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Measurements of laser-hole boring into overdense plasmas using x-ray
laser refractometry „invited …
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Institute of Laser Engineering (ILE), Osaka University, Suita, Osaka 565, Japan

K. Murai
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F. Weber, T. W. Barbee, and L. B. DaSilva
Lawrence Livermore National Laboratory, University of California, Livermore, California 94550

~Presented on 9 June 1998!

We developed a 19.6 nm laser x-ray laser grid-image refractometer~XRL-GIR! to diagnose
laser-hole boring into overdense plasmas. The XRL-GIR was optimized to measure
two-dimensional electron density perturbation on a scale of a few tens ofmm in underdense
plasmas. Electron density profiles of laser-produced plasmas were obtained for 1020– 1022 cm23

with the XRL-GIR and for 1019– 1020 cm23 from an ultraviolet interferometer, the profiles of which
were compared with those from hydrodynamic simulation. By using this XRL-GIR, we directly
observed laser channeling into overdense plasmas accompanied by a bow shock wave showing a
Mach cone ascribed to supersonic propagation of the channel front. ©1999 American Institute of
Physics.@S0034-6748~99!61901-3#
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I. INTRODUCTION

Investigation of electron density profiles as basic para
eters is quite important to the study of physical processe
laser–plasma interactions. Optical probe systems such
shadowgraphy and interferometry have been developed
are used to measure the density profiles in underdense
mas, which was useful for the laser–plasma interaction
periments in previous work.1 Laser-channel formation in un
derdense plasmas, for example, has been experimen
studied well by using these optical probe systems.2 However,
recent progress in short pulse intense-laser technologies
increased the electron density of the interaction plasmas
laser intensities aboveI Ll2.1017 W mm2/cm2, whereI L is
the laser intensity andl the wavelength of the laser ligh
electron quiver motions dominate thermal motions and en
mous photon pressure will push the turning point forwa
into the overdense region~laser-hole boring! as well as
evacuate the plasma radially.3 Ignoring the thermal pressur
of the plasma compared with the photon pressure, the pr
gation of the laser-turning point is given simply by a m
mentum conservation~snow plow model! as

d

dt S E
0

x~ t ! x

L
rcdx@2x~ ṫ !# D 5PL5~11j!

I L

c
, ~1!

where L is the linear scale length of the plasma,rC the
critical mass density, andj the reflectivity of the laser light
at the turning point. This simple model indicates that 1mm
laser light with a pulse duration of 100 ps at an intensity
1018 W/cm2 can propagate and create a channel in a 100mm
scale-length plasma for a distance of 100mm into the over-
dense plasmas. Then, the intense-laser light in the cha
interacts with plasmas surrounded by overcritical den
plasmas. This increase in the density of the surround
5430034-6748/99/70(1)/543/6/$15.00
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plasma will make it more difficult to investigate the high
intensity laser–plasma interactions as compared with c
ventional plasma interactions. Previous techniques such
optical interferometry can measure the plasma profiles o
at electron densities,1021 cm23 taking into account the sig
nificant refraction of the probe light in the gradient larg
scale plasma even though the critical density for the pr
light is much higher than the detectable density.

Fortunately, further progress in laser technology, i.e.,
of collisionally pumped extreme ultraviolet~XUV ! laser
light, is opening new possibilities of actively diagnosin
such overdense plasmas. The laser systems have been
onstrated to operate at wavelengths ranging from 3.5 to
nm.4 X-ray laser light has the advantage of brightness a
small beam divergence as a light source in the probe sys
for measurement of the high density plasma as well as s
wavelength. Hence, new probe systems using x-ray la
light have been developed to measure one-dimensional
sity profiles with moire´ deflectometry,5 two-dimensional area
density distribution in a thin plasma with shadowgraph6

and two-dimensional density profiles with x-ra
interferometry.7 Deflectometry and interferometry, which ar
sensitive to the refractive index or to gradients in the refr
tive index, will be more appropriate for obtaining quantit
tive information on density gradients than shadowgraphy.
terferometry using x-ray laser light must be most suitable
measurements of two-dimensional density profiles in
overdense region, but it is much more demanding on
experimental arrangement and x-ray optics than deflect
etry. A moiré deflectometry system using x-ray laser lig
has a more simple arrangement than interferometry. H
ever, this technique~moiré! is limited for measurements o
density perturbation since it produces a signal proportiona
the electron density gradient along only one dimension.
© 1999 American Institute of Physics
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we have developed an x-ray laser light grid-image refrac
metry ~XRL-GIR! to obtain two-dimensional spatial infor
mation on the density gradient to investigate channel form
tion in the overdense region.

In Sec. II, we discuss the main advantages of x-ray la
refractometry compared to shadowgraphy using an x-ray
ser illumination source to measure the laser channel in
long-scale overdense plasma. In Sec. III we present the
cept behind the XRL-GIR system to be optimized for t
channeling experiments. In Secs. IV and V, the setup for
interaction experiments and the results of the laser cha
tests into the overdense region are shown, respectively
summary and expectations for future developments are
sented in Sec. VI.

II. X-RAY REFRACTOMETRY FOR OVERDENSE
PLASMAS

At laser intensities of.1017– 18 W/cm2, 1 mm laser light
can create a hole in long scale-length plasmas at densitie
1021– 1022 cm23 as indicated by Eq.~1!. These plasmas with
a few 100mm scale will exhibit both strong absorption an
significant refraction at conventional probe waveleng
~0.25–1mm!. Both absorption and the refraction of optic
beams are reduced by using shorter probe beam wavelen
which is the principal advantage of the use of soft x-r
~XUV ! sources for probing these plasmas. However, abs
tion and refraction must be considered even at the sho
XUV wavelengths since they ultimately limit the size or de
sity of the plasma or plasma density perturbation that can
probed. Absorption places limits primarily on the maximu
density of the plasma while refraction places limits on t
magnitude of the density gradients that can be tolerated.
sizes and the densities of the modulated and nonmodul
plasmas, then, decide the more appropriate technique, s
owgraphy ~absorption! or refractometry~refraction! using
XUV wavelengths, to show plasma perturbation such
laser-hole boring.

One can simply estimate the absorption of the pro
light in the plasma with only bremsstrahlung opacitie8

eliminating any bound-free absorption in high temperat
plasmas. Assuming a CH cylindrical plasma at 100 eV w
a scale of 100mm, a diameter of 400mm, and no refraction
effect on the probe beam, only 2% of the intensity of t
original laser light at a wavelength of 20 nm can be tra
mitted through this plasma. This significant absorption w
limit both shadowgraphy and refractometry from the point
view of the detection limit of the probe signal compared w
the level of the noise due to self-emission from the prob
plasmas. We compare both shadowgraphy and refractom
techniques using a 20 nm probe light for the CH plasm
~400mm diameter/100 eV! with a vacuum hole at the cente
of the plasma column corresponding to laser channeling.
exponential profile with a scale length of 100mm is assumed
as the density gradient of the plasma column in order
estimate the refraction. The width of the laser-channel hol
varied from 0 to 150mm at the center of the plasma colum
Figure 1 shows a comparison of x-ray laser refractome
and shadowgraphy for the laser channel measurements
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ray-trace calculations. The calculation for shadowgraphy
the ratio of the transmission of the probe beam chang
electron densities as a function of the hole diameter given

uI h2I nu
I h1I n

5va , ~2!

where I n is the intensity of the probe light through th
plasma column beside the hole andI h is the intensity trans-
mitted though the plasma with a vacuum hole. The dot
lines in Fig. 1 correspond tova50.1, 0.04, and 0.012, re
spectively. The absorption method becomes more effec
with a higher density region. At hole widths of more tha
100 mm, this method depends only on the density. Anoth
estimation for refractometry from ray tracing is the ratio
the deflection angle of the probe beam given by

uDfn2Dfhu
Dfh1Dfn

5v r , ~3!

whereDfn is the deflection angle of the probe beam throu
the plasma beside the hole andDfh is the angle through the
plasma with a laser hole. The solid lines in Fig. 1 show
densities atv r50.1, 0.04, and 0.012. The refraction meth
is sensitive to the hole diameter and has no strong dep
dence on the electron density at,1022 cm23. The refraction
angle of the probe light is too large to use 20 nm as a pr
wavelength in the plasma at densities of.1022 cm23. Figure
1 indicates the merit of the absorption method for a lar
size vacuum hole in higher density plasmas. However,
laser-hole boring experiments will require the refracti
method since the size of the laser hole with self-focusing w
be smaller than the original focal spot diameter~30–50mm!.
The deflection method or refractometry using 20 nm light
more appropriate for the observation of several tens ofmm
hole at densities of 1020– 1022 cm23 as compared with shad
owgraphy.

III. CONCEPT AND DESIGN OF THE XRL-GIR

We applied the refraction technique using Ne-like G
x-ray laser light for the measurements of laser channe
because of the sensitivity of the technique to small den

FIG. 1. Comparison of refraction and absorption methods for a 20 nm l
beam to probe a laser channel in 100 eV CH plasmas. A cylindrical pla
with a diameter of 400mm and a scale length of 100mm is assumed. The
hole diameter is changed from 0 to 150mm at the center of the plasma
column.
 or copyright; see http://rsi.aip.org/about/rights_and_permissions



it
tio
d
en

re
a

on
rid
ra
n

an

c

he
t

te
o
n

io

s
o

th
e
.

d, a
at
m
an-
stic

nd
ant
the

H
ig-
x-
the
ted
re-
ol-
ise
ay
he
and
t
. A
to
ve-
i
al
e-
of
a

A
uld
the
he
ray
th a
nto
the
of

si
b

el

CH
ectral

545Rev. Sci. Instrum., Vol. 70, No. 1, January 1999 Kodama et al.

Dow
perturbation as shown in Fig. 1. The GIR technique9 was
used to obtain two-dimensional information on the dens
profiles. The Schlieren technique as one of the refrac
methods also gives us a two-dimensional contrast image
to x-ray deflection in the plasma. However, the requirem
for probe–beam uniformity using GIR or moire´ is lower than
that with the Schlieren method. A GIR method will be mo
appropriate to probe two-dimensional nonuniform plasm
than the moire´ method.

By using the GIR technique, two-dimensional distorti
of the grid image is obtained as shown in Fig. 2. The g
distortion is caused by beam deflection in the gradient ref
tive index, which is sensitive to the electron density gradie
Defining x as the axis along the plasma density gradient
z as the orthogonal direction, the refraction anglef is given
by

f5E
2`

Z0
dz

]N

]x
, ~4!

where the integration is carried out along thez path of the
ray. z0 is the total distance along the ray path andN(x) the
refractive index. IfN(x) has no dependence on bound ele
trons in an unmagnetized plasma,N(x) is assumed to be

N~x!5A12
ne~x!

nc
, ~5!

wherenc is the critical electron density corresponding to t
probe–beam wavelength. The x-ray beam is deflected in
gradient plasma by an angle off from the straight line. A
grid behind the plasma is illuminated by the beam deflec
through the plasma and there is no deflection beam with
any plasma. Comparing the distortion of the grid image a
the no distortion grid image, we can estimate a distort
lengthDY on the detector.10 From the shiftDY, the refrac-
tion anglef is obtained by

f5~b2a!1Db, ~6!

LDb5DY cos~b!cos~b2Db!. ~7!

Therefore, we can estimate two-dimensional electron den
profiles by ray-trace calculations describing the distortion
the grid image obtained with the GIR.

This GIR technique was extended to XUV waveleng
by using a 19.6 nm Ne-like germanium x-ray laser develop
at the Institute of Laser Engineering, Osaka University11

FIG. 2. Concept of the XRL-GIR technique to measure electron den
profiles. The gradient of the refractive index in the probed plasma can
estimated from the grid distortion~Db: angle,DY: distance!, resulting in
evaluation of the density profiles.F: deflection angle;a: original angle of
the deflected beam to the target parallel;b: no deflected beam angle parall
to the target.
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The x-ray laser beam has a beam divergence of 3–4 mra
pulse duration of 80 ps, and a peak power of about 10 MW
a wavelength of 19.6 nm. We optimized the GIR syste
using the 19.6 nm laser light for measurements of laser ch
neling into overdense plasmas which was created on a pla
target~CH!. The CH plasma was created by laser light a
the temperature was above 1 keV, resulting in no signific
effect on the x-ray laser absorption through probing of
plasma at electron densities of less than 1022 cm23. How-
ever, the signal intensity of the self-emission from the C
plasma might compete with the x-ray laser signal even
noring the x-ray deflection. The spectral intensity of the
ray laser light from the Ge plasma is much higher than
intensity from the CH plasma while the spectral-integra
signal of the CH emission may be crucial for the measu
ment, which depends on the spectral band width of the c
lected x-ray emission. In order to increase the signal to no
~S/N! ratio, we have used several pieces of multilayer x-r
mirrors as filters. Figure 3 shows the relative value of t
signal to noise ratio as a function of the peak wavelength
the width of the mirror reflectivity for 19.6 nm laser ligh
taking into account the x-ray spectra from the CH plasma
narrower band width of mirror reflectivity is necessary
obtain a higher S/N as well as matching of the center wa
length of the reflectivity to the x-ray laser light. Mo/S
multilayer mirrors were used to filter the x-ray laser sign
from the CH self-emission, which was also utilized for r
laying the interaction plasma image. The peak reflectivity
the mirror was 35.5% at a wavelength of 19.65 nm with
bandwidth of 0.9 nm@full width at half maximum~FWHM!#.
Four pieces of mirror were used to increase the S/N.
simple estimation indicates that the x-ray laser signal wo
be 35 times as high as the spectral integrated intensity of
self-emission from the CH plasma through the mirrors. T
estimation used the x-ray spectral intensities of the x-
laser and the self-emission was obtained separately wi
spectrometer. No refraction or absorption effect is taken i
account in the estimation. Hence, the S/N was about 3 in
experiments, indicating large refraction and/or absorption
laser light in the plasma.

ty
e

FIG. 3. Ratio of the x-ray laser signal intensity to the self-emission from
plasmas changing the bandwidth and the center wavelength of the sp
response of the reflectivity of the x-ray mirror.
 or copyright; see http://rsi.aip.org/about/rights_and_permissions
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FIG. 4. Experimental setup for measurements of the electron density profiles of the laser channel into overdense plasmas using the XRL-GIR. The
CH plasmas were created behind the Ge curved target where the x-ray laser light was generated. Four pieces of x-ray mirror were used to select th
signal and relay the image.
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IV. EXPERIMENTAL SETUP

The experiments were carried out with the Gekko X
laser system at Osaka University. A single beam of 1.0
mm laser light irradiated a Ge curved target at a 100
double pulse with a 400 ps time separation to generate
nm laser light into Ne-like Ge ions. The pumping energy
the x-ray laser was 150–175 J per pulses. A single x-
laser pulse with a pulse duration of 80 ps~FWHM! was
created at a time corresponding to the second pumping p
The x-ray laser beam was relayed onto an interaction ta
with a flat Mo/Si multilayer mirror and lit the target from th
side as shown in Fig. 4. The x-ray image of the interact
plasma illuminated by the x-ray laser light was relayed b
74 cm diam spherical multilayer mirror onto an x-ray char
coupled device~CCD! camera through two flat multilaye
mirrors and an aluminum filter with a thickness of 0.5mm in
the beam line. The magnification of the imaging system w
123 from the interaction plasma to the imaging point. T
collection limit of a deflected beam by the spherical mirror
the probe system was 7.531022 rad. The x-ray image was
detected with a back illumination type CCD camera~1100
3330 pixels with a pixel size of 24324mm). The detectors
were located 80 cm from the imaging point to increase
sensitivity of the deflection angle and to decrease the in
sity of the self-emission as noise. A 213mm pitch mesh used
as a grid was set 60 cm from the imaging point on the tar
side. The arrangement of the GIR probe system was o
mized by a ray-trace calculation to diagnose a plasma wi
scale length of 100mm at 1020– 1022 cm23 electron density.
A typical spatial resolution given by the grid size was eva
ated to be about 10mm.

Interaction plasmas were created on a 100mm thick CH
target, which was precisely set at the back of the x-ray la
target as shown in Fig. 4. The interaction target was irra
ated obliquely by two 0.351mm laser beams of a 100 p
~FWHM! double pulse with an interval of 400 ps to produ
a preplasma at a 400mm focal spot (1014 W/cm2). A 1.053
mm laser light used as a main interaction pulse was focu
normally onto the preplasma after 1 ns of the first prepu
with an aspherical lens off /3. The intensity of the main
pulse was 231017 W/cm2 with a 30 mm spot at the bes
nloaded 17 Jun 2011 to 133.1.91.151. Redistribution subject to AIP license
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focusing position. The best focusing position was set 2
mm from the initial target surface. The x-ray laser light lit th
plasma from the side 50 ps after the peak of the first m
pulse. The pulse shapes of the laser lights were monito
with biplanar photodiodes as being near Gaussian and ha
double pulse intensity ratios of 1:1. The formation of t
channel was measured with an UV laser interferometer
underdense plasmas (1019– 1020 cm23),12 and the XRL-GIR
system was used for the overdense plasmas. A 263 nm
light with a pulse duration of 10 ps was used for the U
interferometer. Properties of the laser turning po
(;1021 cm23) were monitored by measurement of a Do
pler shift of the backscattered light spectra with a streak ca
era coupled to a spectrometer.3

V. EXPERIMENTAL RESULTS

Figures 5~a! and 5~b! show, respectively, typical XRL-
GIR images of a CH target without any plasma and a C
plasma created by 0.35mm laser light at 1014 W/cm2. The
x-ray laser beam probed the plasma 1 ns after the first pu
corresponding to the time of the interaction of the channel
beam with the preformed plasma. Shadows of the target
grid images without any distortion are seen in Fig. 5~a! be-
cause there is no deflection by the x-ray laser beam.
probing the preformed plasma, the x-ray laser beam was
fracted, resulting in distortion of the grid image as shown
Fig. 5~b!. The preplasma with a 400mm diameter was cre-
ated on the left-hand side of the target on the image. T
x-ray laser beam was deflected towards the direction
plasma expansion. Self-emission from the CH plasma w
also detected behind the grid image as a weak backgro
signal. No grid image detected near the target surface is
cribed to x-ray deflection, with a large angle due to the ste
density gradient and absorption in the high density plas
where the temperature is also low enough for the absorpt

Figure 6~a! shows a two-dimensional electron dens
contour of the CH plasmas from the XRL-GIR image. T
two-dimensional profiles were evaluated by iteration of
ray-trace calculation to self-consistently fit it to the distort
grid image assuming no effects of a magnetic field a
bound electrons on the refractive index. Another assump
 or copyright; see http://rsi.aip.org/about/rights_and_permissions
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for the evaluation is a symmetrical structure of the preplas
setting the center normal axis in the focal spot as a rotatio
axis. The preformed plasma has a cos0.5 distribution at near
critical densities with a width of 400mm in diameter. Figure
6~b! shows the one-dimensional electron density profiles
the preplasma obtained with the XRL-GIR and with the U
interferometer. The one-dimensional profiles correspond
the densities along the plasma expansion at the center o
focal spot. The density profile from the XRL-GIR is consi
tent with the extrapolation from the profile obtained by t
UV interferometer. The profiles have a double exponen
shape with a scale length of 30–40mm at 1021 cm23 and a
scale length of about 300mm at 1020 cm23. The solid lines
in Fig. 6~b! indicate profiles from a one-dimensional hydr
dynamic code~ILESTA! for different geometries@plane and
spherical~R52Rs , spot radius! geometry as an initial target#
that take into account a three-dimensional effect on
plasma expansion. At higher density, the plane geometr
more consistent with the experimental result and the sph
cal geometry ofR52Rs gives us reasonable agreement
the profile with the experiment at lower density.

This XRL-GIR technique was used in laser-hole bori
experiments. Figure 7~a! shows an XRL-GIR image of the
interaction of the channeling beam (231017 W/cm2) with
the preplasma as shown in Fig. 6~b!. The channel beam wa
focused on the preplasma 210mm from the target surface
Clear grid distortions are seen in the image except for
distortion due to the plasma expansion. One kind of dis
tion appeared along the beam direction indicating ridges
density humps such as the plasma wall of the laser chan

FIG. 5. Typical XRL-GIR images of~a! a CH target without any plasma an
~b! a CH plasma created by 0.35mm laser light at 1014 W/cm2 on the
left-hand side of the target. The plasma was probed at 1ns after the first
pulse of the double pulse with the x-ray laser light.
nloaded 17 Jun 2011 to 133.1.91.151. Redistribution subject to AIP license
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Assuming the refractive index is given by only free ele
trons, density well and walls are obtained at overcritical
gions on the electron density profiles from the grid imag
The channel width was less than 30mm at 50–60mm from
the target surface. A width of the laser profile of less than
mm could be required to explain the density profile from
simple estimation given by an equilibrium condition betwe
the the ponderomotive force and thermal pressure for 1
keV. This result indicates laser self-focusing and channe
into overdense plasmas. Another ridge of density humps,
verging along the channel in the direction opposite to
laser beam, appeared at outer regions from the channel w
Extrapolated lines of this ridge of the density hump cross
the target surface on the beam axis corresponding to
channel axis. These density humps may indicate a M
cone of the shock waves created by supersonic propaga
of the channel front. From a Doppler shift of the backsc
tered light spectra showing a front speed of 73107 cm/s,3

the angle of the Mach cone is estimated to be 43° fo
plasma temperature of 3 keV. This Mach cone angle fr
the front speed is consistent with the experimental obse
tion ~45°!. Details of the channel formation appe
elsewhere.13 The other interesting distortion is a ball stru
ture 150mm from the target surface. The grid pattern of th
ball structure is radially distorted towards the outside. A
suming that the refractive index is given by free electro
only and that there is no effect of magnetic fields, the el
tron density is evaluated to be 66431021 cm23 at the center

FIG. 6. ~a! Two-dimensional electron density contour of the CH plasm
from the XRL-GIR image.~b! One-dimensional electron density profiles o
the preplasma obtained with the XRL-GIR and with the UV interferome
The solid lines indicate profiles of one-dimensional hydrodynamic simu
tion for different geometries@plane and spherical (R52Rs) geometry#.
 or copyright; see http://rsi.aip.org/about/rights_and_permissions
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of the ball structure as shown in Fig. 7~b!. As another pos-
sibility, this ball structure might be ascribed to the refracti
index affected by a localized strong magnetic field due to
electrons induced by laser self-focusing. The refractive in
including the effect of the magnetic field is given by

N5S 12~vp /v!2
v22vp

2

v22vp
22vc

2D 1/2

~8!

for the magnetic filed direction perpendicular to the ray
rection of the probe beam. Another formula for the fie
direction parallel to the ray direction is given by

N5S 12~vp /v!2
1

12~vc /v! D
1/2

, ~9!

wherevp is the plasma frequency,v the laser frequency, an
v0 the cyclotron frequency dependent on a magnetic field
magnetic field of a few G~gauss! would be required to dis-
tort the 19.6 nm x-ray grid image into a ball structure
shown in Fig. 7~a! taking into account the gradient of th
magnetic field in the refractive index. It will be difficult to
create such a high magnetic field even though laser inten
is enhanced by a factor of 10 in self-focusing and chann
ing. The x-ray image of self-emission from the point corr
sponding to this ball structure was also obtained with
x-ray pinhole camera. More details of the ball structu
should be studied in the future.

FIG. 7. ~a! XRL-GIR image of the interaction of the channeling beam w
the preplasma.~b! Electron density profile corresponding to the ball stru
ture on the grid image assuming that the refractive index is given by o
free electrons and that there is no effect of magnetic fields.
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VI. SUMMARY

We developed an XUV~19.6 nm! laser grid-image re-
fractometer~XRL-GIR! to diagnose laser-hole boring int
overdense regions. The optical layout of the XRL-GIR w
optimized to measure the 100mm scale-length plasma a
electron densities of 1020– 1022 cm3. The density profiles ob-
tained by the XRL-GIR were compared with those
1019– 1020 cm3 from an UV interferometer, resulting in goo
continuity of the profiles from one to the other. By using th
XRL-GIR, we directly observed laser channeling into ove
dense plasmas for the first time. The two-dimensional p
files show laser self-focusing in the overdense region
density evacuation in the channeling by ponderomot
forces. We also obtained a Mach cone created by supers
propagation of the channel front. Shorter pulse durations
the x-ray laser light such as a few ps will be required
obtain a high contrast image of the channel with high te
poral resolution since the channel front propagates into o
dense regions at a speed of 73107 cm/s.
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