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LONGER-SCALELENGTH PLASMA PERTURBATIONS

BY AN INTENSE LASER BEAV

its

I. INTRODUCTION

The object of this experiment is to study the interaction of a high-

.o-.intensity laser beam with a long-scalelength plasma. The overall experiment

has been described by M.J. Herbst.1  Absorption and x-ray studies have also

been documented.2' 3  Interest in longer-scalelength plasmas stems from

conditions expected in the blowoff of an ICF reactor pellet. In the

experiment, a long-pulse (4 nsec FWHM) beam is focused to a large (1 mm) focal

* spot to produce a plasma with a long density gradient scalelength. By varying

the spot size of this beam, plasmas of three different scalelengths were

reliably produced: long (400 um at 0.1 nc), medium (300 um at 0.1 nc), and

short (200 pm at .1 nc). A second, short-pulse (300 psec) is tightly focused

(0.1 mm dia.) into the long scalelength plasma to produce a high intensity.

It was desired that the long scalelength plasma, which had been carefully

characterized, not be greatly perturbed by the high intensity laser beam. To

minimize these perturbations, the duration of the short pulse is only 300 psec

(FWHM). Also, thermal conduction will help to smooth out some of the

temperature variations in the plasma. Nevertheless, perturbations were

seen. M4easurements of x rays provided experimental evidence for additional

heating during the short pulse. 3  Two-dimensional hydrodynamic calculations

also showed additional heating of the plasma during the short pulse. In fact

these calculations showed a density channel beginning to form along the path

of the high-intense beam.4  This report presents experimental evidence for0

density perturbations in the long-scalelength plasma and for self-focusing of

Manuscript approved July 12, 1984.
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the high-intensity beam at incident energies above 15 J. This evidence is

obtained from spatially-resolved, time-integrated images of second-harmonic

emitted light which is observed when there is high energy in the short-pulse

beam. Electrons, oscillating in response to the laser electromagnetic field,

will produce (due to charge-separation effects) second-harmonic radiation when

the oscillation is along a density gradient. Thus second-harmonic emission

serves as a diagnostic of density structure.

II. Experimental Arrangement

The experimental arrangement is illustrated in Fig. 1. As explained in

the Introduction, the two beams of the NRL, Pharos II Nd-glass laser beam

(1.054 4m) were focused onto planar polystyrene (CH) foil targets to produce

a high intensity laser beam interacting with a long scalelength plasma. The

longer-pulse (4 nsec FWHM), loosely-focused (- 1 mm) beam produced the longer-

scalelength plasma while the short-pulse (0.3 nsec FWHM), tightly-focused

(- 0.1 mm) beam was at sufficiently high vacuum intensity (1014 to 1015 W/cm2 )

- to study ICF physics issues. Both beams were circularly polarized on entering

the target chamber. The light emitted from the plasma, parallel to the target

surface: was collected and collimated with an f/2.8, 10-cm focal length

lens. This light was focused onto film with a 50 cm focal-length lens to

produce a recorded magnification of 5. A narrow band pass (12 A FW HM)

interference filter was used to select the second harmonic

(5270 A) wavelength. On some shots, a polarizing (Wollaston) prism was used

to angularly separate the two polarizations so that separate images could be

recorded in the two polarizations of emitted light.
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III. Results and Discussion

Figure 2 shows the second-harmonic emitted light pattern observed with a

lower incident energy (10.1 J) of the short-pulse beam. For this shot, there

was 178 J on target in the long pulse beam and a long scalelength plasma .-

(- 400 micron at 0.1 critical density) was produced. The direction of laser *
propagation is indicated with an arrow and dimensions can be judged from the

200 micron rulings. For these lower intensities (< 3 x 101 4 W/cm 2 ) in the

short-pulse beam one can see a large region of faint emission corresponding to

the diameter (- I mm) of the long-pulse beam. This is primarily plasma

continuum radiation in the band-pass of the filter. One can also see a

somewhat faint region of emission with transverse dimensions (0.1 mm) of the

order of the diameter of the high-intensity beam. This is primarily second

harmonic emission (verified by filter substitution at nearby wavelength), and

it occurs at distances from the target corresponding to the critical to

quarter-critical region in different shots. There is no evidence in these

lower intensity shots that the long-scalelength plasma has been appreciably

perturbed.

The emitted light pattern is markedly different for higher vacuum

intensities (> 3 x 1014 W/cm2 ) in the short-pulse beam. The observed pattern

is shown in Fig. 3 for 36 J in the short-pulse beam and for the long-

scalelength background plasma. There is an intense region of unpolarized

second-harmonic emission near the target surface. This is the expected

emission from the quarter-critical to critical region. However, there is also

a filamentary appearing region of emission well out ( 1 MM) in front of the

target. The density of the background plasma in this region is only a few 4.'444

percent of critical.: _

"'-4'--
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Another example of the second harmonic emission observed at higher

intensities in the short-pulse beam is shown in Fig. 4. For this shot, there

was 22 J in the short-pulse and a long-scalelength background plasma. Three

regions of emission can be seen well out in front of the target.

Emission well out in front of the target is, in fact, a common feature

for higher energies (> 15 J) in the high-intensity beam. This front-side

emission was primarily polarized orthogonal to the direction of the laser.

The range of distances from the target at which this front-side emission was

observed on different shots is shown in Fig. 5. The distances are plotted as

a function of energy in the high-intensity beam. The figure is keyed to show

which shots were for long-scalelength, medium-scalelength, and short-

scalelength plasmas. Front-side emission was seen only on a very small

-" fraction of the lower energy shots. Note that there is a correlation between

the scalelength of the background plasma and the distance from the target at

which emission is observed. Emission is observed at greater distances for

longer scalelengths. The distances correspond to nearly fixed background

plasma density (- 0.05 critical) which suggests that this emission may be due

to the same process for all three scalelengths.

The most likely process to produce this filamentary appearing, localized

emission at higher intensities is self-focusing of the high-intensity beam. A

simple model for second harmonic emission in a low density channel can account

.. for observed features of this emission. The polarization-resolved data showed

_ that the emission well out in front of the target was primarily polarized in

the plane orthogonal to the direction of laser while the emission near the

surface was unpolarized. The polarization of the emission far from the target

is consistent with its production in a radial density channel, as illustrated

in Fig. 6. The circularly polarized incident laser beam produces circular

4
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motion of electrons in the plasma. However, only the component of this motion

which is radial in the density channel will oscillate the electrons along a

density gradient and thus produce second harmonic emission. For a horizontal

slice through middle of the channel, this radial motion is horizontal so thatI

the side-on collection lens is in the null of the dipole radiation pattern.

h.. *However, for a vertical slice through the channel, the radial motion and

* electric field are vertical, and the collection lens is at the maximum of the

*dipole radiation pattern. This accounts for the observed verticalU

polarization of the side-on collected light at large distances from theI target. In contrast, polarization of the 2w0 emission observed near the

target surface is consistent with expectations for electron oscillations

across an axial density gradient.

There is also experimental evidence for reduced emission from the central

region of the channel, which is also predicted by the above model. The second

* of the front-side emission regions given in Fig. 4 is shown further enlarged

in Fig. 7. The scale units in this figure correspond to only 20 Um. One can

* see intense emission localized to a channel of only 3 or 4 Umn diameter. At

one position along the emission region there is a darker central region. As

explained above, reduced central emission is expected when looking radially

* across the center of the channel due to the horizontal polarization along this

* viewing direction.

M.ost of the intense emission at the second harmonic frequency probably

occurs af ter the beam has self-focused to a small radius. Hlowever, in order

to get to this condition, there must be a self-focusing tendency under

conditions of the intially focused beam. Hot spots with transverse dimensions

of a few tens of microns could occur in the incident beam and lead to

filamentation. Furthermore, the short-pulse beam is itself focused to a

S 5
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vacuum diameter of 100 jrm, and since some of the shots show a single

transverse region of emission, the beam may undergo whole-beam self-

. focusing. One may ask whether, under conditions of the experiment, there is a

theoretical basis for expecting sufficient growth of transverse wavelengths of

10 to 100 microns. The results of a steady-state, small-amplitude theory of

self-focusing are plotted in Fig. 8. The theory, by R.H. Lehmberg,5 includes

both ponderomotive and thermal self-focusing contributions. One can see that
• ".- for a CH target at irradiances (I) in the mid 1013 W/cm 2 range (and at nc/ 4 ),

transverse wavelengths greater than about 20 microns have growth lengths of

only 100 microns. The larger growth lengths for smaller transverse

wavelengths are due to diffraction becoming important. The theoretical growth

lengths vary as nl-1 / 2 (ponderomotive) and as n-3/21- 112 (thermal). Thus, in

this experiment, with an average irradiance of mid-1014 W/cm 2 and with density

scalelengths of a few hundred microns at tenth critical, one could get self-

focusing in the underdense region.

IV. -Conclusions

The two beams of the NRL, Pharos II laser beam were used to study the

interaction of a high-intensity laser beam with a long-scalelength plasma.

The long-pulse beam was loosely focused to produce the long-scalelength

plasma, and the short pulse beam was tightly focused into the long-scalelength

plasma to produce the high intensity. Spatially-resolved emission at the

second harmonic wavelengt' was observed side on to the target surface. For

lower energy in the short-pulse beam, this emission was observed at distances

from the target corresponding to densities in the range nc /4 to nc, and there

- was no indication of a perturbation of the underdense plasma. However, at

6.. higher energy in the short-pulse beam, the emission occurs -1 m in front of

6'6IhS% 6
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the target at a density - 0.05 nc in highly-localized (radially) regions.

This is consistent with the formation of a low-density channel. Such a

tendency was predicted by the 2-D calculations.

The filamentary appearing, highly-localized emission which occurs in the

higher energy short-pulse shots provides evidence for self-focusing. Further

evidence for self-focusing is found in the observed polarization of the front-

side emission, which is consistent with electron oscillations in a channel

produced b self-focusing. The tendency for the incident, high-intensity beam

to self-focus was shown to be consistent with a steady-state theory. However,

the large intensity variations between the two beams and the low temperature

of the background plasma in the experiment would enhance self-focusing over

that which may occur in an ICF pellet. Nevertheless, such experiments may

allow a controlled study of self-focusing in a long-scalelength plasma. A

generalization of the 2-D codes would be required to analyze the self- -

focusing. Ray tracing would have to be included and, perhaps, diffraction

effects, relativistic effects and magnetic fields.
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SECOND-HARMONIC EMISSION PARALLEL TO TARGET

INCIDENT LASER BEAMS
* (CIRCULARLY POLARIZED)

{X 5270 A
FILTER . 2A

(f /2.8, 10 cm) (f/10, 50 cm) FILM
LENS LENS

POLARIZING
PLASMA\ PRISM
PLUME FOIL

TARGET

oVERTICALLY POLARIZED HORIZONTALLY POLARIZED

*Figure 1 Experimental arrangement for making spatially-resolved, time-
-integrated observations of emission at the second-harmonic

wavelength.
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MODEL FOR HARMONIC EMISSION

DENSITY CHANNEL DUE TO SELF-FOCUSING "

•.'.

- -- - - - ------------------------------------------------- a--

E FIELD OF CIRC. POL. BEAM: I OR - COMPONENT ALONG V n

Figure 6 Illustration of model for explaining the observed polarization of
second-harmonic emission from the low-density plasma. Only the
radial component of the circular electron oscillations is along
the density gradient and thus produce the emission.
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4 4 1013

AL

100-

I4 4x1013

0
0 0 060 80 100
TRANSVERSE WAVELENGTH X1 (/tM)

Figure 8 Theoretical variation of self-focusing growth length withtransverse wavelength. The stea'dy-state, small amplitude theoryincludes both ponderomotive and thermal self-focusingcontributions.
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