
VOLUME 5 2, NUMBER 4 PHYSICAL REVIEW LETTERS 23 JAruUAm' 1984

Enhanced Ion Fluctuations Generated in a CO2-Laser-Heated Plasma
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Ion turbulence generated in a CO&-laser-heated plasma has been studied by means of
ruby-laser Thomson scattering. The first general measurement of the ion fluctuation
spectrum, S(k), induced in the plane of the laser electric field has been made and is re-
ported here. High-speed streak measurements of Thomson-scattered light indicate very
short-duration ((3 ns) and very fast-rise-time (-10 ps) features in the enhanced ion
fluctuations.

PACS numbers: 52.35.Ra, 52.35.Mw, 52.40,Db

It has been shown theoretically and experimen-
tally that the presence of short-wavelength ion-
acoustic fluctuations can result in enhanced laser-
light absorption by plasmas. ' ' Ion-acoustic tur-
bulence may also play an important role in ex-
plaining the inhibited thermal transport observed
in laser-produced plasmas. ' " The source and
magnitude of the ion turbulence which may be gen-
erated in laser-produced plasmas, however, is
not generally well understood. Manheimer and co-
workers"" have suggested that the turbulence
may be produced by heat-flow-driven ion-acous-
tic instabilities. Faehl and Kruer' have postulat-
ed that ion-ion streaming instabilities could
create a high level of fluctuations.

While ion fluctuation levels associated with
Brillouin scattering have been directly meas-
ured, "'"no general measurement of the fluctua-
tion spectrum &(&)~

~

5&I' has been made for plas-
mas produced by high-intensity lasers and, in
particular, for 4 parallel to the direction of the
incident electric field which is of importance for
enhanced absorption. Moreover, there is only
limited theoretical knowledge of the ion fluctua-
tion spectra which may be generated by instabili-
ties other than the current-driven ion-wave insta-
bility.

In this Letter we report experimental measure-
ment of the S(k) spectrum along with high-speed
streak-camera measurements of the ion turbu-
lence generated in a CO, -laser-heated plasma
using ruby-laser Thomson scattering. This study
was motivated by earlier work which indicated
anomalous absorption occurring in a high intensity
CO, -laser-plasma interaction experiment. ' '

Details of the experimental arrangement have
been given in an earlier publication. ' A schema-

tic diagram of the scattering geometry along
with the plasma electron-density profile is shown
in Fig. 1. A supersonic, laminar, oxygen gas
target is ionized to an average Z =6 when irradi-
ated with focused, 50-ns-long CO, laser pulses
of intensities ~ 5 &10"W/cm' (laser power and
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FIG. I. Ruby-laser Thomson-scattering geometry
for probing ion fluctuations induced by the high-inten-
sity CO2 laser. The electron density as a function of
z measured at the cent'er of the focal spot is also shown.

K~), K@. wave vectors of the scattered light. K&, K2.
wave vectors of the probed ion fluctuations. I and 2
stand for ~y and yz planes, respectively.
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energy are reproducible to + 15%). The incident
unpolarized, multi-transverse-mode laser beam
is focused to a 100-pm-diam spot (limited by
focusing aberrations) with a focal depth of 1 mm
length (determined by measuring the intensity dis-
tribution). The average density, det'ermined in-
terferometrically, was n, =0.7n„where n, =10"
cm ' is the critical density, and the electron tem-
perature, determined from x-ray measurements,
was T, =100+ 20 e7.

With these conditions many laser-induced phe-
nomena are expected to take place. Indeed,
among the processes that have been detected pre-
viously are stimulated Brillouin and Compton
scattering, filamentation, two-plasmon decay,
and harmonic generation. 1n addition, the param-
eter vo/v, t, which characterizes the strength of
the laser-plasma interaction can be as large as
2 [where v, =e&o/m~o is the oscillating velocity
of an electron in a pump wave field of amplitude
Eo and frequency ~o and v, h = (T, /m)"' is the elec-
tron thermal veloeityl Thi.s is high enough to in-
duce parametric instabilities off resonance"'"
for which the threshold pump strength varies in
the range 0.05 (v,/v, h- 2 over the density range
0 ~ 5 & n, /n, (0.9." Thus measurement of the spec-
tral form factor, S(k), of the ion fluctuations is
essential if we wish to determine possible mecha-
nisms for generating these fluctuations.

Ruby-laser Thomson scattering was used as the
chief diagnostic technique for investigating ion
turbulence generated by the focused CO, -laser ra-
diation. A Q-spoiled 8-IYIW ruby-laser probe
beam was incident parallel to the plane of the
target (vy plane) and perpendicular to the direc-
tion of the focused CO, -laser beam. The scat-
tered light was collected with two lenses, one
fixed at 90' (for normalizing and monitoring pur-
poses) and the other set at various angles 8 =10'-
90' with respect to the incident ruby-laser beam
in the xy plane, i.e., probing ion fluctuations in
the plane of the electric field of the incident CO, —

laser radiation. Since unpolarized CO, -laser
light was employed, the fluctuation spectrum was
assumed to be cylindrically symmetric in the xy
plane. The wave vector k of the ion fluctuation is
related to the incident and scattered wave num-
bers k and k, through a simple relation, k =k,
—k„~ k~ =2k, sin —,'0. Thus we can sean fluc-
tuations of wave numbers in the range 1.6&104
cm '-k- 1.3&10' cm ' or 0.945-4D-0.36 in
the present experiment (assuming n =0.7n, ),
where && is the Debye length. The scattered
light was detected with two photomultipliers for
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time-integrated S(k) measurements and a high-
speed Hamamatsu streak camera for time-re-
solved behavior.

For S(k) measurements, the scattered power
P, =In, a, VAATS(k) w—here I is the focused ruby-
laser intensity, a, is the Thomson scattering
cross section, V is the scattering volume, & is
the solid angle, and T is the optical transmission—was calibrated by comparison of the Thomson-
scattered signal with that due to emission from a
blackbody source. Because of the high stray-
light levels detection of Rayleigh scattering was
not possible; therefore, the parameters I, n„V,
&~, and 1' were carefully determined. The inten-
sity ~ was determined by measuring the ruby-
laser power, energy, and spatial distribution with
a pinhole and long-focal-length lens, the density
n, was measured with a Fresnel's bimirror inter-
ferometer illuminated by ruby-laser light, and
the scattering volume was determined from the
intersecting dimensions of the focused ruby laser,
the CO, las'er, and the collecting optics. The
overall error in S(k) due to the uncertainties in
these parameters was estimated to be 25%.

The principal experimental result is the deter-
mination of the S(k) spectrum. In Fig. 2, the
time-integrated S(k), as measured by a photo-
multiplier, is plotted as a function of k~D with n,
taken to be the average density =0.7n, . As will
be seen later there is considerable modulation in
the structure of the scattered light; consequently,
peak fluctuation levels can be higher than the
average values shown. In the region kA.D(0.2,
S(k) is strongly dependent on k (almost exponen-
tially); however, for larger kxD it varies more
slowly. Over the experimental range of &~D, the
time-integrated turbulence level varies from as
little as 2 to = 104 times the thermal-fluctuation
level. We should point out that, in general, this
level is at least an order of magnitude below the
previously reported value."This is probably
due to a number of changes in the operating con-
ditions of the CO, -laser-plasma interaction ex-
periment, including focused laser conditions (a
new focusing mirror with larger aberrations was
used), ambient electron density, and electron
temperature. It is apparent that no cutoff in the
small-4~D region such as that predicted for cur-
rent-driven instability and seen by Slusher et al."
is found, at least for 0.045- AA, D - 0.36.

We were unable to measure S(k) in the xy plane
for 0) 90' because of geometrical limitations
that resulted in overlapping of focusing and col-
lecting optics. However, no enhanced scattering
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FIG. 2. Ion turbulence spectrum S(k) as a function of
kAD assuming an average density n, =0.7n, and tem-
perature T =100 eV. The error bars indicate the
standard deviations for thirty shots at average focused
CO2-laser intensity of 5x10 W/cm . The uncertainty
in kA. D due to the uncertainty in the electron density
is 20%

over that expected from thermal fluctuations was
seen for 9 =120' (kA, D

= 0.44) in the yz plane. Fur-
thermore, no change in the turbulence level was
observed as we changed the direction of observa-
tion from the xy plane toy~ plane for various
angles. This suggests an approximately isotropic
spectrum. Moreover, we probed S(k) of the ion
fluctuations induced by stimulated Brillouin back-
scattering (SBS) and the result, shown as a cir-
cle in Fig. 2, fits well on the curve. It is signifi-
cant that, although the SBS-induced ion fluctua-
tions (along the z axis) and the ion turbulence in
the xy plane may be generated by different insta-
bility mechanisms, they are of comparable levels.

In order to follow the rapid temporal variations
of the enhanced ion fluctuations a streak camera
was employed to record the Thomson-scattered
ruby-laser light. The temporal measurements
are summarized in Fig. 3 for three different
streak speeds. In general, the duration of the

FIG. 3. Temporal behavior of the Thomson-scattered
light (bottom) and the incident ruby-laser light (top)
~nonitored to establish real variations in scattered
light-showing different features: (a) long-lived fluctua-
tions (-3 ns) for 0=16', (b) short-lived fluctuations
(-250 ps) with no structure for 0=30', and (c) structure
-0.7 ns long with fine structure for 0=30'. Highly
modulated structure was observed in =50% of the shots
and cannot be accounted for by the ruby fine structure.

turbulence varied from approximately 3 ns [Fig.
3(a)] to as short as 250 ps [Fig. 3(b)]~ The struc-
ture of the ion turbulence was observed to vary
from shot to shot. Typically, it consists of fine
structure of 50-ps duration and rise time of 10 ps
[Fig. 3(c)] which is the instrumental resolution.
Similar structure was seen in the scattered light
of the ion fluctuations driven by SBS. In addition,
changing the scattering direction from the xy
plane to the y& plane showed no systematic change
in the temporal behavior of the scattered light.
Indeed, the observed changes were merely statis-
tical,

The nanosecond duration of enhanced fluctua-
tions is significantly shorter than the previously
reported value, T & 10 ns, detected with a photo-
multiplier of = 2-ns resolution. " Unf ortunately,
because of the change in focused laser intensity
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and the corresponding changes in laser-plasma
interaction conditions, including the absence of a
critical density layer, we cannot reproduce the
old measurements with our present setup. On
the other hand, we have obtained and present
here a self-consistent set of experimental re-
sults for the existing laser-plasma interaction
conditions.

K order to check one of the possible sources
for generating ion turbulence in laser-produced
plasmas we have numerically solved the general
dispersion equation for ion waves in the presence
of an electromagnetic pump wave. "'" These cal-
culations show that the parametric decay insta-
bility off resonance can be excited in the density
range 0.5&n, /n, & 0.8 with a threshold in the
range O.l - v, /v, z

& 1.1. Likewise, the oscillating
two-stream instability off resonance can be ex-
cited for 0.7 & n, /n, & 1.0 with a threshold 0.2
& v, /v, q

& 0.95. With v,/v, q = 2 and u =0.7n„ for
example, the growth rate of these instabilities
can be as high as 10" sec ', depending on the
wave number & which covers the range 0.26
(kA. D&0.45. As the density increases the growth
rate will increase and the 4~D for maximum
growth rate will be shifted tomards lower values.
Thus the qualitative trends of this theory and the
quantitative values of y may explain the range of
observed rise times of the ion turbulence when
the density values accessible and the variation
in vo/v, t, (due to temporal modulation in CO, las-
er power) are taken into account. Therefore, it
is more likely that our observations may be re-
lated to strong pump-induced ion-wave instabili-
ties.""The current-driven ion instability, on
the other hand, is less likely to be the source
for the observed ion fluctuations for two reasons:
(a) The S(k) spectrum of Fig. 2 is not a, Kadom-
tsev"-type spectrum nor is it similar to any of
the modified spectra that the current-driven in-
stability suggests"; (b) no hot electrons were ob-
served in the present experiment which could
provide a return-current source for a current-
driven instability.

ln conclusj, on, we have measured the &(k) spec-

trum and the temporal behavior of the ion fluctua-
tions generated in the plane of the electric field
of a focused, high-intensity CO, -laser beam in-
teracting with underdense plasma. The observed
spectrum does not correspond to the predictions
of a current-driven ion-acoustic instability. On

the other hand, parametric decay instability and
oscillating two-stream instability off resonance,
induced by the strong high-frequency field of the
focused CO, laser, could be the principal source
for directly driving the observed ion fluctuations.
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