
data support an interpretation of these thresholds
as the densities above which electron Landau
damping of the unstable plasma wave becomes
too weak to suppress the instability. Malmberg
and Wharton' have shown this damping mechanism
to be in close quantitative agreement with the
theoretical predictions of Landau' for the case of
a uniform long plasma column with a Maxwellian
electron distribution. The situation is somewhat
different for a plasma in which energetic ions
and lower-energy electrons are confined between
magnetic mirrors. In this case the electrons are
retained electrostatically, possessing a truncat-
ed Maxwellian distribution extending up to an en-
ergy corresponding to the positive ambipolar po-
tential 4 ~. It is this limiting electron energy
which apparently sets a bound on the operation of
the Landau damping process in the present ex-

periments.
Earlier experiments, both in the present ap-

paratus' and in the "Phoenix II" experiment at
Culham, ' have demonstrated suppression of high-
er harmonics of the cyclotron instability when
electrons were heated with microwaves. Tran-
sit-time heating of electrons is reportedly also
effective in reducing normal rf emission in the
Phoenix plasma. ' These earlier qualitative in-
dications of Landau damping in confined plasmas
are reinforced and made quantitative by the mea-
surements reported here.

The plasma is formed in a magnetic well by
the injection of energetic hydrogen atoms and
reaches a steady-state density for a period of
several seconds. The experimental arrangement
has been described previously, together with a
description of some characteristics of the ob-
served instability, there identified as an ion-
electron mode driven by the monoenergetic and
anisotropic ion distribution.

To study the parametric dependence of the
damping of the unstable waves, the instability-
threshold densities have been measured over a
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wide range of electron temperatures and ion en-
ergies. Experimentally, the instability threshold
is determined in the following way: Correlated
with each burst of rf activity at the ion gyrofre-
quency (indicating plasma instability) are abrupt

temporary increases in the plasma potential. re-
sulting from the ejection of electrons. As the
density is decreased by reducing the injected
beam, the rf signals decrease in amplitude and

become less frequent, finally dropping below the
noise level of the detector. The potential varia-
tions remain detectable to a. lower density, and

the instability threshold density is defined by
graphically extrapolating the observed burst rate
to zero. Below this density there is no indica-
tion of unstable behavior on any detector and as
far as can be determined the plasma is quies-
cent.

Two examples of threshold determinations are
shown in Fig. 1. We have plotted densities in
terms of the dimensionless parameter e„

e—:(dpI /(d~~. ~ ll MI /8

where ~~; and ~„- are the ion plasma frequency
and ion gyrofrequency, respectively, Mq is the
ion mass, and 8 is the magnetic field. In Fig.
1(a) the threshold intercept is well defined and
we can assign an error interval about the most
probable intercept. In Fig. 1(b) we obtain, from
a series of measurements with nearly constant
operating conditions, a band of data points. The
well-defined edges of this band yield two distinct
values for the instability threshold. In each of
four such cases both values are used in our anal-
ysis and, as will be seen below, a rationale ap-
pears for the dual threshold in terms of a nor-
mal-mode structure. (Data points lying between
the edges of the band appear to represent aver-
age burst rates for a plasma which is alternating
between the two modes. )

The plasma density is measured by turning off
the beam and integrating the current of fast hy-
drogen atoms resulting from charge exchange
during the plasma decay. ' The secondary-elec-
tron-emission type of fast-atom detector was
directly calibrated at several ion energies be-
tween 5 and 15 keV and the calibration was ex-
tended to 1 keV using a 8'; ' ' energy dependence'
for the secondary-electron coefficient. The ab-
solute density values found in this way are ex-
pected to be reliable to about +30%.

As a measure of the maximum electron energy,
the plasma potential is determined at each point
by retardation measurement of the energy of

(8 = 1l (d ~ g
= I'dp e (k [)/k j) ~ (2)

where k
~~

and k ~ are the components of the prop-
gation vector. Equation (2) is derived from the
infinite- medium dispersion relation when the
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from Eq. (8) for the

slow ions formed by charge exchange and accel-
erated by the potential out through the mirrors.
The magnitude of the potential depends upon the
rate of collisional energy transfer from the hot
ions to the electrons and upon the electron life-
time. ' By adjusting the gas pressure in the plas-
ma region and by varying the ion energy between
1 and 15 keV, the plasma potential was varied
between 15 and 80 V.

The central value of magnetic field ranged be-
tween 1.3 and 6.2 kG, with proton orbit radius
a; varying from 1.6 to 3.6 cm. In all cases, the
plasma boundary was at 30 cm axially and about
20 cm radially at the midplane.

In Fig. 2(a) we have plotted the threshold val-
ues of e against eC ~/W;. A strong suggestion of
a linear relation is apparent, and we have deline-
ated an average boundary between the quiescent
and unstable regions. However, in these thresh-
old determinations there are clear variations
from the average which are outside the error
assignments.

An interpretation of these results can be made
which describes the basic instability boundary
and also in a plausible way accounts for the sys-
tematic variations in the threshold values and
the "dual" thresholds typified by Fig. 1(b). We
start with the assumption that the oscillations
are basically electron plasma waves obeying a
dispersion relation
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FIG. 2. (a) Values of e at threshold for instability as a function of eC M/W;. Length of lines forming crosses indi-
cate estimated errors. Numbers near several points indicate values of &;(keV). Point & is for a stable plasma de-
caying by charge exchange after a period of instability. (b) Comparison of measured values of & and those predict-
ed by Eq. (8).

ion terms are neglected and when ~/(k)(V, ) is
la.rge (V, being the mean thermal velocity of the
electrons). We are assuming here that Eq. (2)
holds in the central region of our finite plasma.
The threshold we have examined is for the funda-
mental, n = 1. Additional calculations by one of
the authors (R.F.P.), applying the differential
equation for the perturbed potential in finite geo-
metry, indicate that use of Eq. (2) is appropriate
in the central region of the plasma.

Our second assumption is that the threshold
for instability is the point at which electron Lan-
dau damping is no longer effective. In a situa-
tion with freely streaming electrons, strong
Landau damping occurs when aI/O (~,

the compo-
nent of the phase velocity of the wave parallel to
the magnetic field, locally matches the electron
velocity, v(~. In a confined plasma the analogous
damping occurs when a harmonic of the electron
bounce frequency ~b matches the wave frequency

The difficulties in making a quantitative cal-
culation of Landau damping in finite geometry
have been pointed out by Cordey" and such a cal-
culation is not available. However, we note that
the bounce frequency requirement can usually be
satisfied whenever there is a spread in bounce
frequencies. In confined systems we postulate
that even though the bounce resonance condition
+ =N~b may be satisfied, the local phase reso-
nance condition is still dominant. That is, the
damping will be small unless the local condition

&u/k~~ =v
~~

is also satisfied somewhere in the sys-

amV() (eC'M. (4)

From Eqs. (3) and (4) it follows that there can be
no damping in the body of the plasma if

—,'m(~~, '/k, ') &eC M.

Noting that W~= W;, we can rewrite Eq. (5) in
the form

e =- ur&,.'/~ „.' & (0 ~a;)'e 4 M/w;,

which gives the value of E above which damping
vanishes in the central region.

For effective coupling between the ion gyromo-
tion and the wave, k ~a; is expected to be approx-
imately 2 for a 5-function ion distribution. '"
We can compare Eq. (6) directly with the experi-
mental result of Fig. 2(a) since both w~; and &„.
are determined for the central region of the
plasma. The average experimental boundary
line corresponds to k ~a; = 1.6, with individual

tern.
The local resonance condition for Landau

damping given above requires
—'mv~~'= —'m(Iv, '/A, ' '),

where we have used the dispersion relation, Eq.
(2), and where Id~, is the plasma frequency in
the central region of the plasma. When the elec-
trons are held in by an electrostatic potential as
in the present experiments, then in the central
region of the plasma there exists a range of pos-
sible electron energies given by
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= [(0.25)'+(m/6. 9)'] "' cm-' (7)

Values of k j from Eq. (7) are noted on Fig. 3,
from m = I to 6, and agree well, in general, with
the experimental k ~ structure. While the numer-
ical values for k and k 8 were selected to give
this correspondence, the choices are reasonable
when compared with plasma dimensions.

values of k~a; ranging between 1.1 and 3.2. The
reasonable agreement between the expected and
measured values of k ~a; indicates that the damp-
ing does indeed occur in the central region.

When the density exceeds the limit given by
Eq. (6) there is still, in general, the possibility
of wave damping in other regions of the plasma.
As one approaches the ends of the system both
the local wave velocity v = ~z, /k ~ and the limit-
ing electron velocity must decrease. Whether
or not there occurs the matching of velocities
necessary for damping will depend upon the re-
lation between the local plasma density and the
local potential, in turn dependent on the electron
velocity distribution. The situation is further
complicated by the question of local wave reflec-
tion. If such reflection occurs inside the region
of possible damping, it can prevent the wave
damping from being effective. A recent theoreti-
cal discussion of these questions has been given
by Berk." The present experiment, which is
compatible with damping in the central region,
suggests that damping is ineffective in the outer
regions of this particular plasma.

If Eq. (6) describes at least the average behav-
ior, we can attempt to see more detail by assum-
ing that this equation in fact describes the indi-
vidual threshold values exactly. We measure all
quantities at each data point except k ~, so a val-
ue of k j can be computed, with some error as-
signment. A distribution of measured k ~ values
is then obtained by using a triangular weighting
for each k ~ value within its error band and nor-
malizing each triangle to unit area.

In the resulting histogram of combined ink j
values, Fig. 3, a prominent quantization or mode
structure of k~ is evident. In the absence of a
more refined finite-geometry calculation, we
can reasonably fit the discrete set of values of
k~ suggested by Fig. 3 with a simple normal-
mode model. Remembering that k ~ has both a
radial and azimuthal component (k '=k '+k8'),
we suggest that the radial eigenmode is single
valued and that the azimuthal mode can be repre-
sented by ke ——m, A. Selecting k~ =0.25 cm ' and
A=6.9 cm, we can write
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FIG. 3. Histogram showing the distribution of mea-
sured va1ues of 1nk& (k& in em ). Arrows indicate va1-
ues of Ink», from Eq. (7).

By making suitable assignments of k ~ values,
we can compare experimental threshold values
for all data points with predicted thresholds e',
where

e ' = (k ~ a;) 'e 4 M/Wl .
The result, plotted in Fig. 2(b), brings the data
into nearly a statistical distribution about a
mean line, e =c'. The dual thresholds of Fig.
1(b) now arise naturally from k ~, and k ~4 assign-
ments, and the corresponding predicted thresh-
olds are indicated on Fig. 1(b). We should em-
phasize that the correspondence between pre-
dicted and observed thresholds arises from the
k ~ structure observed, and is not dependent on
the veracity of the simplified normal-mode de-
scription we have presented.

Values of k
~~

for the central region, calculated
from the dispersion relation, Eq. (2), for each
threshold measurement, extend from about 0.04
to 0.20 cm '. Perhaps coincidentally, the min-
imum corresponds to a half wavelength of 78 cm,
which is close to the chamber length of 60 cm.
Our data are inadequate to decide whether a quan-
tization of k

~~
values also exists.

498



VoLUMz 24, NUMj3zR 10 PHYSICAL REVIEW LETTERS 9 MwmcH 1970

The additiona, l single point (b.) plotted in Fig.
2(a) represents a, stable plasma (decaying solely
by charge exchange) observed when the injected
beam was turned off after a period of violent in-
stability. The plasma is typically stable during
such decay periods even at densities well above
the threshold line of Fig. 2 (see, for example,
Fig. 3 of Ref. 3). A measured transient increase
in electron energy during the decay" does not
seem to be sufficient by itself to account for the
large shift in stability level observed. The
change in stability level may be attributed to a
broadening of the trapped-particle distribution
by the action of the instability. Evidence for the
energy spreading of the ions under these condi-
tions has been reported, ' and one expects a sim-
ilar smoothing of the angular and spatial distri-
butions to occur. The observed enhanced stabil-
ity could result from a reduced ion-driving term
for the instability, from reduced wave reflections
(allowing damping to occur in the outer regions
of the pla. sma), or from a combination of these
effects, including the transient increase in elec-
tron temperature.

In summary, the above interpretation of our
threshold measurements accounts quantitatively
for data taken over a wide range of experimental
parameters. The results lend support to theories
of wave-damping effects in mirror-confined plas-
mas. " These same theories point the way to the
achievement of stably confined plasma at high
density.
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BY PHOTOEMISSION
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The plasma resonance in films of Mg, Zn, and Cd, was measured by observing the as-
sociated peak in photoemission. For Mg, the plasmon energy of 10.21 eV and lifetime of
1.09 x 10 ' sec agree with values obtained by energy-loss and optical techniques. For
Zn and Cd the plasmon energies are 9.46 and 8.68 eV, respectively. The lifetimes of
1.14x10 sec ancI 0.82 x10 ' sec, for Zn and Cd, respectively, are considerably
larger than previously observed.

The optically induced plasma resonance' pro-
vides a direct method of observing the collective
oscillations of electrons in metals. Since the
resonance is investigated by optical means, a
high resolution is more easily obtained than by

the earlier methods of observation which deter-
mined the discrete energy loss of fast electrons.
The measurement of the optical constants from
ref lectivity data also allows the loss function to
be calculated. Although using optical methods,
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