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Observations of Laser-Beam Bending due to Transverse Plasma Flow
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Interferometric measurements of laser-produced channels in preformed plasmas show that in the
presence of transverse plasma flow, the beam is deflected when the transverse flow velocity is near
the sound speed. For a line focus with peak intensityl 6f X 10" W/cnm?, a beam deflection
of 10° is observed, which agrees well with the results of a three-dimensional hydrodynamics code.
[S0031-9007(98)06886-0]
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The propagation of intense laser pulses through fully Some simple estimates illustrate the physics of beam
ionized plasmas can be affected by a number of processbegnding. Consider a beam propagating through a flowing
which can be linear, such as refraction due to transversglasma with electron density,. A static equilibrium
density gradients, or nonlinear in the case of the flamenmodel between ponderomotive force, thermal pressure,
tation instability. While laser-beam propagation in the di-and plasma flow predicts a density depression of magni-
rection normal to the density gradient and plasma flowtude 6n/n ~ (v,/v.)?/(1 — M?), wherewv, is the elec-
have been studied thoroughly, transverse flow introduceson quiver velocity in the laser fieldy, is the electron
new considerations and can, for example, influence théhermal velocity, andZ is the Mach number of the flow
growth rate of filamentation [1]. This is of important component transverse to the direction of propagation. The
consideration in hohlraum targets used in inertial confinedensity perturbation is swept downstream of the inten-
ment fusion applications where plasma flowing across theity maximum so that the light sees a refracting gradient
beam near the entrance hole can steer the beam. As a /:6n ~ (n./L7)(v,/v.)*(1 — M?)~!, whereLy is the
sult, the symmetry of the intended x-ray drive can changeharacteristic transverse dimension of the laser beam. By
because the position of the laser spot on the hohlraumray optics the light is deflected through an anglegiven
wall is moved. Transverse flow steers the beam when thby
laser is sufficiently intense that the ponderomotive force

causes the plasma to pile up against the upstream side 0 ~ 1 [VLandz
of the beam which produces a density gradient that re- 2n,
fracts the beam towards the downstream direction. This 1 /n v \2 1 dz
i [ - =—|=)=2) — —_—. 1
effect is particularly strong when the transverse flow ve > <nc><ve> L ] 1= M2 1)

locity equals the sound speed of the plasma [1,2]. Al-
though some evidence of this effect has recently beeps ps — 1, the simple linear estimate fofn, above,
reported [3], quantitative comparison to theoretical prefajls. Within some rangéM of the sonic point at/ =
dictions requires a well-characterized background plasma, the density perturbation saturates, either nonlinearly
and knowledge of the laser-beam path through the plasm@‘;M ~ v,/v.) [5] or from finite ion acoustic damping

In this Letter, we describe the results of an experi-(gM ~ Via) ®ia, Wherevi,/wi, is the ion acoustic damp-
ment in which we interferometrically observe the densityjng gecrement) [6,7].
channel produced by an intense laser-beam propagating |ndependent of the saturation mechanism, and of the
through a preformed plasma. We observe beam bend'n&agnitude of6M («1), we can estimate the integral
in the presence of transverse plasma flow which increasgg Eq. (1) byL,/2, whereL, is the scale length of the

as the laser intensity is increased, which rules out refragransverse velocity variation at the sonic point, giving
tive effects due to the unperturbed density profile. Anim- 1 n (o2 L
e 0 v
()

portant point is that the beam bending occurs at a very low 0~ —— (—) —.
density (~0.05x.) where the filamentation threshold is not 4 ne\ve/ Ly
exceeded. For a laser intensitylof X 10" W/cn? we  For a beam with internal structure; can be expected to
observe beam deflections of L@hich is in quantitative be characteristic of the typical hot spot dimensiong A,
agreement with the predictions of ti#eD hydrodynamic rather than the total beam width. In this experiment, the
code [4]. The code uses the experimentally measuredeam phase was measured making quantitative compari-
density and flow velocity profiles and a laser electric fieldson with numerical calculation well motivated.
reconstructed from the measured near-field phase profile Beam bending can occur whether or not the beam breaks
of the experimental laser beam. up due to the filamentation instability. Existing hot spots
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in the laser beam will be intensified by self-focusing, folded-wave interferometer. The 50 ps35 wm wave-
however. One anticipates from Eq. (2) that the increasindength interferometer probe pulse arrived at the target at
intensity and reduced lateral dimension of self-focused hathe same time as the peak of the 100 ps interaction pulse.
spots should increase beam bending. Strong filamentation, In order to introduce a component of the plasma flow
however, can be expected to cause beam breakup and ttit is transverse to the propagation direction of the inter-
lack of identifiable channels. action beam, the target foils are tilted at angles up tb 45
An important point is that in this experiment, the ob- Since the plasma flow is normal to the target surface, the
served beam bending occurs at a very low density betarget angle determines the transverse flow velocity seen
fore filamentation can occur, so filamentation is decoupledby the interaction pulse.
from the beam bending process. Filamentation results in The main experimental results are summarized in Fig. 1.
the spraying of the beam and produces the termination dht the highest intensity (for a line focus), we see obvious
the channel near the peak of the plasma density, as ob-
served by the interferometer. The imaginary wave num- pms
ber for ponderomotive filamentation is given by [8] o

ky = k_R{l a)_(% &(E)z _ kZ}l/Z (3)
! 2ko 12 ¢2 n. \v, L

where ki is the transverse size of the filaments. Since § =
the beam width is only20 um, the filaments must be
less thanl0 um in size to grow. For exponential growth, %
2k;L = 1. For the conditionsg/kg = 5, n/n. = 0.05, ad
Tiev = 0.5, L, = 50, A, = 1.064, we find that/, = :
4.5 X 10" W/cn? is required for exponential growth,
which is 3 times the vacuum intensity. This analysis ne-
glects the lowering of the background density in the beam
channel, which would further raise the threshold intensity.
In fact, both the experiments and the simulations show a
well-defined channel all the way to the peak of the den-
sity profile (~0.3n.) indicating that filamentation is not
important at the lower densities.
The present experiment was conducted using the
Janus laser at Lawrence Livermore National Laboratory
where we have developed a test bed for studying the
propagation of moderately intense laser pulses throug
well-characterized underdense plasmas [9].1.864 um
wavelength, 100 ps full width at half maximum (FWHM)
Gaussian pulse interacted with an underdense plasm:
formed by the irradiation of #®.35 um thick parylene
[(CH),] foil by a 1 ns,0.532 um wavelength,400 wm
diameter,2 X 10'> W/cn? laser pulse. Both a line
focus and a circular focus were used for the interaction
beam at various points in the experiment. A line focus
(20 um X 400 um, peak intensity= 1.5 X 10> W/
cn?) was used because the long path length through the
channel makes the observed phase change due to the de
sity depression easy to see [10]. To observe the behavio
of the channel at higher intensities, we used a circular
focus to achieve a peak intensity 6fx 10 W/cn?.
The best focus of the interaction beam in all cases is
located at the target plane, and its measured vacuu
properties [10] are constant as the laser intensity is varied
by changing the amplifier gain which changes the laser
energy. Varying the relative timing between the plasma
formation and interaction pulses (1.5 to 2.5 ns delay from

the end of the plasma forming pulse) determined the pea’flG. 1. Interferograms that show variation in channel bending

density 0.25n. to 0.1n.) seen by the interaction pulse. for peak laser intensities of (d)5 x 10'5, (b) 1 X 105, and
The background density profile was measured using &) 5 X 10'* W/cn?.
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beam bending £10°) at the outer edge of the plasma (a) 0.3

where the density is low~0.05#r.) but the flow velocity

is high (~1 X 10® cm/sec) compared to the sound speed,

cs (~3 X 107 cm/sec). The bending is localized and the }_

channel stays well defined up to the peak plasma density

(~0.3n.) after which it disappears; this is because of beam 400

breakup and spreading due to filamentation [10,11]. um
As we vary the incident laser intensity, the amount of

bending becomes substantially less (see Fig. 1) until there T

0.2

Juu

0.1
is a I° deflection for an intensity o2 x 10'* W /cn?,
clearly showing that this is an intensity dependent effect Interaction
and not due to linear refraction in the inhomogeneous beam
plasma distribution. We observe a similar reduction in
bending angle as we decrease the target angle, as expectei(h)
The deflection predicted by the simple analytic model
of Eq. (2) agrees well with that observed in the experi- » 15
ment. For the line focus, we take/n. = 0.05,1 =1 X = 10
101 W/en?, T, = 500 eV, L, = 200 um, and Ly = 05
10 um, and findé = 13°, close to what is observed in the .
experiment. Of course, quantitative calculations need to 350 300 250 200 150 100 50 O
account for detailed beam structure, laser-beam filamenta- Aol posftion (en)
tion, and various three-dimensional effects. For examplerIG. 2(color). Shown are (a) density and flow velocity distri-
when a circular focus is used to obtain a very high intenbutions calculated from the experimental data (the longest ar-

sity (5 X 1016 W/sz), no beam deflection is detected. row corresponds to a flow velocity af4 x 10® cm/sec), and

. . : : (b) density and transverse velocity (normalized to the sound
;r(])lier?gull';]ls\/Ivnhsgf:z:rgiesnctuvs\lg:dtge rzginrlrllre]e;r VT&SEI tcr)fé:peed) profiles along the axis of the interaction pulse.

plasma can simply flow around a small beam, an effect
which clearly decreases the deflection. ing radial shear interferometry and numerically propagat-

We identify the location of the beam bending that occurdng the beam through the lenses used in the experiment
where the flow velocity equals the inferred sound speedaspheric lens, 20 cm focal length, and tw3.94 m fo-
c¢s, by obtaining plasma interferograms at different timescal length cylindrical lenses which were crossed at & 45
(100 ps steps) relative to the end of the plasma formingngle to produce the appropriate line focus length). The
pulse on sequential irradiations of the target. We thertalculated intensity distribution agrees well with equiva-
Abel invert the interferograms to obtain the plasma densityent plane images that were obtained from the experi-
distribution. By using the continuity equatiam,/dr =  ment (see Fig. 3). The 100 ps Gaussian pulse shape used
V - (n.v), wherev is the flow velocity, we can recover in the experiment is modeled in the simulations by a
the velocity distribution of the plasma, using the boundarysmoothly rising rampS(s) = 1 — [1 — (¢/1,)*]*, where
conditionv = 0 at the peak of the density profile. We ¢, = 100 ps. The measured electron density and flow
also assume that is parallel toVn,. The results are velocity profiles [see Fig. 2(b)] were used as the initial
shown in Fig. 2 for the conditions of Fig. 1; we find a conditions for the simulation. Because of the narrow cross
transverse flow velocity of X 107 cm/s which is close section of the laser beam it is only necessary to model
to both the sound speed inferred from earlier Thomsora region with transverse dimension 820 wm and ax-
scattering measurements, (= 700 eV) on solid carbon ial dimension of350 wm. Over this transverse scale, the
targets [13] and the prediction of two-dimensionatNEX ~ density and flow can be taken as uniform along the trans-
simulations . = 300 eV). verse direction initially but both vary along the axial laser

The experimental results are compared to numericgbropagation direction. Even after the beam deflects at low
simulations in order to understand the laser propagatiodensity and filaments at higher density, the beam stayed
behavior. We used a version of theD code [4] that in- away from the simulation edges as shown in the example
corporated a fully 3D nonlinear Eulerian hydrodynamicsin Fig. 4. The electron temperature is initially uniform
package NH3) in Cartesian coordinatesrF3D is a fully  with values taken between 300 and 700 eV to bracket the
nonlinear, time dependent code in which the hydrodyiASNEX predictions and the Thomson scattering measure-
namic and heat transport are coupled to the light wavenents; best agreement with the experiment is found for
propagation. T, = 500 eV.

The experiment was duplicated in the simulation as Figure 4 shows the calculated density channels, aver-
much as possible. We modeled the electric field andiged over 50 ps centered on the peak of the laser pulse,
phase distributions of the interaction beam by using arthat are formed in the background density profile. Fig-
input phase profile that was experimentally measured usire 4(a) shows the laser-beam path when the plasma flow
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FIG. 4(color). Density distributions calculated D using

the experimental density profile (a) with no plasma flow, and
(b) with the experiment flow velocity profile. The simulation
has been averaged over 50 ps centered on the peak of the pulse.
The laser enters from the left side of the box and propagates to
the right. The solid lines in (a) show the location of thée
intensity contour of the beam profile.

Relative intensity

la— 400 um —]

well by a simple analytic model. A nonlinear hydrody-
namic model using the experimental laser-beam electric
FIG. 3(color). Comparison of (a) the calculated intensityfield profile, plasma density, and flow velocity distribu-
using the measured near-field phase front profile, and (b) thdions shows excellent agreement with the experiment.
equivalent target plane image of the line focus. The vertical \ye thank W. Seka for valuable discussions concerning

scales of (a) and (b) have been expanded (box heights ar .
40 wm versuss00 um for the width of the boxes) to facilitate the near-field phase front measurement of the laser beam.

comparison of the detailed intensity structure. The measuredVe thank J. Hunter, G. London, B. Sellick, and J. Foy
spot in normal aspect ratio is shown in (c). for technical assistance during the experiment. This work
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(both axial and transverse) is turned off in the S|mulat|ontory under Contract No. W-7405-Eng-48.

The channel follows the asymmetry of the beam spot seen

in Fig. 3 as it propagates through the beam waist; this

is more apparent here than in the experiment due to the
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