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tation mechanism via inner-shell vacancies for
the Pb+ Pb and Pb+ U systems. These calcula-
tions and the extrapolation for the U+ U system,
which does not include effects from the spreading
of the 1sa state in the negative-energy continuum,
reproduce the absolute positron yield as well as
its dependence on Z and on the distances of clos-
est approach within the limits of error.
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Observation of Scattering of Ion-Acoustic Cylindrical Solitons
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A large-amplitude ion-acoustic cylindrical soliton launched in an axisymetric cylindri-
cal system collapses at the center of the cylinder. The highly nonlinear nature of the
interaction is observed after the collapse, showing that many isolated pulses are emitted
abruptly and propagate out without clear evolution of their wave forms.

The solitary wave is one of the most interest-
ing phenomenon in nonlinear physics. " They are
known to relate not only to large-amplitude dis-
persive waves" in plasmas, including la,ser-
and/or microwave-pla. sma-interaction phenom-
ena, but also to the waves of hydrodynamics or

even to the oscillations in a lattice of solids. 4

Here we focus our attention on the ion-acoustic
solitons. It has been clarified that the solitons
do not interact strongly, i.e. , elasticity has been
observed in the collision process. On this point,
rather small-amplitude, one-dimensional solitons
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have been investigated both theoretically, "in-
cluding numerical simulation, and experimental-
ly" on the multiple solitons and interactions be-
tween them. But recent theoretical considera-
tions have pointed out some possibilities of the
inelastic process in the collision of solitons, ''
although, to our knowledge, experimental verifi-
cations have not been done yet. Characteristics
of two-dimensional cylindrical' "and three-di-
mensional spherical ' solitons have also been
predicted theoretically and have been confirmed
precisely in the experiment on the cylindrical
solitons. ""

In the present Letter, we wish to present ex-
perimental results on new scattering phenomena
occurring in the collisions of large-amplitude
cylindrical ion-acoustic solitons, which may
show the existence of inelastic processes in the
collision of solitons.

An experiment is performed in a DI'-type'"'"
coaxial cylindrical system covered with many
permanent magnets on the chamber wall. The
system is explained in another publication, here
we summarize the plasma parameters: electron
density n = (5-10)x 10' cm ', electron tempera-
ture T, =2.0-3.6 eV, and that of ion T, &0.4 eV
in Ar gas with pressure of (1.5-5.0)x 10 ' Torr.
Ion-ion and ion-neutral collisions can be ignored,
while electrons have been measured to be Boltz-
mann distribution because of many collisions
with the wall sheath. A pulse is applied between
two plasmas to excite solitons. A cylindrical
probe (0.5 diamx 3 mm) biased to the electron
saturation is movable axially and can be rotated
across the plasma column center. The probe
bias is selected carefully so that the sheath thick-
ness does not affect the results.

A typical example of the excited wave is shown
in Fig. 1 observed at the center. The applied
wide pulse (top trace) evolves and breaks into
three solitons (bottom trace) accompanying a
precursor in front of the main large-amplitude
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wave. " The breaking into the completely sepa-
rated multisolitons occurs abruptly in a very nar-
row region near the center, although overlapped
multisolitons are observed until the pulse reach-
es the plasma center as observed by Hershkowitz,
Romesser, and Montgomery. ' In Fig. 2 are
shown the spatial patterns of the soliton before
and after the collision, i.e. , the collapse at the
center (f =0). The first pulses, solitons, con-
verge into (t(0) and collapse at the center (t = 0),
then go through each other (f )0) like the one-di-
mensional case. Before the collapse, as men-
tioned above, there exist one or two small-ampli-
tude solitons behind the large-amplitude pulse.
However, they break into four pulses with almost
the same amplitude after the collision. The com-
pletely different natures of the collision from the
one-dimensional case' can be summarized as fol-
lows. First, the amplitude 5n/n of the largest
first pulse decreases rapidly as 5n(r)/n ~ (r,/r)~
with P = 1.0 different from P = 0 5-0 6. befo. re the
collapse. ' Second, the solitons appear to break
into or emit many isolated pulses having the ve-
locity larger than before collapse, while the
width, D, of the pulses emitted changes with the
amplitude as in the same relation as that before
the collapse. "' An example of the increment of
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FIG. 1. Example of the applied pulse (top trace) and
excited solitons observed at the column center (bottom
trace).

FIG. 2. Spatial evolution of solitons converging to
(t & 0) and diverging from (t ) 0) the center (t = 0) where
the collapse of solitons occur s. X D-—5.4 && 10 cm.
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the number of pulses before and after the col-
lapse are shown in Fig. 3(a), in which the abscis-
sa is taken as the maximum amplitude at the cen-
ter. When the ingoing soliton exceeds some criti-
cal amplitude, the breaking of the soliton occurs.
The threshold amplitude measured at the center
depends on the electron temperature; higher tem-
perature decreases the threshold values with con-
stant ion temperature, as shown in Fig. 3(b).
Third, each pulse produced by the collapse does
not show the clear evolution in the wave form,
and no more pulses are produced. It is hard to
identify all the pulses produced after the collapse
but many of their characteristics greatly resem-
ble solitons.

The physical mechanism of scattering is dis-
cussed as follows: As the initial amplitude of the
excited pulse is getting larger, the nonlinear
term takes over the dispersion effects and the
initial single pulse breaks into many solitons pre-
dicted by Berezin and Karpman' or for the peri-
odic initial condition by Zabusky and Kruskal. '
This condition may be characterized by the pa-

rameter

where U, is the initial pulse amplitude, P =C, XD /
2, zD is the Debye length, and C, is the ion sound
velocity. The number of solitons as a function of
0 obtained in Ref. 6 are summarized in Fig. 4
with the results obtained in the present experi-
ment. From these results we can confirm that
the number of solitons at the center before the
collision are well predicted by the theory, but
after the collision deviations clearly occur. If
we can take the amplitude measured at r = 0 as an
initial condition, each pulse existing at y =0 with
large amplitude should break into many solitons
as it travels outward because 0, if we can define
it there, ranges between 10 and 15. In the exper-
iment, however, the expected number of pulses
has not been observed, but the same number of
pulses at the initial position (@=0) are observed.
Further, the amplitude dependence on radial po-
sition after the collapse is also not explained by
this manner. Since the characteristics of solitons
are only determined by the initial conditions, the
result observed after the collapse is hard to un-
derstand by the previous theory.

Another possible mechanism is resonant-type
scattering of solitons such as the decay instabil-
ity firstly considered by Newell and Bedekopp. '
This type of scattering appears to be more pos-
sible because the phenomenon occurs abruptly
near the center and has a threshold value of wave
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FIG. B. (s) Increment of number of pulses N/NI vs
the maximum amplitude Qs(0)/n measured at r= 0. T,
=2.9 eV. (b) Critical amplitude, i.e. , the maximum
amplitude of the first soliton measured at r=0 vs elec-
tron temperature, at the constant ion temperature for
the appearance, unstable region, of the second soliton-
like pulse.
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FIG. 4. Number of solitons observed before (open
circles) and after (closed circles) the collapse as a
function of estimated at r=ro=8 cm, for the ingoing
pulses. Shaded area and dots are obtained from Ref. 6.
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amplitude. Resonant-type scattering process
should satisfy the momentum and the energy con-
servations in the course of the collapse. In the
present cylindrical case, we can obtain the reso-
nance condition as follows:

(e,(k, ) = g (u,.(k,.),
)=1

with (D, /XD)'5n, /n (j = 0, 1, . . . , N) being constant
as the nature of soliton, where ~,. and k,. are the
wave frequency and number of phases of solitons,
respectively. The left-hand side of Eq. (1) cor-
responds to the value before the collapse, and if
there are many solitons, all of them should be
summed up; the right-hand side corresponds to
the state after the collapse.

The experimental results are shown in Fig. 5

by assuming ~ = 1/& and k = 1/D, where 7 is the
width at half of the full amplitude of soliton in
time space. From Fig. 5 we may say that Eq.
(1) is satisfied with resonable agreement. Small
deviations are explained as the energy is lost by
thermalization of ions at the center where pre-
cursor ions are compressed by the wave poten-
tial and must be thermalized to heat up the ions,
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although the increased ion temperature has not
yet been observed. Another confirmation of reso-
nance-type scattering has been seen in that the
resonant state may continue for a finite time;
the new pulses should have the time delay to be
created after the collapse. This phenomenon has
been observed in Ref. 14.

When T, is finite as i'n the present case, ion-
acoustic pulses with a velocity close to or less
than C, would be emitted after a main soliton. "
In the present case, however, pulses produced
after the collapse have always larger velocity
than C„andare different from ion-acoustic ones.

In conclusion, resonance-type scattering of
large-amplitude ion-acoustic cylindrical solitons
have been observed experimentally after the col-
lapse at the center of the plasma cylinder. Prior
to the collapse, multisoliton phenomena have al-
so been observed to obey theoretical predictions
for large-amplitude initial conditions.
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Honzawa, and Dr. H. Nakajima for their fruitful
discussions and comments. They appreciate the
help of Dr. W. A. Peebles for his proof reading
and comments. They are also indebted to Mr. S.
Fukuda for his assistance in the experiment. This
work is supported in part by the Grant-in-Aid for
Scientific Research from the Ministry of Educa-
tion, Japan.
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FIG. 5. (a) Energy-conservation relation obtained by
changing the wave amplitude P~.(in) is the summation
of ingoing solitons and Qu(out) is that of outgoing ones.
(b) Momentum-conservation relation obtained in the
same condition as in (a). Pk(in) is the summation of
ingoing solitons and Pk(out) is that of outgoing ones.
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Using a diamond indentor, diamond anvil technique along with nonshorting interdigitated
electrodes produced on the anvil by lithographic processes, we have shown that the electri-
cal resistance of a xenon sample at 32 K drops from 10'3 0 (or greater) to about 104 at 0.33
Mbar. Further studies using a second method reveal that the resistivity has dropped to below
10 ~ & cm and possibly much lower.

where

(~ )
1/3~- l[g/(] p2)]2/3~ -2/3y 1/3 (2)

We use F. =1141 GPa and &=0.07.' For diamond
at 50 GPa, the pressure computed from Hertz
contact theory agrees with the directly measured
value obtained by the use of Newton's-ring tech-
niques. '4 Buoff and %anagel have used this in-
dentor-anvil technique to obtain pressures of 1.4
Mbar. '

Measurements of insulator-to-metal transi-
tions can be made using the interdigitated-elec-
trode technique developed by Buoff and Chan. '
A schematic drawing of this electrode system is
shown in Fig. 1. The actual electrodes involve

The present paper demonstrates the production
of a conducting state in xenon which is produced
by the application of high pressure on a solid
sample of xenon at 32'K. The experimental tech-
niques are described first. Then there is a brief
discussion of why xenon is expected to become
metallic at high pressures.

When a spherical diamond tip of radius A is
pressed against a flat diamond, a contact pres-
sure is established. The pressure distribution
can be accurately calculated by the Hertz contact
theory, ' from a knowledge of the tip radius &,
the applied force I', Young's modulus E, and
Poisson's ratio v. ' The fact that diamond is
nearly isotropic elastically, and hence can be
represented by an isotropic elastic solid, has
been described elsewhere. ' If a is the radius of
the contact circle and y is a variable radius, then
the pressure distribution is given by

(l &2/&2)1/2

75 or more fingers. They are produced by photo-
lithography although electrodes with smaller
finger widths and smaller spacing can be pro-
duced by electron-beam lithography. The value
of d in the present experiments is 3 pm. The
electrodes used in these experiments are nickel,
deposited by sputtering; they are 350 A thick.
Electrical leads are attached to the anvil base.
Then the sample is deposited on the anvil. Final-
ly, the indentor is pressed against the sample-
electrode-anvil assembly resulting in contact
over the region shown by the dashed circle in
Fig. ~. %hen the pressure near the center reach-
es a sufficiently high value, the sample under-
goes an insulator-to-metal transition and the
electrode circuit is closed. The metallic region
is represented by a solid circle in Fig. 1 for two
different cases of indentor location. The center
pressure will be different for these two cases
when the transition is observed; by making the
finger widths and spacings sufficiently small,
the pressure at which the transition is observed
will approach the center pressure. The tech-
nique used with ZnS led to a transition pressure'
of 14.0+ 0.5 GPa; this transition is observed at
15.0+ 0.5 GPa on the ruby scale. '

In the present experiment the anvil (with its in-
terdigitated electrodes) is placed in a vacuum
chamber. Following evacuation, the anvil, which
rests on a plate through which helium can flow,
is cooled to 32'K. The temperature is measured
with a platinum resistance thermometer. Xenon
is then introduced into the chamber and condens-
es on the anvil. The thickness of the xenon is
measured by a quartz thickness monitor, the
quartz crystal being located adjacent to the dia-
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