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estimate (¢”/27)=130+40 MHz A2 From this,
we predict that the anomaly in specific heat in
hep 3He should be observable below about T
~0.0050, at molar volumes of about 19 cm?,

It should be noted that a Hamiltonian of the
form (6) does not contribute to the zero-field
susceptibility at high 7. The bec phase of solid
3He exhibits an anomaly in the NMR measure-
ments!®!! also. The spectral function for the
transverse relaxation is quite distinctly not a
Gaussian, as is expected approximately for an
exchange-narrowed line. On a preliminary exam-
ination, we find that indirect spin interactions
may be responsible for this anomaly. We intend
to explore this matter further as well as other
consequences of indirect spin interactions includ-
ing their effect on thermal conductivity.
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OBSERVATION OF COLLISIONLESS ELECTROSTATIC SHOCKS*
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(Received 19 December 1969)

Large-amplitude ion-acoustic waves (e¢ /kT . < 0.3) are excited in the University of
California, Los Angeles double-plasma device by the interpenetration of two plasmas
with high electron-to-ion temperature ratios (6<T./T; <20). A compressional wave
with a ramp shape is found to steepen in a fashion consistent with the classical overtak-
ing predicted by the usual Riemann invariants. This steepening continues until disper-
sive short scale (2~ %kD) oscillations develop at the front. Ions streaming in front of the

shock are also observed.

Moiseev and Sagdeev' and Montgomery? have
shown that, in the limit T./T, »>1, the develop-
ment of a finite-amplitude ion-acoustic wave is
given by a Riemann solution which results in a
steepening of the ion waves into a shock-like
front. Andersen et al.’ have reported observa-
tion of steepening of ion-acoustic waves in a @
device. Their shock thickness was determined
by the ion-ion collision distance and was more
than 1000 Debye lengths xp.

Here we wish to report the observation of a
magnetic-field-free collisionless shock forma-
tion with a thickness of about 51 . These shocks
are excited by either a step or a ramp voltage
applied between two plasmas (the driver and the
target). Steepening is observed (of course) only
for the ramp initial condition.
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The two plasmas are produced in the Universi-
ty of California, Los Angeles double-plasma de-
vice* by electron bombardment of argon at about
5x107* Torr in two identiczl chambers, placed
end to end, which are insulated from each other
and separated by a negatively biased grid, held
at a fixed potential. The grid isolates the elec-
trons in one plasma from those of the other. The
chamber dimensions are length=diam =30 cm
=1000r. Ion-ion collisions are unimportant
since typical densities are 10° ¢m ™2 with ion tem-
perature about 0.2 eV (A ;>10%\). The ion-neu-
tral collision effects can also be ignored. The
mean free path for charge transfer is greater
than 300X .

Our wave excitation mechanism is different
from the well-known grid excitation.® Although
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we use a grid between the plasmas, its function
is to allow the maintenance of a significant gradi-
ent in the electron densities in the vicinity of the
grid. Therefore the electrons are prevented
from short-circuiting potential differences be-
tween the target and driver plasmas.

The excitation of a ramp wave in our system is
accomplished as follows. First the driver plas-
ma density is adjusted to be higher than that of
the target plasma [as shown in Fig. 1(a)] by suit-
able choices of filament emission and electron-
bombarding energy of the background neutral gas.
During this process wave propagation is inhibited
by holding the driver plasma ions at a slightly
negative potential with respect to the target plas-
ma., Then at £=0 a ramp potential [Fig. 1(b)] is
applied to the driver plasma. The maximum val-
ue ¢4 of this potential determines the wave po-
tential; about half of the applied potential drives
a compression and the other half a rarefaction
wave into the target and driver plasmas, respec-
tively. Both the amplitude ¢, and the rise time
7 of the ramp can be varied. When 7 has its min-
imum value (0.1 usec) we get the special case of
a “step.”
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FIG. 1. (a) Initial plasma density profile. (b) Poten-
tial applied between the two plasmas at the time of
wave launching. (c) Plot of electron density versus
time with distance as parameter. 7,=10° cm™2, ini-
tial density rise =25%, T.=1.5eV, T;=0.2 eV,

Figure 1(c) shows the nature of the compres-
sion-wave propagation due to the applied poten-
tial ramp shown on the top trace. As the wave
propagates it steepens, followed by short-scale
oscillations resembling a wave train® with a fre-
quency about 0.5w,;.” The Riemann solution,
which neglects both dissipation and dispersion,
exhibits steepening in a time

to=Tn,/on

where 7 is the time duration of the initial density
ramp and 8n/n, is the normalized density pertur-
bation. The data of Fig. 1(c) agree with this pre-
diction within 30%.

In front of the shock a small precursor can be
seen. Using an ion-energy analyzer,*® we have
found this to be a group of streaming ions, caus-
ing a double-humped ion distribution. Some of the
ions come from the driver plasma, and some,
originally part of the target plasma, are acceler-
ated by the front, i.e., reflected by the front when
viewed in the shock rest frame. The number of
ions streaming in front of the shock is found to
depend on the excited wave potential and the 7./
T, ratio. Computer experiments by Mason!® show
a similar ion stream. Figure 2 shows the change
in shock propagation when the T,/7; ratio is
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FIG. 2. Spatial plot of the shock propagation at

(a) lower and (b) higher electron temperatures, show-
ing variation in the amount of streaming ions. T; =0.2
eV; ny= 10° em ™3 initial on/ny=25%; excitation (a) 1
V, (b) 2 V.
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changed by a factor of 2. These plots (in which
the abscissa is axial position at various fixed
times, i.e., the opposite of the case in Fig. 1) are
obtained by sampling the saturated electron cur-
rent’ from a Langmuir probe at a fixed time, as
indicated, while sweeping the probe position axi-
ally. Lower T,., as shown in Fig. 2(a), results in
an increase in the number of the streaming ions.
The streaming ions appear to dampen the shock
energy. At higher T,.[Fig. 2(b)] a smaller ion
stream is excited since the wave propagates fast-
er, there is less damping, and a longer wave
train is observed. In these shock waves the mea-
surement of electron density shows a dependence
ne=n,exple/T,).

For a high T,/7; ratio the linear and nonlinear
ion-acoustic wave behavior can be described
(neglecting reflected ions) by the fluid equations.
In that limit Washimi and Taniuti'? have shown
that the solution to the linearized piston problem
(in our case this is a step excitation) for large ¢
can be given in terms of the integrated Airy func-
tion with argument (2)"*(\p, /x)?(x=Ct)/xp, where

= (kT ./M)"* is the ion-acoustic speed. In Fig.
3, we show the spatial ion-acoustic wave response
at a fixed time due to step excitations (7>1/w,;)
of different amplitudes. For small amplitude (top
trace) an Airy-function-type response results.
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FIG. 3. Plasma response to a potential-step excita-
tion, showing an Airy-type structure at small ampli-
tudes. T.=4eV, T;=0.2 eV, n,=10° cm™3, Time is
fixed at 34 psec after the step excitation.
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The first two peaks in the wave train are sepa-
rated by about 12),. A table of the integrated
Airy function shows a separation between the
corresponding two peaks equal to 16x,. This

is a good agreement considering the uncertainties
in the measured plasma density. As the excita-
tion amplitude is increased, the wave train and
the shock front shift to the right (i.e., the Mach
number increases) and the shock transition re-
gion shortens. At the same time the wave num-
ber of the wave train shows a considerable in-
crease, in agreement with the predictions of
Moiseev and Sagdeev.! Thus, the Airy structure,
which is a linear result for a boundary-value
problem, is modified at Mach numbers >1, At
Mach numbers about 1.2 (maximum produced) the
wave train is reduced to less than 3 oscillations
indicating increase in dissipation.!®* We have
found the dependence of the Mach number on the
density jump to be M=1+(0.75+0.2)6n/n,, valid
up to our maximum &n/n, (<0.3).

We wish to express our thanks for assistance
given by Professor K. R. MacKenzie and Profes-
sor A. Y. Wong, and for helpful discussions with
B. D. Fried (who suggested the use of the ramp
excitation) and C. F. Kennel.
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ELECTRIC-FIELD-INDUCED COLOR CHANGES AND PITCH DILATION
IN CHOLESTERIC LIQUID CRYSTALS
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A new electric-field—induced color range, in which colors change from blue to red
with increasing field, has been observed in cholesteric liquid crystals. Observations of
this new color range quantitatively confirm the theories of Meyer and de Gennes and en-
able identification of the specific nature of the electric-field—induced cholesteric-ne-

matic phase transitions previously observed by other workers.

Introduction. — The dramatic color changes re-
sulting from the application of electric fields to
cholesteric liquid crystals have been well known
since the initial investigations of Fergason and
Harper.! However a theoretical basis for these
effects has yet to be quantitatively confirmed.

Recently Meyer? and de Gennes® calculated the
effects of external electric® and magnetic?®® fields
on the helical structure of cholesteric materials.
For the magnetic field case their predictions
have been verified by the experiments of Durand
et al.* and Meyer.® Although the electric-field—
induced cholesteric-nematic phase transitions
predicted by Meyer have been observed by Wy-
socki, Adams, and Haas® and by Baessler and
Labes,” until the current investigation, the spe-
cific nature of these experimentally observed
transitions has remained uncertain.®

We report here the observation of a new elec-
tric-field-induced color range, different from
that reported by Harper and other previous work-
ers. In this new color range, colors change from
blue to red with increasing electric field for
fields applied normal to the helical-ordering
axes. In contrast, the effects observed by Har-
per change from red to blue with increasing field
and have been generally attributed to fields ap-
plied parallel to the helical-ordering axes.! The
new color-change region enables us to observe
the details of the cholesteric-nematic pretransi-
tion phenomena and thereby to identify the spe-
cific nature of this phase transition. These ob-
servations quantitatively confirm the theories of
Meyer and de Gennes for the influence of electric
fields applied normal to the helical-ordering
axes.

Also reported here are observations of elec-
tric-field-induced 90° reorientations of the heli-
cal-ordering axes. Finally, certain transient
phenomena are briefly considered.

Sample preparation. —The mixed crystal sys-
tem composed of cholesteryl chloride (CC), cho-
lesteryl nonanoate (CN), and cholesteryl oleyl
carbonate (COC) was chosen for this investiga-
tion because it orders cholesterically at room
temperature, at which all measurements were
made, with a convenient range of pitches de-
termined by the relative concentrations of the
individual components. All component materials
were obtained commercially and used without
further purification.® Three samples (I, II, TII)
with zero-field pitches p,~(2330, 3400, 7400 A)
and consisting by weight of CC (30.0, 37.5, 48.05
%), CN (28.0, 25.0, 20.9%), COC (42.0, 37.5,
31.05%) were prepared by heating the materials
to 90°C, mixing them mechanically without sol-
vent, and allowing them to cool slowly to room
temperature.

Fields were applied to the samples by sand-
wiching them between transparent electrodes of
SnO, deposited on glass and separated by a 6- u-
thick Mylar spacer with a 5-mm-square window
cut for the sample. The sample package was
given mechanical stability by clamping with al-
ligator clips. Typical sample resistivities were
on the order of 10 & cm. Because of uncertain-
ty in the actual sample thickness as a result of
material viscosity and small deformations of the
cut edges of the Mylar spacer, the quoted field
values should be regarded as only approximate.
However, because our principal results are in-
dependent of sample thickness, more precise
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FIG. 1. (a) Initial plasma density profile. (b) Poten-
tial applied between the two plasmas at the time of
wave launching. (c) Plot of electron density versus
time with distance as parameter. n;= 10° em™?, ini-
tial density rise =25%, T,=1.5eV, T;=0.2 eV.



