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the formation of a density cavity" (cf. profile
modification) and in part by hydrodynamic expan-
sionn.

In conclusion, it has been. demonstrated that
resonance absorption can occur in laser-target
interactions at oblique incidence. The measure-
ments agree well with theoretical predictions for
the behavior of resonance absorption and a value
of 2% for the ratio of hot to cold electrons has
been derived from the data. It has been shown
that, with specially prepared rough surfaces,
absorption can be increased, at normal incidence,
probably due to resonance effects.
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Properties of Electrostatic Ion-Cyclotron Waves in a Mirror Machine
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Frequency and wavelength of electrostatic ion-cyclotron waves have been measured in
a mirror machine. The dominant frequency occurs near the ion-cyclotron fundamental
with width Zf/f & 0.02. For most of the plasma buildup and decay the perpendicular wave
numbers are consistent with an ion-diamagnetic drift wave up;* = ki (cE&/cB) (1/n)dn/dx
at the ion-cyclotron frequency. With increasing wave amplitude the wave spectral prop-
erties do not change but an increase in ion energy diffusion is observed, supporting a
wave-particle saturation of the mode.

Plasma confinement experiments in minimum-
B magnetic mirror machines'~ have demonstrated
the simultaneous reduction of hot-plasma loss
rate and amplitude of ion-cyclotron oscillations
with addition of warm streaming plasma injected
along magnetic field lines. According to theoret-
ical interpretation of these experiments' the

streaming plasma stabilizes the drift cyclotron
loss-cone' (DCLC) instability that is driven by
the velocity-space loss cone of the ion distribu-
tion and the radial plasma density gradient. In
this Letter we report measurements of the fre-
quency and wavelength of the ion-cyclotron oscil-
lations in the neutral-beam-injected 2XIIB de-
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FIG. 1. Plasma measurements vs time: (a) line
density, (b) mean ion energy, (c) 40-keV charge-ex-
change signal, and (d) amplitude of rf oscillations.
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vice. ' The vacuum field strength of the 2XIIB
magnet is B„,=6.4 kg at the center and the mir-
ror ratio R = 2.0. For deuterium plasmas the ion-
cyclotron fundamental is 4.88 MHz at the field
center.

Figure 1 shows the behavior of plasma line den-
sity, mean ion energy, envelope of rf oscilla-
tions, and 40-keV deuterium charge-exchange
Qux for the data to be presented. As described
previously, ' the plasma density builds up, initial-
ly by neutral (D') beam trapping on the stream-
injected plasma, and then on the trapped hot plas-
ma, until a quasisteady state is reached with
trapped hearn current matching the plasma loss
rate. The stream-injected plasma source is then
shut off and shortly afterward the plasma density
decays with 0.30-ms decay time, although neu-
tral beam injection continues. There is ample
evidence'" from plasma diamagnetism, neutron
production, and energetic charge-exchange flux
that the low-energy stream plasma constitutes
only a small fraction of the peak density attained
and that the decay is due to an increase in the hot-
ion loss rate. As the density decays there is an
increase in mean ion energy and a large absolute
increase in the magnitude of 40-keV charge-ex-
change Qux. This is evidence that ion energy dif-
fusion increases when the stream plasma source

is turned off. Although not observed directly,
an accompanying increase of diffusion downward
in energy would result in an enhanced loss cur-
rent of particles reaching the ambipolar hole of
the loss-cone distribution. Also shown in Fig. 1
is the amplitude of rf oscillations detected by an
electrostatic probe at the edge of the plasma.
The rf amplitude is high during the buildup, de-
creases as the peak density is reached, and then
builds up again during the plasma decay. The rf
amplitude occurs predominantly in a narrow band
at the ion cyclotron frequency.

The ion-cyclotron-oscillation measurements
were obtained with a five-tip high-impedance elec-
tostatic probe located at z =4 cm from the plasma
midplane at a radius Rp b =14.0 cm. Adjacent
probe separation is 1 cm. The probe tips are
oriented perpendicular to field lines to measure
k~. For comparison, the mean plasma radial and
longitudinal scale lengths are approximately 7
and 23 cm, respectively, and the distance be-
tween mirrors is 150 cm. Evidence that oscilla-
tions detected by the probe are driven by the hot
interior plasma come from (l} agreement with
the frequency of oscillation detected by a similar
probe located outside the mirrors but on field
lines passing through the central hot plasma;
(2) agreement, at lower densities than reported
here, between phase modulation frequency of a
4-mm microwave interferometer and the frequen-
cy detected by probes'; and (3) the observed de-
pendence of oscillation frequency on central plas-
ma, energy density [Fig. 3(b)]. To record and anal-
yzed the probe data we have used digital spectral
analysis techniques, ' recording the raw data on
transient recorders (50-MHz digitizing rate,
2048-word, eight-bit memory), and then applying
discrete Fourier analysis. Fiducial pulses are
mixed with the raw data to allow corrections for
time-base jitter between channels. The recorders
provide a 40.96-ps time window of the plasma os-
cillations on a particular shot. Data have been ob-
tained over a sequence of shots holding machine
parameters constant. The transient recorder
trigger times are indicated on the time axis in
Fig. 1.

In Fig. 2 we have shown a typical cross-power
amplitude spectrum and phase spectra. These
spectra were obtained by computing the discrete
Fourier transform I;(fn) from the time-domain
data p;(ts) for each probe channel j using a fast
Fourier-transform algorithm:

N

C, ( fn) = —P exp(- i2wop/&)p;(&s),
Ng i
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FIG. 2. (a) Cross pow-er amplitude spectrum P21(f)
at f =4.50 MHz. (b) Cross pow-er phase spectra g»(f),
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where fn = n/Na t, 1 (n (N/2, and t s = Ph t with
sample interval At = 20 ns. Cross-power spectra
are then computed according to

(2)

The amplitude spectrum iP»( fn)i and phase spec-
tra 0»( fn)2 (j ~5 are plotted in Fig. 2 for a typi-
cal case. In a local plane-wave representation,
the phase spectrum is related to the local wave
number k( fn) by 8»( fn) =k( fn)b x», where br»
is the probe channel separation. The data, in Fig.
2 have been calculated with N = 512 and averaging
the cross-power spectrum over four segmerits of
transient recorder memory.

The amplitude spectrum in Fig. 2 has a very
narrow frequency component at f = 4.50 MHz near
the center vacuum-field deuteron cyclotron fre-
quency (4.88 MHz). The full width at half-maxi-
mum at 6 dB is approximately 100 kHz, and near-
ly equal to the width due to the finite time sample.
We therefore conclude that b.f/f (0.02 and the cor-
relation times exceed - 50/f (the correlation func-
tion is the Fourier transform of the cross-power
spectrum). Another peak in the amplitude spec-
trum occurs near the first harmonic at 9.0 MHz

but reduced relative to the fundamental by 18 dB.
For all of the data, the second harmonic is sup-
pressed ~10 dB relative to the fundamental, high-

er harmonics are suppressed even further, and

the observed widths of the fundamental are ac-
counted for by the finite time sample. The phase
spectra in Fig. 2, evaluated at f = 4.50 MHz, in-
crease with probe-tip separation. For this case,
after correction for time-base jitter, a least-
squares fit yields k~=0.51~0.10 cm ' at Rp
=14 cm. The sign of the phase shift with increas-
ing probe separation gives the direction of wave
propagation. For the conventions used, positive
phase shift displayed in Fig. 2 indicates that the
wave is propagating azimuthally across field lines
in the direction of the ion diamagnetic drift cur-
rent. Doppler-shift corrections due to plasma
rotation in the ambipolar electric field are negli-
gible. For an ambipolar potential ec 6500 eV,
corresponding to the low-energy cutoff of the ion
energy distribution, we calculate the frequency
of E &&B rotation

fp„s- 2~— , ——25 kHz.1 cc 1
7T vac plasma

In Fig. 3(a) we have summarized all of the
wave-number measurements. The measurements
have been scaled, assuming a radially invariant
azimuthal-mode number, with the ratio of probe
radius to mean plasma density radius R p„b, /
Rz„, , = (14 cm)/(7 cm) =2.0. The data in Fig.
3(a) fall close to the condition obtained by equat-
ing the ion diamagnetic drift frequency ~,*
=k|(cZ;/e8)R z», ~, ' to the ion cyclotron frequen-
cy which yields k~=1.06 cm ' for E,. =13 keV, 8
=6.4 kg, and Rp&„,=7.0 cm. The azimuthal
mode number rn is related to ki in Fig. 3(a) by
m =R plasmak ~ = 7k ~ For 2.5 ms & t & 4.0 ms the
sign of k~ is positive indicating waves propagat-
ing in th= ion diamagnetic drift direction. These
measurements of wave vector are similar to
those obtained by one of us (T.C.S.) under certain
operating conditions of the earlier 2XII experi-
ment, which did riot employ neutral beam injec-
tion or external stream stabilization. In that
case the oscillations were identified as the DCI C
mode. ' Three measurements outside the interval
2.5 ms &t &4.0 ms have k~&0 indicating propaga-
tion in the electron diamagnetic drift direction.

The frequency of oscillation is always less than
the vacuum-field cyclotron frequency. Even if
the wave frequency is closely matched to the cy-
clotron frequency such a circumstance is expect-
ed for moderate-P plasmas because of field de-
pression by plasma diamagnetism. In Fig. 3(b)
we have plotted the frequency shift as a function
of the product of mean ion energy and line densi-
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ty measured through the plasma center. P at the
plasma center is related to E,fndl by

n (0)E,. 8m E,Jndl.
~ vac (~~)R plasma Bvac

where n(0) = fn dl/v mR~ for the measured Gaussian
line density profiles.

Also plotted in Fig. 3(b) are two curves corre-
sponding to the frequency shift expected in the
long, thin plasma approximation 6f/f, = l —(l
-p)"'. The upper curve is calculated for the
center-plasma P and the lower curve for the den-
sity-weighted mean plasma P, P(0)/2s/2. Since
the observed frequency shifts fall close to the
P(0) expectation, the data suggest that the oscilla-

tions are related to the center density rather than
the density further out on the plasma profile
where the radial density gradient is steeper. A
related phenomenon is observed in Fig. 4 where
we have plotted the radial line-density profile fol-
lowing onset of the decay. The profiles are ob-
tained by measuring neutral beam attenuation
along chords at the plasma midplane. The densi-
ty decay is observed initially at the plasma cen-
ter and then moves radially outward.

In connection with the above data we have per-
formed a marginal stability analysis of the DCLC
dispersion relation. The details of the calcula-
tion are available on request from one of us
(W.C.T.). For the plasma parameters reported
here, the predicted k~ is - 30/o below the condi-
tion obtained by equating the ion diamagnetic
drift frequency w*=k~cE,eBR p&ps~ to the ion-cy-
clotron frequency, and the wave propagates in the
direction of the ion diamagnetic drift.

In conclusion, we have measured the frequency
and wavelength of electrostatic ion cyclotron os-
cillations in a stream stabilized mirror machine.
A narrow-band (ss f/f (0.02), single-mode spec-
trum near the ion cyclotron frequency is ob-
served. For most of the plasma buildup and de-
cay the wave propagates in the ion diamagnetic
drift direction with 2.9&k~a,. &6.1. When the sta-
bilizing stream plasma is shut off, the plasma
loss rate increases, and there is a simultaneous
increase of oscillation amplitude and ion heating
although the wave spectral properties do not
change. These observations support the wave-
particle saturation of the DCLC mode proposed
to explain the stability of mirror machines. Ear-
ly and late in the time evolution of the experiment
the ion-cyclotron wave propagates opposite to the
ion diamagnetic drift and this has not been ex-
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plained by the DCLC dispersion relation.
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Vacancy-Induced Ferromagnetism: The Registered Phase of 3He on Grafoil
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Submonolayer 3He on Grafoil at density n just below the density of the registered phase,
n„corresponds to a low-density solid with vacancy concentration (n, —n)/n, . Under
suitable circumstances, these vacancies cause the solid to undergo a ferromagnetic tran-
sition.

During the past few years the submonolayer 'He
and 'He systems on Grafoil have been the subject
of intense experimental and theoretical investiga-
tion. ' Analysis of the thermodynamic data on

these systems shows the phase diagram of sub-
monolayer helium (on Grafoil') to be very similar
to the phase diagram of bulk helium. "Recent
NMR measurements of Richards and co-work-
ers" on 'He over much of the submonol3yer
phase diagram show this system to be described
by particle motions qualitatively similar to those
observed in bulk helium. In most regards the
submonolayer helium systems (on Grafoil) are
strikingly similar to the corresponding bulk he-
lium systems. But, the two-dimensional (2D)
helium systems reside in the periodic hexagonal
potential wells of the Grafoil substrate. At cer-
tain coverages of the substrate, this potential
coaxes the helium into the registered phase or
"lattice-gas" phase. ' The registered phase is an
artificially low-density solid phase; it is the
unique feature of the 2D helium phase diagram.
This Letter describes a speculation about the na-
ture of the low-temperature magnetic state of the
registered phase of 'He. The essential content
of this speculation is that the registered phase
can be formed with a reasonable concentration
of ground-state vacancies and that these induce
a ferromagnetic phase transition at T & 5 mK.

The onset of the registered phase is signaled
by a A. -like signature in specific-heat data at
about 3 K. In T, data, at constant temperature
below T„ the registered phase is seen as an
asymmetric dip in T„as a function of coverage. '
At fixed coverage, near the critical coverage n,
for the registered phase, T, decays rapidly as
the temperature is lowered below T,. The tran-
sition to the registered phase in 'He is at n,
=0.0643 part/A' and T, =2.03 K. Strong vestiges
of the registered phase are seen at coverages
~n - n, ~/n, (0.05 on either side of n, at tempera-
tures of order T,. Thus, the registered phase
is a needle on the phase diagram, Fig. 1. At n,
the number of 'He atoms on the Grafoil surface
is —,

' of the number of binding sites on the sur-
face. The atoms are localized near every third
lattice site (they are in registry with one of three
equivalent sublattices) at 4.20 A from their near-
est neighbors, Fig. 1(b). A solid, which is the
monolayer analog of the bulk solid, is present
on the phase diagram' at 0.078 (n(0.110; it
"melts" at n =0.700 so that the registered phase
is a low-density island of solid surrounded by
the liquid phase. '

Evidence for the localization and spin disorder
of the registered phase comes from a variety of
sources. (a) The entropy of 'He and 'He, calcu-
lated from specific-heat data at T ) 0.040 K, dif-
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