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by the inserts in Fig. 2(b). Without a quenching
field the 4D», -4P„, resonance is merely an
elongation of the right wing of the 4P3/2 4S,,2

resonance; with a quenching field set at. 1225
MHz, the 4D„,-4P„, resonance is a distinct,
symmetrical resonance centered at 1375 MHz.
A similar elucidation of the 4E„,-4D„, resonance
is obtained by using the 48, /2 4P~g2 transition at
140 MHz to quench 4$ states.

Several methods were used to reduce the data.
The method employed was determined by the
number of data points, the statistical errors,
and the separation of the hyperfine components.
Detailed resonances with small statistical er-
rors and large hyperfine separations were fitted
with a fitting function involving five free param-
eters and three Lorentzian components. The
five parameters were the half-width, the reso-
nance frequency for one component, and the am-
plitude of each of the three components. For
resonances where there was only a small hyper-
fine structure or severe overlap of fine-struc-
ture components, the center of the line was lo-
cated by measurements at symmetrical points
on each side of the line, and the limits of error
were determined by computer simulation of the
resonances. Calculations were made for differ-
ent choices of the initial hyperfine-state ampli-
tudes in order to determine the effect of different
weighting schemes on the measured frequency.
The data were separately corrected for varia-
tions in the rf power, for the first-order Doppler

shift, and for Stark shifts.
Table I summarizes the measured fine-struc-

ture intervals. It also gives the results of earli-
er experiments" and the theoretical values for
the fine-structure intervals. "' The agreement
between experiment and theory is quite satisfac-
tory. Work is now in progress to understand in
detail the signal amplitudes and to use this infor-
mation to study the relative populations of the
angular momentum states produced in the colli-
sions which form the hydrogen atoms.
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Professor G. Series.
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The collisionless damping of small-amplitude plasma waves is independent of the ex-
citing voltage Ve~. For large-amplitude waves, the damping rate increases linearly
with V~„and amplitude oscillations are observed. A phase transition appears at ampli-
tude minima.

The amplitude oscillation of an electron plasma
wave has been studied experimentally by Malm-

berg and%barton. ' In their experiment where
the wave potential y is within the range ey/T,
&0.3 (where T, is the electron temperature in

eV), the damping length of the amplitude seems

to be independent of the exciting voltage. Theo-
retically, Armstrong' and Dawson and Shanny'
showed that the initial temporal damping rate of
the wave increases rapidly with amplitude. For
ion acoustic waves, Sato et al.4 have observed en-
hanced damping followed by growth when ecp/T,
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FIG. 1. Raw data. The transmitter voltage is 7.1,
3 7 and 1.4 V for curves A, B, and C, respectively.

&0.4, where 7',. is the ion temperature. This
Letter reports the preliminary results of a trans-
mission experimeriment on longitudinal electrostatic
waves under an extended range of the potential,

&'T, & 2 using low-density and quiescent plas-e u
The purpose of this experiment is to mea-ma. e

sure the spatial damping rate as a function o
transmitting voltage.

The experiment was performed using the space
chamber at the Institute of Space and Aeronauti-
cal Science, University of Tokyo. The stainless-
steel chamber is 2 m in diameter and about 4 m

long. At both ends of the chamber plasma sour-
ces of back-diffusion type, 15 cm in diameter,
are set up face to face. A receiving probe made
of 1-mm diameter and 10-cm long tungsten wires
is placed 1 m from one of the plasma sources.
A transmitting disk grid 15 cm in diameter, con-
sisting o . -mf 0 1- m diameter molybdenum wires
spaced 2 mm apart, is moved along the plasma

I Th grid is connected by coaxial cable
ectedto a signal generator. The probe is connec e

to a wide-band amplifier and a balanced mixer.
4

A reference signal from the transmitter is phase
shifted and also added to the mixer; i.e., the
system is use d as an interferometer. The posi-
tion of the transmitter grid is taken as the x axis
of an x-y recorf - corder and the mixer output is ap-

Y „(V)
FIG. 2. The damping rate normalized by wave num-

ber as a function of the exciting voltage V~.

plied to the y axis. The plasma is dark, its den-
sity is about 3.2 && 10' electrons/cm, ' and the elec-
tron temperature is about 0.9 eV. Hence the
Debye length is about 4 cm. The background gas
is argon and its pressure is 5~10 ' Torr. The
electron mean free path for electron-neutral-
atom collisions is of the order of 20 m. For the
present electron-wave experiments, extending
over a length of about 2 m, the plasma is con-
sidered as collisionless. A longitudinal magnetic
field of 60 G is applied by a Helmholz coil of 2.5
m diameter. The electron-cyclotron frequency
(170 MHz) is much larger than the electron plas-
ma frequency (1.6 MHz).

When an rf voltage is applied to the grid insert-
ed into the plasma, electron plasma waves are

ted wh' h propagate in both directions along

potential. The dispersion of the waves is mea-
sured by varying a transmitting frequency from
1.2 to 9 MHz. The resultant dispersion relation
is similar to that for finite dimension, finite
temperature, and strong magnetic field. This
relation already has been studied experimentally
by several workers. "

Typical raw data drawn on the x-y recorder
are shown in ig.h

' F' 1 The transmitting frequency
is 6 MHz. The noise in the curves is caused by
the vibration of the motor-driven grid. For
curve C of this figure the peak-to-peak rf volt-

351



VOLUME 26, NUMBER 7 PHYSICAL REVIEW LETTERS 1$ I'EBRUARY 1971

age applied to the transmitting grid, V,„, is 1.4
V. When the amplitude of the oscillation is
plotted on a logarithmic scale, it is found that
the damping rate changes at the separation of
150 cm. On both sides of this critical separation
the change of amplitude can be represented by
st.raight lines. The initial damping length, cor-
responding to the first of the straight lines, is
58 em and the final damping length, correspond-
ing to the next, is 26 cm. For curve E the ex-
citing voltage is 3.7 V. Initially the damping
length is 32 cm, and beyond the separation of
about 68 cm it is 13 cm. The amplitude reaches
a minimum at the separation of 100 cm. For
curve A the exciting voltage is 7.1 V. Its initial
damping length is 18 cm. The reason. for the
change of damping rate in the course of trans-
mission is not clear. The initial damping rate
k,. divided by the wave number k„of the wave is
shown in Fig. 2 as a function of V,„ for the ease
where the transmitting frequency is 7 MHz and
the wavelength is 19 cm. The wavelength is in-
dependent of V,„. The damping rate k,. is con-
stant if V,„ is smaller than about 0.3 V. If the
exciting voltage V,„exceeds 0.3 V, the damping
rate increases linearly with V,„and the ampli-
tude oscillations are observed as shown by
curves A and 8 in Fig. 1. Since the wave poten-
tial y is proportional to V„, it is written as p
=~eV,„. With the value of n estimated below
and with 0.3 V for V„, the critical potential p„
of amplitude oscillations is given by ep„/T,
= 0.1. For an ion acoustic wave, Sato et al. '
obtained the relation ep„/T, =0.4.

When V,„=0.3 V, the measured value of k;/k„
is nearly equal to 0.04 which is one order of
magnitude smaller than the critical value (0.4)
cal.culated by Hirshfield and Jacob' as a criter-
ion for free streaming. So the decay of the wave
is dominated by a spatial Landau damping, rath-
er than by the free streaming of noninteraeting
particles. Defining A„, as the distance between
amplitude minima, the following relation has
been introduced:

V —kosc V
~osc

where A and V~ are the wavelength and the phase
velocity of the wave, respectively, k„,=2m/A„„
and m and e are the electron mass and charge. '
Instead of A.„,the position D of the first mini-
mum is put into the left-hand side of Eq. (1) and
the result is plotted in Fig. 3 as a function of
V,„'"for two transmitting frequencies. It can
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FIG. 3. Product of the inverse of the normalized dis-
tance with the wavelength and phase velocity as a func-
tion of the square root of the. exciting voltage V~„

be seen that a relation of the form of Eq. (1) in-
deed holds independently of the transmitting fre-
quency. Using the measured ratio D/A„, which
is about 1.2, and using Eq. (1) and Fig. 3, we
estimated the grid efficiency e at about 0.4. The
damping length of the amplitude of the oscillation
is somewhat larger than that of a small-ampli-
tude wave.

Theoretically, for the case of small damping
rate, amplitude oscillations should occur if
k„,/k, & (2~)"a, where k, is the imaginary part
of the wave number of a small-amplitude plasma
wave. " As the measured k„,/k, is about 4. 5

under the condition that V„=1.7 V, it is in agree-
ment with the above condition.

It should be noted that at the position of an am-
plitude minimum shown by an arrow in Fig. 1, a
phase transition appeared. With an increase of
V,„, i.e., p, this phase gap reaches the value
m. This phase transition, which has not been re-
ported in Refs. 1 and 4, seems to be an unpre-
dicted resuIt. At the position of the amplitude
minimum, not only a decaying wave but also a
growing wave seems to exist. That is, in the
course of the damping of the decaying wave, a
new growing wave appears, and the phase gap
oe cur s between these two waves.

In summary, the damping of electron plasma
waves is shown experimentally to be qualitative-
ly dependent on the amplitude of the wave. Small-
amplitude waves show linear Landau damping.
Large-amplitude waves exhibit enhanced damping
and amp1itude oseillations. This behavior is
different from that observed by Malmberg and
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Wharton, but is similar to that of ion acoustic
waves studied by Sato et al. At an amplitude mini-
mum, a phase transition is observed.

The authors would like to thank Professor
T. Itoh for his encouragement. This work was
performed under the collaborating research pro-
gram at the Institute of Space and Aeronautical
Science, University of Tokyo.
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The lcw-temperature variation of the pressure at constant volume of a 24-cm /mole
solid-3He sample has been measured at 40.8 and 57.2 kG. No difference was observed
from the zero-field curve. This result is thermodynamically inconsistent with previous
measurements on solid He if the system is in equilibrium. Implications of this anoma-
lous result are discussed.

The magnetic properties of solid 'He are of in-
terest for two reasons. First, because of the
large zero-point motion, the nuclear spins exper-
ience a. large exchange interaction J. This ha, s
been confirmed by NMR measurements of spin
relaxation and spin diffusion', by measurements
of pressure as a function of temperature at con-
stant volume, Pv(T)2, and by measurements of
the nuclear susceptibility. "Qnly by the last
method has the sign (antiferromagnetic) of J
been determined. Secondly, because of the sim-
ple lattice and the apparent absence of magnetic
asymmetry, 'He is thought to be an excellent ex-
ample of a Heisenberg antiferromagnet. .

' A pre-
cise comparison of the Heisenberg theory with
experiment should be feasible for this substance
in the paramagnetic range. ' In an attempt to ac-
complish this we have used a capacitance-strain-
gauge technique to measure Pv(T) in a large mag-
netic field.

Our experiment consists of measurements of
Py(T) at three fields, 1, 40.3, and 57.2 kG, of a
24-cm'/mole, bcc solid-3He sample. This is the
first time, to our knowledge, that solid 'He has
been examined at such a high field. At 1 ko, as
expected, we get very good agreement with the
zero-field results of the Florida group. ' Howev-

er, contrary to all expectations we have observed
no difference, within experimental accuracy, be-
tween P„(T) measured at low field and at high
fields.

Adams et al. ' have shown that at zero field and
for temperatures between 15 and 200 mK the ef-
fect of the exchange interaction dominates P„(T).
Their data can be described by the relation

where I'=8 In~ J~/8 lnV is an "exchange Gr(ineisen
constant. " The effect of a magnetic field on
P„(T) can be calculated from the susceptibility
data by using the Maxwell relation (8P/8H)„r
= (8M/8V)s r. The susceptibility data fit the
form M = CH/T(1+4'/kT) (where C is the Curie
constant). Integrating the Maxwell relation we
obtain

3RP J 2 1 I" J QH'2
Pv(T) =P + — —+2—— + ~ ~ ~ . (2)y k T y k

For bcc 'He at 24 cm'/mole and 60 kG the mag-
netic term becomes equal to the zero-field term
at approximately 20 mK. The higher-order
terms in Eq. (2), which reflect the model details,
also become appreciable in this range of fields
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