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trum of the received radiation reveals that apart
from the two primary waves numerous satellites
appear at frequencies f,+nf, and f,+nf„where
f, =f, f,—and n is an integer. This indicates a
high degree of remixing of the primary waves
with the difference frequency. The physical
mechanism may be very similar to that described
by Goldman, Davidson, and Hasegawa'; they con-
sider the mixing of a high-frequency wave with a
low-frequency wave to generate first-order Stokes
and anti-Stokes modes. This aspect of the experi-
ment will be dealt with in detail in a forthcoming
publication.

Summarizing, we can say that the interaction
between unstable waves in a beam-plasma system
leads to phenomena that are in general agreement
with the theoretical ideas of three-wave coupling
in a decay mode. Since the system is nonreso-
nant as far as wave-particle interactions are con-
cerned, the only other nonlinear process that
could interfere is particle trapping. " The criti-
cal trapping field

, m, vS mv„'o.
Z =-,k —(v —v )'= k " —(ucr 4 e Ph a 32 8

is of the order of 10 V/cm and well below the
fields that may be encountered in the experiment.
Although dynamically possible, trapping can nev-
ertheless be ruled out because the transit time of
the electrons through the system is smaller than,
or at most of the order of, the trapping time &„
=2n(m/ekE). An electron can therefore not even
execute one oscillation in the potential trough,
and the concept of trapping becomes meaningless.
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Instability of electrostatic ion shock waves has been induced by producing an inhomo-
geneity in the plasma ahead of the wave. A process based on nonlocal instability of pre-
cursor ions ejected ahead of finite-amplitude waves is proposed. In addition, instabili-.
ties of large-amplitude ion-acoustic waves have been observed and are ascribed to a
similar process.

Recent reports have described nonlinear prop-
erties of several types of ion waves: ion-acous-
tic oscillations, ' shocks, ' and solitons. ' The sta-

bility of these waves is a problem of primary and
current interest. ' We describe here a process
which causes turbulent destruction of collision-
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less ion shocks and nonlinear ion waves, and
which can be attributed to a new physical mechan-
ism—a nonlocal instability excited by precursor
ions ejected by the waves. Besides their direct
bearing on fundamental properties of waves in
plasmas, these observations indicate new pro-
cesses through which directed energy may be-
come randomized and heat collisionless plasmas.

An essential property of plasma waves are the
electric and magnetic fields associated with the
waves. These fields interact with charged parti-
cles 1D the plasma glv111g rise to phenomena Ilot
present in fluids, such as Landau damping and
growth. When large-amplitude nonlinear waves
steepen into shock or soliton wave fronts, ' the
finite fields can sweep up some of the charged
particles ahead of the wave front, and eject them
as a "precursor" charge stream into the unper-
turbed medium. This streaming can cause Lan-
dau growth of ion-acoustic waves ahead of the
fl'ont lf sufflcleDt px'ecux'sol" lons I1Rve velocltle8
V» which resonate with the ion-acoustic-wave
phase velocities t/';, .' However, for the bulk of
precursor ions the ordering of velocities is V»
& V(wave front) & V;,. It follows that processes
which can modify the ratio Vz, /V;, will deter-
mine the stability of the wave-front/precursor
system. We point out here that a class of non-
local processes exists which tends to reduce this
ratio to values where stx'ong instabilities can be
generated.

A simple example is presented: Consider an
inhomogeneous collisionless plasma in which the
ions have a position-dependent drift velocity U(x).
Ion-acoustic waves propagate at a local speed
~ (T, /m, )"' that is constant relative to the medi-
um, but which has the Doppler-shifted value
V;,(x) ~(T, /m;)"'+ U(x) in the laboratory coordi-
nate frame. The precuxsor ions, however, trav-
el ballistically through the collision-free plasma,
maintaining their original space-time trajecto-
ries. Therefore when precursor ions move into
a plasma where U(x) increases so that the Dop-
pler-shifted V;,(x) increases with position in the
direction of precursor motion, a point may be
reached when V;,(x) overlaps with Vz, , giving
rise to instabilities. Similarly, gradients in pa-
rameters such as potenti. al or el.ectron tempera-
ture, if properly directed, can produce nonlocal
instabilities.

Estimates of the inhomogeneity required can be
obtained from calculations of ion instabilities. '
For an electron-proton plasma with T, /T, = 15,
growth rates as high as 10% of the ion-plasma

frequency are obtained when V»/V;, -1.35. For
a weak shock, M= 1.1, the precursor peak veloci-
ty is V&, ~,„=1.73(T, /m, )"' with respect to the
medium. Thus a change in the drift velocity of
-0.38(T, /m;)"' would suffice to cause instability
wltI1 RD Rppl eclRble gx'owt11 1 Rte, fol this typlcRl
case.

To observe this effect, shocks were launched
into plRsnlRS 1D which velocity gl adients couM
be generated and controlled. The experiments
were carried out ln a "double-plasma" device. '
This coDslsts of two connectlDg gRs-dlschRx'ge
chambers operated with argon at 10 ~ Torr, elec-
tron density n, -IO' cm ', and T,-I 6V. Ions
can be caused to flow into and out of the *'target"
or observation plasma by applying, respectively,
positive and negative voltages to the connecting
"driver" plasma. A sufficiently steep positive
voltage step causes a shock to develop in the tar-
get. ' In our scheme, this positive step is preced-
ed by a long-duration negative voltage step which
causes (as will be shown quantitatively below) a
velocity gradient to form ahead of the shock.

The effect of negative steps on shock structure
18 lllustx'Rted ln Fig, I. In 6Rch plctul 6 tI16 top
trace represents the voltage applied to the driver.
The bottom trace shows the electron current
drawn by a positively biased, movable Langmuir
probe in the target plasma. This current is pro-
portional to the local value of n, . For small val-
ues of the negative voltage, as in trace (a), the
density perturbation following application of the
positive step exhibits the expected regular shock
structure. ' The small bump in front of the lead-
ing edge of the shock is held to represent precur-
sor ions. ' As the negative voltage is increased,
however, the precursor is found to acquire an
oscillatory structure, which tends to engulf the
shock. Eventually the shock structure becomes
irregular in time, as shown in (b), appearing as
a turbulent transition region whose envelope is
longer (typically 30 psec) than the rise time of
the excitation pulse (about 15 psec). Traces (a)
and (b) were taken at the same position, 19 cm
from the driver; trace (c), a composite, shows
the shock at two positions, respectively 4 and 25
cm from the drivex. As seen, the shock was ini-
tially stable, Rnd acquired its turbulent structux'e
as it progressed across the target plasma. From
detailed examination of data, the following con-
clusions emerge: (i) Starting from conditions
which allow development of stable shocks from
positive voltage steps, the application of a nega-
tive voltage of sufficient amplitude will cause a
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FIG. 1. (a)-(c) Shock turbulence induced by propagation into inhomogeneous plasma. Top traces show voltage ap-
plied to driver. Horizontal scale, 100 @sec/division; vertical scale, 1 V/div. Bottom traces show probe output in
target plasma. Horizontal scale, 10 @sec/div. (a), (b) Effect of increasing negative voltage pulse ahead of shock.
Bottom trace, vertical scale 50 mV/div. dc probe output (corresponding to background electron density) - 1.8 V.
Probe position 19 cm from driver. (c) Transition to turbulence as function of distance. Bottom vertical scales:
left half, 200 mV/div; right, 50 mV/div. dc probe output-2. 4 V. Positions 4 and 25 cm. (d)-(f) Ion acoustic wave
turbulence Top tra. ces show voltage applied to driver. Horizontal scale, 20 psec/div; vertical scale, 2 V/div.
Bottom traces show probe output in target chamber. Horizontal scale, 20 psec/div. (d), (e) Transition to turbu-
lence as function of distance, first half-cycle positive. (d) Bottom trace, vertical scale 200 mV/div. Probe posi-
tion, 2 cm. (e) Bottom trace, vertical scale 100 mV/div. Probe position, 12 cm. (f) Effect of starting burst with
negative half-cycle. Bottom trace, vertical scale 100 mV/div. dc probe output-1. 65 V. Probe position, 12 cm.
Note: Small oscillations in top traces, (a)-(c), indicate test wave used for Fig. 2 (see text).

following shock to become unstable; (ii) the insta-
bility develops over a finite propagation distance,
and appears first on the precursor; (iii) the
shock structure becomes turbulent, random, and
the characteristic steepening of applied excitation
pulses disappears.

To measure the amplitude of the velocity gradi-
ents created in the target plasma by the negative
voltage pulses, the space-time trajectories of
short oscillatory bursts (ion-acoustic waves) of
small amplitude were traced in the target plasma.
In Fig. 2, curve (a) corresponds to propagation

in the background plasma (in the absence of a
negative voltage). It is a straight-line trajectory,
indicative of the uniformity of the background.
Its slope, 2.2&&10' cm/sec, is the linear ion-
acoustic wave velocity for an argon plasma with

T, —= 1 eV, as expected. Curve (b) shows the
same burst when launched 200 p, sec after a 2-V
negative voltage step has been applied. This tra-
jectory is clearly curved. Near the driver (posi-
tions 0-5 cm) the slope yields a propagation ve-
locity (in the laboratory coordinate) which is
smaller by 30% than that in the background. Far
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FIG. 2. Space-time trajectory of small-amplitude
ion-acoustic burst. Squares, propagation in background
plasma; circles, propagation into plasma following ap-
plication of a 2-V negative voltage to driver. Burst
frequency, 25 kHz; peak-to-peak amplitude of probe os-
cillatory output, 30 mV max; dc probe output, -2.4 V.

from the driver (20-25 cm), the slope becomes
asymptotic to the background value. Now the
electron temperature can be expected to remain
constant throughout the target plasma. ' Thus the
difference between the wave velocity near the
driver and its value at the end of the plasma rep-
resent the Doppler shift due to the ion drift-ve-
locity gradient driven by the negative voltage
step. This gradient is, as expected, directed to-
wards the driver. A similar shift occurs in the
shock propagating into the negative trough. The
preceding demonstrates qualitatively that the neg-
ative voltage steps which cause shock instability
create velocity gradients" ahead of the shock,
whose direction is precisely that required to re-
duce the ratio V&, /V;, at points away from the
driver and whose amplitude can easily reach val-
ues sufficient to cause the nonlocal interaction
described above.

We turn now to an extension of this process to
ion-acoustic oscillations. Such waves can be
viewed as sequences of alternating positive and
negative pulses. A positive pulse can steepen and
acquire a shock-like structure. " We note how-
ever that a negative pulse, if sufficiently long,
should be equivalent in its effect to the negative
voltage steps discussed above; i.e. , the pulse
creates a velocity gradient which could cause a
steep wave front to become unstable. To examine
this possibility, studies were carried out of the
propagation of large-amplitude gine-wave bursts
of sufficiently lour frequency. Figure 1(d) shows
an ion-acoustic wave burst, starting with a posi-
tive half-cycle, at a position near the driver.

The leading edge of the first positive half-cycle
steepens and its trailing edge flattens into a nega-
tive ramp. Note however that subsequent positive
half-cycles, i.e., those propagating into negative
troughs, not-only steepen but also acquire a struc-
ture and precursor similar to that of the ramp-
driven shocks pictured in traces (a) and (c).
Trace (e) shows the same burst, further in the
target plasma. The first half-cycle now has ac-
quired the characteristic shock structure, but the
following half-cycles exhibit an instability similar
to the shocks, as in trace (b). If the burst starts
instead with a negative half-cycle, all the positive
pulses are unstable at this position, as shown in
trace (f). From the correspondence between ion-
acoustic and shock behavior described here, we
conjecture that in ion waves the negative half-cy-
cles can act as local gradients' cm.vied along
with the wave, causing precursor ions ejected by
positive half-cycles to become nonlocally unsta-
ble. As the wave frequency was increased, the
instability disappeared. This contrasts with con-
ventional ion trapping processes, since the latter
become more important as the wave frequency
increases, i.e., when the wave velocity can ap-
proach the ion thermal velocity. Electron trap-
ping would also be more significant at higher fre-
quencies, where the ratio of trapping to collision
frequencies increases.

In conclusion, preliminary observations have
demonstrated the existence of instabilities of ion
shocks and oscillations, associated with their
propagation into inhomogenous plasmas. A non-
local process is proposed to explain these obser-
vations. Qualitative properties of measured gra-
dients in the plasma are found to be consistent
with this model and theoretical estimates. The
process is based on the reduction of the ratio
Vp, /V;, by inhomogenieties in the plasma. It is
independent of, and superimposed on, other insta-
bility mechanisms such as the reduction in the ef-
fective ratio Vp, /V;, afforded by two-dimensional
effects (resonance between precursor-velocity
components and ion-acoustic waves propagating
at an angle to the wave front). In addition, it
would appear a stabilizing effect could be achieved
by reversing the gradient direction in some cases.
More general extensions to large-amplitude-wave
behavior appear possible and should be considered
in evaluating previous results as well as future
experiments. Finally, we suggest that energy
transfer from directed-wave modes into unstable
fluctuations, as demonstrated here, could be of
interest for the study of plasma turbulence under

1269



Vor.UMz 27, NUMBER l9 8 NGVI", MBER 1971

controlled conditions.
It is a pleasure to acknomledge the continual en-

couragement and many helpful suggestions by
N. J. Zabusky, as mell as very useful discussions
mith R. J. Mason and F. D. Tappert.

¹Sato, H. Ikezi, Y. Yamashita, and N. Takahashi,
Phys. Rev. Lett. 20, 837 (1968), and Phys. Rev. 183,
278 (1969).

2H. K. Anderson, N. O'Angelo, P. Michelsen, and

P. ¹elsen, Phys. Rev. Lett. 19, 149 (1967), and Phys.
Fluids ll, 606 (1968); R. J. Taylor, D. R. Baker, and

H. Ikezi, Phys. Hev. Lett. 24, 206 (1970).
S. G. Alikhanov, V. G. Belan, and H. Z. Sagdeev, Zh.

Eksp. Teor. Fiz. , Pis'ma Red. 7, 406 (1968) [JETP
Lett. 7, 318 (1968)]; H. Ikezi, R. J. Taylor, and D. R.
Baker, Phys. Rev. Lett. 26, ll {1970}.

A. V. Gurevich, Zh. Eksp. Teor. Fiz. 53, 953 (1967)
[Sov. Phys. JETP 26, 675 (1968)]; K. Nishikawa and

C.-S. Wu, Phys. Rev. Lett. 23, 1020 (1969); C. H. Su,
Phys. Fluids 13, 1275 (1970); D. W. Forslund and C. R.
Shonk, Phys. Rev. Lett. 26, 1699 (1970); R. Z. Sagdeev,
in Reoiews of Plasma Physics, edited by M. A. Leon-
tovich (Consultants Bureau, New York, 1966), Vol. 4

(especiRlly p. 50 ff); D. A. TidmRn Rnd N. A. Krall,
Shock Waves in Collisionless Plasmas (Wiley, New

York, 1971) (especially p. 99 ff}; S. Abas and S. P.

Gary, Plasma Phys. 13, 262 (1971).
5S. S. Moiseev and H. Z. Sagdeev, J. Nucl. Enex'gy,

Part C 6, 43 (1963); N. J. Zabusky and M. D. Kruskal,
Phys. Rev. Lett. 15, 240 (1965}; H. Washimi and T. Ta-
niuti, iNd. 17, 996 (1966); D. Montgomery, ibid. 19,
1465 (1967).

Sagdeev, Hef. 4; Tidman and Krall„Hef. 4.
Abas and Gary, Hef. 4.
H. J. Taylor, H. Ikezi, and K. H. MacKenzie, in Pro-

ceedings of the International Conference on Physics of
Quiescent Plasmas {Ecole Poiyteohnique, Paris,
France, 1969), Pt. 3, p. 67; R. J. Taylor, D. R. Baker
and H. Ikezi, Phys. Rev. Lett. 24, 205 (1970).

9For T, - 1 ep Rnd R plasma dimension of - 25 cm,
the transit time for thermally moving electrons across
the entire tax'get plasma is about 0.4 @sec. Therefore,
inhomogenieties in the electron temperature in the
plasma will be smoothed out in a time very short in
comparison with typical periods of plasma waves for
our cRse, specificRlly 26 /sec fox' R 40-kHZ oscillatory
burst. This is verifi. ed by time-resolved I angmuir
probe measurements.

~OIon rarefaction waves having velocity gradients as
described here, and caused by application of a negative
voltage to Rn electrode dlRwing ion curlent f lorn R

plasma, are discussed by J. E. Allen and J. G. Andrews,
J. Plasma Phys. 4, 187 (1970).

S. G. Alikhanov, H. Z. Sagdeev, and P. Z. Chebotaev,
Zh. Eksp. Teor. Fiz. 67, 1666 (1969) [Sov. Phys. JETP
30, 847 (1970)].

Regularization of the Maki Conductivity by F'luctuations*

Joachim Kellerg and Victor Korenman
Department of Physics and Astronomy and the Center for Theoretical Physics,

Unioersity of Maryland, College Park, Maryland 20742
(Received 19 July 1971)

The MRki conductivity fox R superconductol above ~c ls regularized by taking Rccoun
)f fluctuation effects in the impurity vertex correction.

In a microscopic calculation of the contri. bution
of superconducting pair fluctuations to the dc
electrical conductivity of a superconductor above

T„tmo terms give the critical temperature de-
pendence. The first, computed by Aslamazov
and Larkin' (AL), is for a thin film

OAg
= e /16dt~

mhere d is the film thickness and I, the reduced
temperature, t= in(T/T, ) = (T —T,)/T, . We have
set k~ = 5 = 1. Extensive experiments' on hi.ghly
di.sordered films of Bi, Pd, and Ga shorn excel-
lent numerical agreement with this term alone.
The second term, calculated by Maki, ' is infinite
at all temperatures for one- and tmo-dimensional

samples. Experimental results on aluminum
films' ' deviate strongly from Eq. (l) and have
been fitted~ follomlng ThoIDpson~ by lncludlng the
Maki conductivity, made finite by the assumed
presence of a pair-breaking interaction. The
Maki-Thompson eonduetivity is

where 5 is the pair-breaking strength. By fitting
the sum of Eqs. (1) and (2) to a variety of films,
5 for aluminum has been found to have the empir-
ical value 5=5&10 4B~, proportional to the nor-

l ' ta p q a fth f'l, a d

in ohms. The origin of the pair breaking has
been ascribed to proximity effects, paramagnetic




