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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 th
presence of transverse plasma flow, the beam is deflected when the transverse flow velocity is ne
the sound speed. For a line focus with peak intensity of1.5 3 1015 Wycm2, a beam deflection
of 10± is observed, which agrees well with the results of a three-dimensional hydrodynamics code
[S0031-9007(98)06886-0]

PACS numbers: 52.40.Nk, 52.35.Fp, 52.35.Mw, 52.50.Jm
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The propagation of intense laser pulses through ful
ionized plasmas can be affected by a number of proces
which can be linear, such as refraction due to transve
density gradients, or nonlinear in the case of the filame
tation instability. While laser-beam propagation in the d
rection normal to the density gradient and plasma flo
have been studied thoroughly, transverse flow introduc
new considerations and can, for example, influence t
growth rate of filamentation [1]. This is of important
consideration in hohlraum targets used in inertial confin
ment fusion applications where plasma flowing across t
beam near the entrance hole can steer the beam. As a
sult, the symmetry of the intended x-ray drive can chan
because the position of the laser spot on the hohlrau
wall is moved. Transverse flow steers the beam when t
laser is sufficiently intense that the ponderomotive forc
causes the plasma to pile up against the upstream s
of the beam which produces a density gradient that r
fracts the beam towards the downstream direction. Th
effect is particularly strong when the transverse flow ve
locity equals the sound speed of the plasma [1,2]. A
though some evidence of this effect has recently be
reported [3], quantitative comparison to theoretical pr
dictions requires a well-characterized background plasm
and knowledge of the laser-beam path through the plasm

In this Letter, we describe the results of an exper
ment in which we interferometrically observe the densit
channel produced by an intense laser-beam propagat
through a preformed plasma. We observe beam bend
in the presence of transverse plasma flow which increas
as the laser intensity is increased, which rules out refra
tive effects due to the unperturbed density profile. An im
portant point is that the beam bending occurs at a very lo
density (,0.05nc) where the filamentation threshold is no
exceeded. For a laser intensity of1.5 3 1015 Wycm2 we
observe beam deflections of 10± which is in quantitative
agreement with the predictions of theF3D hydrodynamic
code [4]. The code uses the experimentally measur
density and flow velocity profiles and a laser electric fiel
reconstructed from the measured near-field phase pro
of the experimental laser beam.
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Some simple estimates illustrate the physics of bea
bending. Consider a beam propagating through a flowin
plasma with electron densityne. A static equilibrium
model between ponderomotive force, thermal pressur
and plasma flow predicts a density depression of magn
tude dnyn , syoyyed2ys1 2 M2d, whereyo is the elec-
tron quiver velocity in the laser field,ye is the electron
thermal velocity, andM is the Mach number of the flow
component transverse to the direction of propagation. Th
density perturbation is swept downstream of the inten
sity maximum so that the light sees a refracting gradien
='dn , sneyLT d syoyyed2s1 2 M2d21, whereLT is the
characteristic transverse dimension of the laser beam. B
ray optics the light is deflected through an angle,u, given
by

u ,
1

2nc

Z
='dn dz

­
1
2

µ
ne

nc

∂ µ
yo

ye

∂2 1
LT

Z dz
1 2 Mszd2 . (1)

As M ! 1, the simple linear estimate fordn, above,
fails. Within some rangedM of the sonic point atM ­
1, the density perturbation saturates, either nonlinear
(dM , yoyye) [5] or from finite ion acoustic damping
(dM , niayvia, whereniayvia is the ion acoustic damp-
ing decrement) [6,7].

Independent of the saturation mechanism, and of th
magnitude ofdM (ø1), we can estimate the integral
in Eq. (1) by Lyy2, whereLy is the scale length of the
transverse velocity variation at the sonic point, giving

u ,
1
4

ne

nc

µ
yo

ye

∂2 Ly

LT
. (2)

For a beam with internal structure,LT can be expected to
be characteristic of the typical hot spot dimensions,,fl,
rather than the total beam width. In this experiment, th
beam phase was measured making quantitative compa
son with numerical calculation well motivated.

Beam bending can occur whether or not the beam brea
up due to the filamentation instability. Existing hot spots
© 1998 The American Physical Society 1425
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in the laser beam will be intensified by self-focusin
however. One anticipates from Eq. (2) that the increas
intensity and reduced lateral dimension of self-focused
spots should increase beam bending. Strong filamenta
however, can be expected to cause beam breakup an
lack of identifiable channels.

An important point is that in this experiment, the o
served beam bending occurs at a very low density
fore filamentation can occur, so filamentation is decoup
from the beam bending process. Filamentation result
the spraying of the beam and produces the termination
the channel near the peak of the plasma density, as
served by the interferometer. The imaginary wave nu
ber for ponderomotive filamentation is given by [8]

kI ­
kR

2k0

Ω
1
2

v
2
0

c2

ne

nc

µ
y0

ye

∂2

2 k2
R

æ1y2

, (3)

where kR is the transverse size of the filaments. Sin
the beam width is only20 mm, the filaments must be
less than10 mm in size to grow. For exponential growth
2kIL . 1. For the conditionskRyk0 ­ 5, nync ­ 0.05,
TkeV ­ 0.5, Lm ­ 50, lm ­ 1.064, we find that Ip ­
4.5 3 1015 Wycm2 is required for exponential growth
which is 3 times the vacuum intensity. This analysis n
glects the lowering of the background density in the be
channel, which would further raise the threshold intens
In fact, both the experiments and the simulations show
well-defined channel all the way to the peak of the de
sity profile (,0.3nc) indicating that filamentation is no
important at the lower densities.

The present experiment was conducted using
Janus laser at Lawrence Livermore National Laborat
where we have developed a test bed for studying
propagation of moderately intense laser pulses thro
well-characterized underdense plasmas [9]. A1.064 mm
wavelength, 100 ps full width at half maximum (FWHM
Gaussian pulse interacted with an underdense pla
formed by the irradiation of a0.35 mm thick parylene
fsCHdng foil by a 1 ns,0.532 mm wavelength,400 mm
diameter, 2 3 1013 Wycm2 laser pulse. Both a line
focus and a circular focus were used for the interact
beam at various points in the experiment. A line foc
(20 mm 3 400 mm, peak intensity ­ 1.5 3 1015 Wy
cm2) was used because the long path length through
channel makes the observed phase change due to the
sity depression easy to see [10]. To observe the beha
of the channel at higher intensities, we used a circu
focus to achieve a peak intensity of5 3 1016 Wycm2.
The best focus of the interaction beam in all cases
located at the target plane, and its measured vacu
properties [10] are constant as the laser intensity is va
by changing the amplifier gain which changes the la
energy. Varying the relative timing between the plasm
formation and interaction pulses (1.5 to 2.5 ns delay fro
the end of the plasma forming pulse) determined the p
density (0.25nc to 0.1nc) seen by the interaction pulse
The background density profile was measured usin
1426
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folded-wave interferometer. The 50 ps,0.35 mm wave-
length interferometer probe pulse arrived at the target
the same time as the peak of the 100 ps interaction pul

In order to introduce a component of the plasma flo
that is transverse to the propagation direction of the inte
action beam, the target foils are tilted at angles up to 4±.
Since the plasma flow is normal to the target surface, t
target angle determines the transverse flow velocity se
by the interaction pulse.

The main experimental results are summarized in Fig.
At the highest intensity (for a line focus), we see obviou

FIG. 1. Interferograms that show variation in channel bendi
for peak laser intensities of (a)1.5 3 1015, (b) 1 3 1015, and
(c) 5 3 1014 Wycm2.
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beam bending (,10±) at the outer edge of the plasm
where the density is low (,0.05nc) but the flow velocity
is high (,1 3 108 cmysec) compared to the sound spee
cs (,3 3 107 cmysec). The bending is localized and th
channel stays well defined up to the peak plasma den
(,0.3nc) after which it disappears; this is because of be
breakup and spreading due to filamentation [10,11].

As we vary the incident laser intensity, the amount
bending becomes substantially less (see Fig. 1) until th
is a 1± deflection for an intensity of2 3 1014 Wycm2,
clearly showing that this is an intensity dependent eff
and not due to linear refraction in the inhomogeneo
plasma distribution. We observe a similar reduction
bending angle as we decrease the target angle, as expe

The deflection predicted by the simple analytic mod
of Eq. (2) agrees well with that observed in the expe
ment. For the line focus, we takenync . 0.05, I ­ 1 3

1015 Wycm2, Te ­ 500 eV, Ly . 200 mm, and LT .
10 mm, and findu . 13±, close to what is observed in th
experiment. Of course, quantitative calculations need
account for detailed beam structure, laser-beam filame
tion, and various three-dimensional effects. For examp
when a circular focus is used to obtain a very high inte
sity (5 3 1016 Wycm2), no beam deflection is detected
This result is in agreement with the nonlinear model
Rose [6,12], who has discussed a regime in which
plasma can simply flow around a small beam, an eff
which clearly decreases the deflection.

We identify the location of the beam bending that occu
where the flow velocity equals the inferred sound spe
cs, by obtaining plasma interferograms at different tim
(100 ps steps) relative to the end of the plasma form
pulse on sequential irradiations of the target. We th
Abel invert the interferograms to obtain the plasma dens
distribution. By using the continuity equation≠ney≠t ­
= ? snevd, wherev is the flow velocity, we can recove
the velocity distribution of the plasma, using the bounda
condition y ­ 0 at the peak of the density profile. W
also assume thatv is parallel to=ne. The results are
shown in Fig. 2 for the conditions of Fig. 1; we find
transverse flow velocity of2 3 107 cmys which is close
to both the sound speed inferred from earlier Thoms
scattering measurements (Te ­ 700 eV) on solid carbon
targets [13] and the prediction of two-dimensionalLASNEX

simulations (Te ­ 300 eV).
The experimental results are compared to numer

simulations in order to understand the laser propaga
behavior. We used a version of theF3D code [4] that in-
corporated a fully 3D nonlinear Eulerian hydrodynami
package (NH3) in Cartesian coordinates.F3D is a fully
nonlinear, time dependent code in which the hydrod
namic and heat transport are coupled to the light wa
propagation.

The experiment was duplicated in the simulation
much as possible. We modeled the electric field a
phase distributions of the interaction beam by using
input phase profile that was experimentally measured
a
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FIG. 2(color). Shown are (a) density and flow velocity distri-
butions calculated from the experimental data (the longest a
row corresponds to a flow velocity of1.4 3 108 cmysec), and
(b) density and transverse velocity (normalized to the soun
speed) profiles along the axis of the interaction pulse.

ing radial shear interferometry and numerically propaga
ing the beam through the lenses used in the experime
(aspheric lens, 20 cm focal length, and two23.94 m fo-
cal length cylindrical lenses which were crossed at a 45±

angle to produce the appropriate line focus length). Th
calculated intensity distribution agrees well with equiva
lent plane images that were obtained from the exper
ment (see Fig. 3). The 100 ps Gaussian pulse shape u
in the experiment is modeled in the simulations by
smoothly rising ramp,Sstd ­ 1 2 f1 2 stytpd2g2, where
tp ­ 100 ps. The measured electron density and flow
velocity profiles [see Fig. 2(b)] were used as the initia
conditions for the simulation. Because of the narrow cros
section of the laser beam it is only necessary to mod
a region with transverse dimension of120 mm and ax-
ial dimension of350 mm. Over this transverse scale, the
density and flow can be taken as uniform along the tran
verse direction initially but both vary along the axial lase
propagation direction. Even after the beam deflects at lo
density and filaments at higher density, the beam stay
away from the simulation edges as shown in the examp
in Fig. 4. The electron temperature is initially uniform
with values taken between 300 and 700 eV to bracket th
LASNEX predictions and the Thomson scattering measur
ments; best agreement with the experiment is found f
Te ­ 500 eV.

Figure 4 shows the calculated density channels, ave
aged over 50 ps centered on the peak of the laser pul
that are formed in the background density profile. Fig
ure 4(a) shows the laser-beam path when the plasma fl
1427
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FIG. 3(color). Comparison of (a) the calculated intensit
using the measured near-field phase front profile, and (b) t
equivalent target plane image of the line focus. The vertic
scales of (a) and (b) have been expanded (box heights
40 mm versus500 mm for the width of the boxes) to facilitate
comparison of the detailed intensity structure. The measur
spot in normal aspect ratio is shown in (c).

(both axial and transverse) is turned off in the simulation
The channel follows the asymmetry of the beam spot se
in Fig. 3 as it propagates through the beam waist; th
is more apparent here than in the experiment due to t
spatial scale of the figure and the presence of fin
scale structure which is not resolved in the line-averag
interferometer measurement. When the experimental flo
profile is introduced, the simulation [see Fig. 4(b)] clearl
shows a bend of about 10±, in agreement with the
experiment. The initial bend is at the sonic point fo
an initial temperature of 500 eV. The channel persis
without filamenting for200 mm past the sonic point in
good agreement with the experiment. A fraction of th
energy continues to show up in the undeviated chann
which is also seen in the original interferograms.

In conclusion, we have quantitatively measured th
beam deflection in a plasma due to transverse plas
flow. The deflection at moderate intensities is predicte
1428
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FIG. 4(color). Density distributions calculated byF3D 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 pu
The laser enters from the left side of the box and propagates
the right. The solid lines in (a) show the location of the1ye
intensity contour of the beam profile.

well by a simple analytic model. A nonlinear hydrody-
namic model using the experimental laser-beam electr
field profile, plasma density, and flow velocity distribu-
tions shows excellent agreement with the experiment.
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