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Laser-Induced Fluorescence Observation of Self-Organized Ion Structures Induced
by Electrostatic Perturbations
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Effects induced by the propagation of electrostatic perturbations in a low-density collisionless argon
plasma are reported. A space-time-velocity resolved laser-induced fluorescence diagnostic shows clearly
that the plasma reacts to a steep density perturbation by the formation of self-organized coherent ion
structures. [S0031-9007(98)05742-1]

PACS numbers: 52.35.Tc, 52.50.Dg, 52.70.Kz
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The mutual interaction of nonlinear and dispersive e
fects can be observed in the propagation of ion perturb
tions in a collisionless plasma. Since the theoretical wo
of Moiseev and Sagdeev [1] who predicted the existen
of ion acoustic solitons and shock waves, intensive the
retical and experimental studies have been pursued a
important results have been obtained in the turbulence a
instabilities associated with the propagation of a densi
perturbation [2–9]. Among the rich variety of nonlinea
structures [10–14], there have been observations of en
lope solitons and cavitons or density holes dug in a plasm
by high frequency waves and able to trap wave packe
These studies, in progress today [15,16], provide an e
planation for the satellite observations of electrostatic io
shock waves [17].

Besides computer simulations, the experimental wo
that has been done to test the various assumptions of
nonlinear theory has employed mainly Langmuir probe
and retarding field energy analyzers. With the rapi
progress of optical plasma diagnostics, new tools are ava
able to study nonlinear propagating phenomena. Amo
laser aided plasma diagnostics [18], the laser-induced flu
rescence (LIF) technique [19,20] provides a means to no
intrusively probe plasmas and to measure the ion veloc
distribution function (IVDF) with unprecedented resolu
tion in velocity and space. The resolution in velocity is
obtained because the Doppler effect is the dominant lin
broadening mechanism for a wide range of plasma co
ditions. Spatial resolution is obtained by collecting th
fluorescence light through a viewing volume which inter
sects the laser beam in a localized region. LIF depen
on the fact that laser pumping of a transition will modify
the ionic state distributions and, thus, modify the plasm
line radiation. Fundamentally, the time resolution of LIF
is limited by the lifetime of the upper quantum state of th
pumped transition (usually around 10 nsec). In practic
the number of scattered photons is low enough that som
form of time averaging is necessary to obtain a distributio
function.

To experimentally study propagation, relaxation pro
cesses, or instabilities in weakly collisional (low density
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plasma, it is necessary to optimize the time resolutio
The signal to noise ratio of the fluorescence can be e
hanced considerably by averaging over a large number
periods if the observed phenomenon is repeatable. Tim
resolution can be obtained by using a boxcar averag
[21] or a multichannel analyzer synchronized with the ob
served phenomenon [22,23].

In this paper, after briefly describing the instrumenta
and diagnostic setup used to generate the density pertur
tion and to record the ion space time velocity distributio
function given by LIF, we show experimental evidence fo
the presence of a coherent structure excited by a we
density perturbation as it propagates away from an e
trance grid.

Experiments are performed in a double plasma devi
[24,25] with multipolar confinement provided by perma
nent magnets surrounding the vessel [26]. It consists
two independent hot filament discharge chambers op
ated with argon gas at a pressure of a few1024 torr and
separated by a plane fine grid held at the floating pote
tial, as sketched in Fig. 1 (top).

In the driver or source plasma, the electron density
equal to a few109 cm23; in the target plasma, it is of
the order of108 cm23, as measured with plane Langmuir

FIG. 1. Time resolved LIF diagnostic setup.
© 1998 The American Physical Society
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probes. By applying a positive or negative voltage puls
to the open inner conducting cylinder which constitute
the anode of the “driver” plasma, ions can be used to flo
into or out of the “target” plasma giving rise, respectively
to a compression or to a rarefactive ion acoustic pulse.

The LIF diagnostic setup, shown on Fig. 1 [27,28], use
a ring dye laser pumped by a cw argon laser. This dia
nostic has a spatial resolution of6 mm3. To obtain the
necessary time resolution, the photomultiplier output
amplified by a wideband amplifier followed by a multi-
channel scaler (MCS). Two ensembles are independen
accumulated and averaged by the MCS. Light from th
461 nm Argon II line is collected alternatively with and
without the presence of the laser excitation (at 611 nm
An acousto-optic modulator is used to switch the laser i
tensity. The difference between these averages defines
LIF signal.

At each spatial location where the measurement
performed, a spectral interval of 12 GHz width is scanne
by the dye laser (controlled by the signal “Sc” in
Fig. 1) and sampled at 50 points which correspon
to 50 ion velocities. For each laser frequency, th
MCS output corresponding to the summation of sever
thousands of scans (10 000 in general) is stored
a microcomputer. In each scan, the first half of 30
temporal channels having a dwell time of2 ms is filled
with the data corresponding to the propagation of th
perturbation when the laser is on; the other half contai
the data of the plasma emission corresponding to t
propagation of the same density perturbation when t
laser is off. This allows discrimination of the LIF light
from the background emission. Synchronization betwe
the launched perturbation (generated by the signal
the modulation of the laser, and the acquisition tim
of the MCS is achieved using a homemade signal bo
The acquire (Ac) and middle-pass (Md) outputs of th
MCS are used to generate the triggering signal (Gt) f
the signal S as well as to generate the control signal f
the acousto-optic modulator [22].

The time evolution of the IVDF is then reconstructe
using a MATLAB program. To improve the signal to
noise ratio, a smoothing of the data is made using
two-dimensional fast Fourier transform to eliminate nois
according to the principles of optimal filtering [29].

As stated before, the ion perturbation results from a
plying to the source plasma discharge potential a period
rectangular pulse of150 ms duration with an amplitude
varying from 22.5 to 2.5 V. This causes a shock tha
propagates into the target plasma. The structure of t
shock is rather complicated as shown in Fig. 2. Since
wide frequency spectrum of waves can be associated w
the applied step function (the voltage transition occurs in
time comparable to the ion plasma period), the spatiote
poral evolution of the perturbation results from the intri
cate competition of dissipative, dispersive, and nonline
effects. Figure 2 gives a plot of the IVDF as a functio
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FIG. 2. Time evolution of the ion velocity distribution
function.

of time measured at 10 cm from the grid. The main un
perturbed ion background distribution can be subtract
and the remaining data give the perturbation of the dist
bution function induced by the propagation of the shoc
as shown in the left column of Fig. 3. On all of the
plots, a positive velocity corresponds to propagation to
ward the entrance grid. On the positive velocity sid
of the distribution, we observe the formation of a hole
whereas, on the negative velocity side, complex positiv
ion structures develop. Keeping in mind that the observe
structures result from averaging over a large 10 000 i
dependent realizations of the shock, we infer that we a
dealing with a highly reproducible and robust phenome
non. An important observation is that a large range o
velocities is always associated with the observed spatia
localized propagating perturbation. This implies that th
self-consistent electric field must be maintaining the ob
served structures. To confirm this point, we have pe
formed a simple simulation. Starting from the measure
contour plot insy, td at 5 cm from the grid, we have com-
puted the contour plot that results from the ion ballisti
motion taking into account the velocity shear in phas
space in the absence of an electric field. A few centim
ters away, the structure is completely wiped out.

The spatiotemporal evolution of the perturbation can b
most easily studied by using contour plots of the pertu
bation of the ion velocity distribution function. Figure 3
gives, on the left column, a 3D view of the time evolution
of the distribution perturbation, on the middle column, th
corresponding contour plots, and, on the right column, th
density perturbation measured at a distance of (a) 5 cm a
(b) 18 cm from the entrance grid. As the shock propa
gates away from the gird, the overall perturbation ap
pears to propagate at almost a constant speed. The
hole keeps essentially the same structure, whereas the
bumps tend to coalesce to a smaller number of bumps.
18 cm from the grid, in front of the ion hole, a strong bum
of compressed ions appears. Another essential feature
the perturbation is the existence of precursor ions trave
ing at about twice the ion acoustic speed and that appea
3261
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FIG. 3. Left—Time evolution of the perturbation; middle—contour plot insy, td plane, dashed line: negative part; right—
measured ion density. Measured at (a) 5 cm and (b) 18 cm from the entrance grid.
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tongues that propagate before the main structure, as
on the contour plots. This effect becomes more promin
at higher voltage.

On Fig. 4, we have adopted a different perspecti
The distribution perturbation amplitude contours are cr
plotted in thesy, xd phase space plane for three differe
times, at (a)42 ms, (b) 82 ms, and (c) 182 ms from
the beginning of the shock defined as the time of
positive step. These plots also confirm the fact that
observed propagating structures are robust. They ex
over a distance of the order of100ld, whereld is the
Debye length estimated from the electron temperat
measured by Langmuir probes. Also apparent in Fig
is the fact that the ion hole is formed before the i
bumps, and the positive bumps excite a wake as t
propagate. By varying the duration of the periodic appl
pulse, we have observed that the lifetime of the obser
phase space structures, estimated from their decay,
not depend on the duration of the pulse. By varyi
the amplitude of the applied voltage from 0.5 to 16
we have also verified that the features reported h
remain essentially the same and the observed cohe
structures propagate with a velocity that does not dep
on the amplitude of the perturbation. This is a rath
surprising result. It can be explained by the fact that
are always in a strong nonlinear regime, where subtle
ballistic effects [30] are completely smeared out. Ansx, td
plot of the observed structures clearly shows that th
3262
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propagate at the acoustic speed obtained by measuring
propagation speed of linear waves.

In conclusion, we have designed a new way to expe
mentally study ion perturbations propagating in a co
lisionless plasma by using time resolved laser-induce
fluorescence. This gives a powerful tool to investigat
ion phase space with unprecedented velocity, space, a
time resolution when dealing with repetitive phenomen
either periodic or not.

In order to illustrate how powerful this tool is, we have
deliberately chosen experimental situations that have be
extensively studied with conventional probe technique
[2,9,10]. In the special case of a step function pertu
bation, although we have recovered such effects as a
parition of forerunner turbulence and precursor ions, o
detailed study shows, in the ion space phase, the existe
of very complicated and robust long-lived coherent stru
tures extending over a large number of Debye lengths a
propagating with approximately the ion acoustic spee
These structures must result from an intricate balance b
tween collisionless dissipative, dispersive, and nonline
effects. Such results are consistent with what is know
about propagation of nonlinear structures in plasmas. T
observed self-consistent structures are certainly not of
solitonic nature since their propagation velocity does n
depend on their amplitude. Further detailed experime
tal analysis is under way and will also involve numerica
simulation.
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FIG. 4. Contour plots in phase spacesx, yd of the perturbation
of the ion velocity distribution function measured at time
(a) t ­ 42 ms, (b) t ­ 82 ms, and (c)t ­ 182 ms.
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