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Onset of relativistic self-focusing in high density gas jet targets

R. Fedosejevs,* X. F. Wang,† and G. D. Tsakiris
Max-Planck-Institut fu¨r Quantenoptik, Hans-Kopfermann Strasse 1, D-85748 Garching, Germany

~Received 20 May 1997!

Optical investigations are reported of the interaction of 0.3 TW, 250 fs Ti:sapphire laser pulses with
underdense plasmas created from high density gas jet targets. Time resolved shadowgraphy using a 2v probe
pulse, images of the transmitted radiation and images of 1v and 2v side radiation are presented for various
gases. The experimental results and their analysis based on a simple numerical Gaussian beam model show that
ionization-induced refraction dominates the interaction process for all gases except hydrogen. The numerical
modeling also shows that for a given laser power there exists only a narrow density range in which self-
focusing can be expected to occur. In the case of hydrogen for electron densities greater than;1020 cm23, the
onset of channeling expected at the critical power for relativistic self-focusing is experimentally observed.
X-ray and forward stimulated Raman scattering measurements were also conducted to verify the onset of high
intensity relativistic interactions and the onset of fast electron generation.@S1063-651X~97!11709-3#

PACS number~s!: 52.40.Nk, 42.65.Jx, 52.35.Mw, 52.40.Db
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I. INTRODUCTION

The intensities now achievable with high power femtos
ond laser systems can approach 1018–1019 W cm22 for
which the interaction of the laser pulse with plasma becom
relativistic in nature. The propagation of such ultrashort h
intensity laser pulses in underdense plasma is of interest
for the understanding of laser interactions in this new re
tivistically driven plasma regime and for applications such
laser wake field accelerators@1–3#, x-ray lasers@4–7#, and
the fast ignitor concept for inertial confinement fusion e
ergy @8#. For many of these applications long interacti
lengths of several times the diffraction limited Rayleig
length are either desirable or necessary. In order to ob
such long interaction lengths some mechanism must be
voked in order to compete with the normal diffraction
light. For terawatt laser pulses the relativistic nature of
interaction can result in relativistic self-focusing of the rad
tion @9–11# which, in turn, may naturally lead to long inte
action lengths.

At high intensities two factors contribute to this focusin
on a femtosecond time scale. The first is the relativistic m
increase of the oscillating electrons leading to a decreas
the plasma frequency and thus a local increase in the re
tive index. The second is the ponderomotive expulsion
electrons from the beam path such that the ponderomo
force is balanced by the electrostatic field set up between
displaced electrons and the ions that remain on axis. Th
factors lead to a positive focusing effect that becomes st
ger as the laser beam decreases in diameter and bec
more intense. The end result is a self-focused channel w
radius of the order of the plasma skin depth with the co
plete expulsion of the electrons from the plasma chan
Propagation over several Rayleigh lengths has already b
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demonstrated@12–14# at relatively low densities in the rang
of (0.0120.03)nc , where nc5mvL

2/4pe2 is the critical
electron density andvL the laser frequency. The thresho
power for such relativistic self-focusing is given b
Pc516.2nc /ne@GW# wherene is the electron density. Thus
in order to achieve self-focusing at modest power levels
would be advantageous to operate at higher values of e
tron density of the order of 0.1nc or more. At very high
intensities additional factors such as self-generated magn
fields and acceleration of fast electrons@15# may come into
play to further stabilize or modify the self-focusing proces

Gas targets provide one of the simplest forms of und
dense media. However, if a simple gas target is used,
self-focusing process must compete with the refraction of
pulse from the self-generated electron density profile due
the ionization of the gas. The predominant mechanism
ionization is tunnel ionization@16,17# whose rate climbs dra
matically once the laser field approaches the electric fi
holding the outermost electron in place. In many cases
ionization can be considered to be instantaneous once
Coulomb potential barrier has been exceeded, yielding in
sity thresholds for the formation of each ionization stage
an atom@18#. Since laser beams typically have a high inte
sity on axis and low intensity at the edge of the beam,
result is an ionization profile that has high ionization in t
center of the propagation path and low ionization at the ed
This in turn leads to refraction of the laser light away fro
the axis. This limitation has been considered theoretica
@5,19–21# and demonstrated experimentally@22–24#. Thus
in order to achieve long propagation lengths the se
focusing mechanism must be strong enough to overcome
only the normal diffraction but also the ionization induce
refraction. This competition becomes more severe at hig
plasma densities since the refraction effect scales with d
sity. A reduction of the refractive defocusing can be obtain
by employing a gas jet target instead of a uniform ba
ground gas. In this case the refraction over the long p
length prior to the interaction region can be eliminate
However, as will be seen from the results presented here
refraction in the main interaction region of interest is s
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very strong and can significantly limit the achievable pe
intensities.

In order to eliminate the ionization refraction and allo
propagation over several Rayleigh lengths it has also b
proposed that a preshaped low density channel with h
density walls be employed. When ionized, this channel w
have a lower electron density in the center than at the w
and will result in the guiding of the radiation within th
channel@5,24#. The guiding effect of such a channel h
recently been demonstrated by Durfee and Milchberg@25#.
However, the creation of such a guiding channel require
second laser pulse and a suitable optical illumination syst
which may not be feasible in many experiments.

It is thus useful to explore in what regimes the relativis
self-focusing itself might lead to guiding of the radiatio
Previous experiments using gas targets have only dem
strated relativistic self-focusing at relatively low densities
the range (0.0120.03)nc @12–14#. More recent experiment
@26,27# have demonstrated the effects of relativistic se
focusing in preformed plasmas at higher electron densitie
over 0.1nc but these experiments have used fully preioniz
exploding foil targets. However, no experiments have
plored the limits of relativistic self-focusing at high intera
tion densities in simple gas targets where the refractive
focusing would be strong.

A further complication in the interaction of lasers at su
high intensities is the onset of stimulated Raman scatte
~SRS! in the backward and forward directions. If strong
driven, these processes can lead to the generation of
electrons by wave breaking and the eventual self-modula
of the propagating laser pulse. Observations of Raman s
tering for short pulse high intensity interactions have be
reported in a number of experiments@22,28,29# for both gas
jet and static fill gas targets. The effects of self-modulat
of the laser pulse and potential enhancement of wake fi
generation for electron accelerators have also been pred
in a number of reports@3,31#. The characteristics of the Ra
man spectra can serve as a useful diagnostic of electron
sity or, if the background density is known, the electron te
perature of the interaction region. Also, if significa
refractive defocusing occurs, the decrease in Raman si
with gas density is indicative of the threshold where su
refraction becomes dominant.

In the high intensity regime a number of processes
lead to the generation of fast electrons. The relativistic s
focusing itself can generate electrons with energies of
order of MeV@15# while the acceleration by the plasma wa
field behind the laser pulse can also generate electrons
similar energy@14,31#. The stimulated Raman scattering pr
cess itself will generate fast electrons by the damping
breaking of the plasma waves generating electrons with
energy approximately given by a few times the phase ve
ity of the plasma waves@30,31#. In the case of forward Ra
man scattering for which the wave vector is small this ty
cally is in the range of MeV while for the backward proce
where the wave vector is larger it is of the order of 10 ke
Thus, electrons are also a useful diagnostic of the high fi
interaction process.

In the present paper we explore the competition betw
the three processes of diffraction, ionization-induced refr
tion, and relativistic self-focusing for relatively high intera
k
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tion densities on the order of 0.1nc in both uniform gas tar-
gets and gas jet targets. A theoretical analysis is carried
based on a Gaussian beam propagation model and use
define various regions for which self-focusing or refracti
should dominate. Experimental measurements are carried
in order to verify these predictions primarily for gas jet ta
gets. Different gases including hydrogen, helium, nitrog
neon, argon, and xenon were investigated in order to obs
the dependency on ionization-induced refractive effects
variety of diagnostics were used including shadowgrap
imaging of the transmitted radiation, and self-emission at
fundamental and second harmonic wavelengths. In addit
measurements were made of backscattered and forward
tered stimulated Raman radiation and hard x-ray radiation
order to verify when the interactions were approaching
relativistic regime.

II. EXPERIMENTAL SETUP

The experiments were carried out using a terawatt Ti:s
phire laser system that delivered 80 mJ, 250 fs pulses at
nm to a gas jet target. The radiation was focused using a
14 cm focal length,F#52.5 off-axis parabola. The parabo
was made of copper which was electroplated with nick
diamond turned and hand polished to remove most of
tool marks. The beam path from the output of the grat
compressor to the interaction target chamber was evacua
However, the air path in the compressor system combi
with the path length through the entrance windows led t
significantB integral, which in turn led to some degradatio
of the beam quality at the target. The final beam quality
target was diffraction limited several times primarily limite
by the quality of the compressor optical components, theB
integral, and scattered radiation from the parabola surfa
The off-axis parabola was aligned using a charge-coup
device ~CCD! imaging system, which viewed a magnifie
image of the focal spot. The orientation of the parabola w
adjusted to give the maximum brightness focal spot lead
to highest interaction intensity at focus. Images were ta
of the radiation intensity at various positions in front of a
behind the point of best focus. The vacuum focal spot ha
peak intensity of 331017 W/cm2 in a central spot of 5mm
diameter and a 50% energy containing diameter of 20mm.
Because the beam was several times the diffraction limit
beam had hot spot regions on front of and past the best fo
position and the length of region between the 50% inten
points was;130 mm.

The pulse duration was measured using a second-o
single-shot autocorrelator with a dynamic range of over 13.
Early prepulses occurring on a nanosecond time scale p
to the main pulse were suppressed by 5 orders of magni
so that they did not lead to premature breakdown of the
target. Prepulses occurring in the range of picoseconds p
to the main pulses were also suppressed by more than
orders of magnitude.

The detailed experimental layout is shown in Fig. 1. T
50 mm diameter laser beam was incident through a 3 mm
thick quartz window into the interaction chamber, which w
evacuated below 1023 mbar background pressure prior
each laser shot. Before the target chamber a beam sp
consisting of a 520mm thick quartz wafer that was antire
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flection coated on one surface was used to separate out 4
the main beam. This pulse was reduced in diameter 5 ti
to 1 cm in diameter, frequency doubled in a 2 mmthick KDP
crystal, and reflected through a variable optical delay line
order to give a second harmonic probe pulse adjustabl
time relative to the main pulse. A 30 cm focal length le
was used to give a small 500mm diameter probe spo
through the interaction region at 90° relative to the m
beam. The near field distribution of the laser pulse w
strongly modulated leading to enhanced intensity nonuni
mity in the second harmonic probe beam. In addition,
times, the probe beam would be apertured by one or mor
the optical components leading to diffraction fringes in t
spatial profile.

Three different optical diagnostic measurements were
ried out including:~1! time resolved shadowgraphy,~2! self-
scattered time integrated images of 1v radiation at 90° to the
main beam direction, and~3! 2v time integrated images o
the plasma. In all three cases the interaction region was
aged onto a CCD camera with a magnification factor o
times using a high resolution multiple elementF#52.5, 10
cm focal length objective. The effective resolution of t
imaging system was of the order of 3mm. Various calcite or
thin film polarizers could be introduced into the imagin
system in order to analyze the polarization of the detec
radiation. For self-emission at the fundamental wavelen
an interference filter centered at 790 nm with a bandwidth

FIG. 1. ~a! Schematic of the experimental setup.~b! Perspective
view of the gas jet and interaction region geometry.
of
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13 nm was introduced into the imaging system. For sh
owgraphy and for 2v imaging a filter centered at 400 nm
with a 33 nm bandwidth was employed.

A similar imaging system was employed to view the las
radiation transmitted through the interaction region. In ord
to reduce the intensity and minimize any distortion of t
beam through additional self-focusing in the imaging syst
elements, a 25% transmission neutral density filter and a
transmission dielectric mirror were used as the first two
tical elements in the imaging system. This was followed
several decades of optical filters before the CCD camera
a number of cases the imaging system was adjusted to im
the plane 250mm past the position of best focus in order
measure the degree of spatial deflection of the beam pas
through the interaction region.

Measurements were also carried out of the transmi
and backscattered spectra in search of Raman forward
backscattered radiation. For measurements of the transm
spectrum a fiber optic coupler was positioned to intercept
central part of the transmitted radiation as imaged by
transmitted light imaging system. The radiation picked up
the fiber was directed into a low resolution diode array sp
trometer. The spectrometer@32# had a spectral resolution o
3.3 nm in the range of 300–1130 nm. For the forward sc
ter, an equivalent collecting optical aperture ofF#557 was
sampled in the exact forward direction. The backscatte
radiation was measured by the same spectrometer on a
ferent set of shots. In this case the backscattered radia
was intercepted by a 3 mmthick quartz beam splitter, which
was placed before the parabolic focusing mirror. In order
calibrate the absolute reflectivity level for the backscatte
diagnostic, an uncoated glass plate was inserted after
beam splitter in order to retroreflect 8% of the incident
diation into the diagnostic channel. The transmitted radiat
channel was calibrated for 100% transmission by tak
shots with no gas target present.

A simple circular orifice free expansion gas jet with
diameter of 500mm was employed for these experimen
The jet was identical to that characterized by Li and Fedo
jevs @33# except that the outlet diameter was 500mm instead
of 1000 mm. The gas density profile of the current gas
was measured interferometrically for the different gases u
in the present experiment including, hydrogen, helium, ne
and nitrogen. The density profiles at a distance of 200–
mm from the nozzle outlet could be adequately characteri
by a simple Gaussian radial profile and an exponential d
sity falloff with distance from the nozzle orifice. The acc
racy of the density measurements was estimated to
625%. For nitrogen gas at a reservoir backing pressure
10 bar a peak density of 5.431019 atoms per cm3 was ob-
tained at a distance of 300mm from the nozzle exit, which if
ionized to 51 ionization state~as expected from tunnel ion
ization for intensities of 531016 W/cm2) would lead to an
electron density ofne /nc50.15.

Recent experiments@34,35# have studied the interactio
of high intensity laser pulses with gas clusters indicat
enhanced absorption and x-ray emission. Using the stan
model for the expansion, cooling and cluster formation
gas jets@36# we find that we are in the near field range of t
gas orifice, i.e., within one nozzle diameter of the exit, a
thus sufficient cooling of our gas does not occur for the f
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4618 56R. FEDOSEJEVS, X. F. WANG, AND G. D. TSAKIRIS
mation of clusters in the gases that we have used in
experiments. Thus the following reported interactions are
tween the incident laser pulse and a homogeneous atom
molecular gas target.

Filtered x-ray-scintillator photomultiplier detectors we
used to detect hard x-ray emission from the laser-gas in
actions. A 150–550mm thick aluminum foil was set before
the scintillator to attenuate soft x rays, UV and visible lig
which means that the scintillator would detect x rays w
photon energy greater than 8 keV with the 150mm Al filter
and 12 keV with the 550mm Al filter. The plastic scintillator
was 16 mm thick which meant that higher energy x ra
significantly above 20 keV would be partially transmitte
The signal from the scintillator was detected by a photom
tiplier that was read out by connecting it to a storage os
loscope.

III. THE RAY TRACING MODEL

Understanding the way in which short (&1 ps! intense
(*1015 W/cm2) laser pulses interact with relatively den
gases requires the detailed investigation of all processes
affect the spatial beam profile during propagation. At the
intensities the medium undergoes rapid ionization right at
leading edge of the pulse so that the subsequent interacti
that of an intense pulse with an underdense plasma.
number of electrons that are produced via ionization a
particular point of the beam path strongly depends on
prevailing local intensity. As a consequence, any inten
variation across the beam profile would give rise to a s
tially varying index of refraction, which in turn would alte
the propagation of the individual rays through the mediu
thus further modifying the beam path. A Gaussian-like rad
intensity profile would produce via ionization an excess
electrons around the beam axis, which would lead to de
cusing because of the lensing effect associated with su
density profile. In addition the diffraction of the beam lea
to a defocusing affect independent of density. A countera
ing process is the relativistically induced self-focusing due
the electron mass increase in high intensity regions and
expulsion of electrons from these regions by the pondero
tive force.

In the limit where the laser pulse contains many la
oscillations, the refractive index of the plasmah is given by
@9,37–39#

h512
1

2

vp
2

vL
2

1

~11aL
2/2!1/2

, ~3.1!

where vp5(4pe2ne /m)1/2 is the plasma frequency,vL is
the laser frequency, andaL5eAL /mc2 the amplitude of the
normalized vector potential, which in terms of the peak el
tric field is given byAL5cEL /vL .

For intensities pertaining to the experimental conditio
~see Sec. II!, i.e., for mildly relativistic intensities (aL

2&1.0),
the expression in Eq.~3.1! can be simplified to read

h'12
1

2

vp
2

vL
2 1

1

8

vp
2

vL
2 aL

2 . ~3.2!
ur
e-
or

r-
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s
.
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The last term in Eq.~3.2! is easily recognized as due t
the relativistic effects since foraL

2'0.0 it disappears. As is
seen from the analysis that follows, the second term gi
rise to refractive defocusing. It should be pointed out h
that although the expression in Eq.~3.2! includes self-
focusing associated with the relativistic intensities and
ponderomotive electron expulsion from the high intensity
gions, it does not include effects such as electron cavita
@11#. Given thatvp

2;ne , one concludes that the ionizatio
of the medium affects not only the refractive, but also t
relativistic self-focusing term.

A. The paraxial ray equation

The problem of beam propagation in a medium under
ing ionization at relativistic intensities can be treated us
the paraxial ray equation for a Gaussian beam@40,41,21#

d2r

dz2
5

1

h0

]h

]r
1

l2

4p2

r

r 0
4

. ~3.3!

We use here the same formulation and notation as in R
@21#; i.e., r (z) gives the variation of the radius of a particul
ray along the beam axis. The first term in the right side
Eq. ~3.3! represents the contributions from the refraction
dex gradient, which is assumed to vary quadratically w
distancer from the axis, i.e.,

h~r ,z!5h02 1
2 h2r 2. ~3.4!

The last term in Eq.~3.3! describes the diffraction of a
Gaussian beam with an intensity variation given by

I ~r ,z!5I 0expS 2
r 2

r 0
2D . ~3.5!

Keeping in accordance with Ref.@21#, the radius of the
beam is defined here asr 0(z)5w0(z)/A2 wherew0(z) is the
customary beam waist. This means that the intensity at
beam center is related to the total beam powerP through
I 05P/(pr 0

2).
Equation~3.3! consistently describes the propagation o

Gaussian beam as long as the index of refraction exhibits
r dependence implied by Eq.~3.4!. In Ref.@21# it was shown
that for the case of ionization induced refraction the plas
index of refractionh512vp

2/(2vL
2) can be put in the form

of Eq. ~3.4!. In what follows this formalism is extended t
include relativistic self-focusing using the complete expr
sion for h as given by Eq.~3.2!.

1. The paraxial ray equation in a fully ionized plasma

In the case of high intensities and lowZ gases, the me-
dium ionizes completely so that the pulse propagates thro
a homogeneous plasma of constant electron density. U
these circumstances, there are no contributions from the
ond term in Eq.~3.2! and the refractive index gradient i
]h/]r 5(vp

2/8vL
2)]aL

2/]r .
Using the relationaL

25(2r e /pmc3)l2I between normal-
ized vector potential and intensity~herer e5e2/mc2 denotes
the classical electron radius! and the definition of the critica
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power for self-focusingPc5(2mc3/r e)(vL /vp)2 ~see, e.g.,
@10#! the last term in Eq. ~3.2! can be written as
(l2/2p2r 0

2)(P/Pc)exp(2r2/r0
2). Accordingly, the refractive

index gradient is then given by]h/]r 52(l2/p2r 0
4)(P/

Pc)r /e. Here we have used the approximatio

@]e2r 2/r 0
2
/]r # r'r0'22r /(er0

2), which means that the refrac
tive index gradient is evaluated near the radial posit
r'r 0. This is to best evaluate the overall beam evoluti
which is adequately described by following the ray path a
distancer 5r 0 from the propagation axis. Introducing the
results into Eq.~3.4! and forh0'1 one obtains the paraxia
ray equation for fully ionized plasma in the form

d2r

dz2
5

l2

4p2r 0
4S 12k

P

Pc
D r . ~3.6!

This is the well known@41,42# Gaussian beam ray equa
tion for self-focusing in a medium with index of refractio
possessing a term linearly dependent on intensity. H
k54/e51.47 denotes a factor dependent on the position
the ray considered, which we call theposition factor. The
solution of Eq.~3.6! gives the variation of the beam radiu
with z in the form r 2(z)5r 0,min

2 @11(12kP/Pc)(z/z0,min)
2#

with z0,min52pr0,min
2 /l, which leads to a minimum beam ra

dius ofr 0,min in the caseP,Pc /k or to whole beam focusing
for P.Pc /k.

2. The paraxial ray equation in an ionizing plasma

When the ionization process is taken into account,
explicit dependence of the electron density on the inten
has to be introduced in the expression for the index of
fraction in Eq. ~3.2!. In this case, the terms containing
factor proportional tovp

2 give rise to additional intensity
dependent terms.

According to the Coulomb-barrier ionization model, th
charge distribution across the beam can be approximated
continuous function of intensity and is given by@21#

q~r ,z!5q0I ~r ,z!1/~4a22!. ~3.7!

The constantsq0 and a are determined from the ioniza
tion potentials for the different gases~see Sec. III A 3!. In-
troducing the Gaussian beam intensity profile from Eq.~3.5!
in Eq. ~3.7! and using the relationvp

2/vL
25qna /nc wherena

is the atomic gas density one obtains

vp
2

vL
2 5

q0na

nc
S P

pr 0
2D 1/~4a22!

expS 2
r 2

~4a22!r 0
2D . ~3.8!

For the subsequent discussion, it is convenient to in
duce the parameterN5na /nc denoting the ratio of the
atomic gas density to the laser critical density. As has
ready been discussed in Sec. III A 1, the normalized ve
potential can be put in the form

aL
25

4l2

pCS P

pr 0
2DexpS 2

r 2

r 0
2D , ~3.9!
n
,
a

re
f

e
ty
-

s a

-

l-
r

whereC52mc3/r e517.4 GW. The constantC is the pro-
portionality constant in the relation for the critical pow
Pc5CvL

2/vp
2 , which from more accurate analysis of th

relativistic self-focusing process@11# has been found to be
C516.2 GW. This last value has been used throughout
subsequent calculations. Introduction of Eq.~3.8! and Eq.
~3.9! in Eq. ~3.2! yields the total variation of the refractiv
index as

h~r ,z!512
q0N

2 S P

pr 0
2D 1/~4a22!

expS 2
r 2

~4a22!r 0
2D

3F12
l2

pCS P

pr 0
2DexpS 2

r 2

r 0
2D G . ~3.10!

Straightforwardly calculating the refractive index gradie
from Eq. ~3.10! and evaluating again forr'r 0 using the

approximations @]e2r 2/(4a22)r 0
2
/]r # r'r0'2$2r /@(4a

22)r 0
2#%exp@21/(4a22)#, @]e2r 2(4a21)/(4a22)r 0

2
/]r # r'r0'

2$2r (4a21)/@(4a22)r 0
2#%exp@2(4a21)/(4a22)# and

h0'1 the ray equation~3.3! becomes

~3.11!

with k05exp@21/(4a22)# and k15exp@2(4a
21)/(4a22)] the corresponding position factors. Equatio
~3.11! gives the path of a rayr (z) in the incoming pulse
interacting with a gas. The three processes occurring du
the interaction, namely~a! refraction, ~b! relativistic self-
focusing, and~c! diffraction are described by the correspon
ing terms clearly indicated in Eq.~3.11!. As can be seen, the
defocusing effect of the refraction and diffraction is count
acted by the relativistic self-focusing process. The relat
contribution of each process for a specific gas is discusse
Sec. III B. It should be pointed out here that this model
valid strictly speaking for a Gaussian beam and for the c
that transient ionization effects do not play any role@19,20#.
For r 5r 0 one obtains the ray tracing equation in a ionizi
gas for the 1/e intensity radius of the beam. In this case,
first integral of the resulting equation can be easily obtain
as
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The integration constant tan2u0 is related to the incoming
beam divergence defined as the cone with half-angleu0 ~see
also Sec. III B!. Applications of Eq.~3.12! and comparison
of its predictions with the experimental results are given
Sec. IV D.

3. Estimate of the charge distribution due to gas ionization

In the near field of the beam, there will be a thresho
intensity above which the gas will start ionizing. This defin
a region around the focal point inside which the gas is sin
or multiply ionized. The prevailing intensity at each poi
would determine the ionization degree with the high
charge states located in regions of high intensity. This gi
rise to ionization contours with the accompanying change
the index of refraction across these contours. To determ
the charge state in a given gas as a function of intensity
follow the procedure described in Ref.@21#.

In the tunneling regime characterized by values of
Keldysh parameterg,1 @16# the intensity~in W cm22) re-
quired for an ion to be stripped ofq electrons is given as@18#

FIG. 2. Ionization potential for an ion with chargeq21. The
points represent the published data for the ionization potential
the indicated gases. The dashed lines are power-law fits of the

in Eq. ~3.14! with the parametersÛ anda given for each gas in the
inset.
s
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I q543109
Uq

4

q2
. ~3.13!

The ionization potential~in eV! of the ion with charge
q21 is denoted asUq . To derive the expression in Eq.~3.7!
for the calculation of the electron density profile, the a
sumption is made that the quantitiesI q and Uq can be ex-
pressed in terms of continuous functions ofq, i.e.,U(q) and
I (q). Furthermore, it is assumed thatU(q) can be given in
the form of a power law:

U~q!5Ûqa. ~3.14!

Introducing the relation in Eq.~3.14! into Eq. ~3.13! and
solving for q one obtains Eq. ~3.7! with
q05(43109Û4)1/(224a).

For the gases used in the experimental investigations,
values for the parametersÛ and a are obtained by least
square fitting the expression in Eq.~3.14! to the published
data @43,44# for the ionization potentials of the differen
ionic species. The representation of the ionization poten
as a smooth function of the ionic chargeq is shown by the
dashed lines in Fig. 2. The corresponding values of the
rameters (Û,a) for each gas are also given in the legend
the same figure.

Use of Eq.~3.7! with the appropriate parameters yield
the ionic charge as a function of intensity. This is depicted
Fig. 3 where the ionic charge increases continuously with
intensity up to the point where the ionization saturates a

of
rm

FIG. 3. Ionic chargeq for the intensity range pertinent to th
experiment.
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the case of He or the energy gap to the next ionization s
is so large that intensities higher than 1018 W/cm2 are
needed to reach it. This occurs when a new shell (K shell for
N and Ne andL shell for Ar! is reached.

The case of hydrogen is treated differently. From E
~3.13! it is easily seen that H becomes fully ionized at inte
sities above 1.431014 W/cm2. Furthermore, it exhibits an
extremely steep rise of the ionization rate as a function
intensity @17#. It is, therefore, reasonable to assume that
the experimentally attained intensities of (325)31017

W/cm2 the hydrogen gas is completely ionized and only
the very far wings of the beam is there still atomic hydrog

To obtain the path of a ray in an ionizing plasma, one h
to distinguish between two regimes. For high intensities t
lead to plateau ionization either because of saturation or
cause of the ionization potential gap between shells,
~3.6! is used. For lower intensities where gradual ionizat
is occurring Eq.~3.11! is the appropriate one to describe t
process.
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B. Whole beam self-focusing in the presence of refraction

The interplay between relativistic self-focusing on o
side and refraction and diffraction on the other side can
now quantitatively analyzed with the help of the ray traci
model developed in Sec. III A. For that purpose, Eq.~3.12! is
the best starting point to gain insight into the different cou
teracting processes. According to the formulation of R
@41#, the variation of the beam radiusr 0 with distance can be
perceived as the motion of a particle in a potentialV(r 0) for
which a relation analogous to the energy conservation r
tion in the form

S dr0

dz D 2

1V~r 0!5tan2u0 ~3.15!

is valid. Comparison of the above relation with Eq.~3.12!
shows that the potential can be explicitly written as
~3.16!
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It should be pointed out here that our definition of t
potentialV(r 0) differs from that used in Ref.@41# by a factor
of 2p/l. Again, the contributions of each of the three pr
cesses involved are shown explicitly in Eq.~3.16! and are
plotted for two cases~low and high density! along with the
potentialV(r 0) in Fig. 4.

The interpretation of the plot in Fig. 4 is as follows: fa
away from the focal point located atz50 the potentialV(r 0)
approaches zero, and from Eq.~3.15! it is easily seen tha
dr0 /dz'6tanu0, i.e., the initial beam convergence or dive
gence. Asz moves towards the focal point, the beam rad
is reduced, which has as a consequence the increase o
potential and the decrease of the local beam converge
This will continue untildr0 /dz50, i.e., until the beam ha
reached the minimum possible radius. Subsequently,
beam will start to expand again. This is in analogy to
particle moving in the potential shown by the solid line
Fig. 4. For a given initial velocity it will move uphill in the
direction of smaller radii reaching a maximum height a
then it will roll down again in the direction of larger radii. I
is obvious that if the particle has an initial velocity slight
greater than a critical one corresponding to the maximum
s
the
ce.

e

f

the potential hill, it would be able to overcome the barr
and fall into the hole aroundr 0;0. For the beam develop
ment that means that if the initial beam convergence ha
value greater than the maximum of the potentialVmax in Fig.
4, it will collapse to zero radius. In a more realistic mod
which includes saturation of the self-focusing mechani
@11#, the potential curve would exhibit a minimum with th
consequence that the beam radius depending on the in
conditions would oscillate between a minimum and a ma
mum value@41#.

Therefore, for a given wavelengthl, beam powerP, den-
sity N, and gas parametersq0 ,a one obtains the minimum
achievable 1/e intensity radius of the beamr 0,min by setting
dr0 /dz50 in Eq. ~3.15! and solving the algebraic equatio
V(r 0,min)5tan2u0. For an initial beam diamete
D52w0,init52A2r 0,init and focusing optics with focal length
f the correspondingF number customarily defined in term
of the beam waist@45# is given asF#5D/ f 52A2r 0,init / f .
Thus, the initial beam convergence is connected to theF# of
the focusing optics through the relation tanu05(2A2F#)21.
Furthermore, if the initial beam convergencedr0 /dz is
greater than the maximum value of the potent
Vmax5V(r0,c) the beam will self-focus to zero radius.
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From the specific example depicted in Fig. 4, one s
that, for large radii, refraction is dominant. As the beam
dius shrinks the self-focusing mechanism becomes impor
and, for low densities@Fig. 4~a!# it is the competition be-
tween diffraction and self-focusing that determines the m
mum radius while, for high densities@Fig. 4~b!# refraction
and self-focusing are the dominant processes. It should
pointed out here that although the parameters used to ca
late the potential curves in Fig. 4 are pertinent to the exp
mental data, nevertheless the situation represented doe
correspond to the experimental situation since it assumes
the ionizing gas is present along the whole path of the be
while in the experiment a puff valve was used.

1. Condition for self-focusing and the effect
of the ionization plateau

It is interesting now to explore under what conditions o
can expect to observe self-focusing despite the presenc
the refraction. In the previous section such a condition w
already found albeit in an implicit form. It was conclude
that when (dr0 /dz)25tan2u0.Vmax5V(r0,c) then the beam
will self-focus. A more useful condition in terms of the de
sity N can be obtained if the value ofVmax is explicitly
calculated. This can be performed only approximately for
high density case where refraction dominates if the last t
in Eq. ~3.16! representing the process of diffraction is om
ted. As can be seen from Fig. 4~b!, this is reasonable sinc
we are primarily interested in the region where refract
dominates. Taking the derivative of the potential functi
and solving the equationdV(r 0)/dr050 one obtains the
critical radiusr 0,c for which the potential exhibits its maxi
mum. Substitution ofr 0,c back into the potential function
yields the maximum value as

FIG. 4. Plot of the potential in Eq.~3.16! as a function of the
beam radiusr 0 for nitrogen.~a! For low density,~b! for high den-
sity.
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Vmax5q0N
4a22

4a21S pC

l2~4a21!
D 1/~4a22!

. ~3.17!

The requirement for self-focusing that the initial bea
convergence is larger than this maximum value of the pot
tial gives an upper limit for the gas density in the refracti
dominated case, i.e.,

N,NB5
tan2u0

q0@~4a22!/~4a21!#@pC/l2~4a21!#1/~4a22!
.

~3.18!

It might appear surprising that the expression forVmax in
Eq. ~3.17! and consequently, the critical density for se
focusing in Eq.~3.18! are independent of the beam powerP.
In part this is due to the fact that both, the refraction and
self-focusing term in the original expression for the index
refraction in Eq. ~3.2! are proportional toN. While r 0,c
where the potential has its maximum value is a function
the powerP, once the value ofVmax is evaluated the peak
value is independent ofP. The meaning of the condition in
Eq. ~3.18! is that for gas densities higher thanNB self-
focusing cannot occur under any circumstances. For gas
sities lower than this critical value, self-focusing will occur
in addition the conditionP.Pc is satisfied, which in turn
sets a lower density limitNA dependent on the laser powe
PL . It is easily deduced that this limit would b
NA5C/(kqmaxPL).

From this analysis, it follows that for a given laser pow
PL and a specific gas target there exists a gas density ra
NA,N,NB for which an ideal Gaussian beam will exhib
self-focusing. Outside this densitywindow no self-focusing
can occur and more specifically, forN,NA diffractive defo-
cusing while forN.NB refractive defocusing would domi
nate over the self-focusing mechanism.

In the previous discussion, the effect of the ionizati
plateau exhibited by different gases~see Fig. 3! has not been
taken into account. The saturation of the ionic charge to
maximum valueqmax due to either full ionization or ioniza-
tion potential jumps between atomic shells may result in
saturation value for the potential function before the ma
mum value given by Eq.~3.17! can be reached. This mean
that the condition for self-focusing becomes more favora
since higher intensities do not produce index of refract
gradients. An estimate of the saturated value for the poten
can be easily found with the help of Eq.~3.7! from which the
relation I 5P/(pr 0

2)5(qmax/q0)
4a22 is obtained. Introduc-

tion of this value for the power into the refraction term in th
Eq. ~3.16! renders the saturated value of the potential, wh
in turn gives a new condition for self-focusing in the form

N,NB
sat5

tan2u0

qmaxk0
. ~3.19!

This last relation is in accordance with the electron de
sity estimate at which refraction-induced density clamp
becomes important. It was found in earlier work@19,22# that
for a Gaussian beam this electron density is approxima
given by ne5nctan2u, which apart from the position facto
k0 is identical to the one in Eq.~3.19!. For small incident
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FIG. 5. TheP-N diagram for the case of a Gaussian beam with the indicated parameters propagating in nitrogen. Dependin
powerP of the beam and the density of the gasN, the final minimum radius would be determined by the dominant process, i.e., diffra
or refraction or self-focusing. The contours indicate the minimum achievable radius inmm in the refraction dominated regime. The vertic
dashed line indicates the upper limit for the gas density as predicted by Eq.~3.19!. The diagonal dashed line represents the transition
self-focusing according to the relationP5C/(kqmaxN).
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angles, a similar relation is obtained from Snell’s law if o
calculates the maximum electron density to which a ray
cident into an electron density gradient profile at an anglu
can penetrate due to refraction, i.e.,ne'ncu

2. In essence
propagation cannot proceed to higher electron densities
cause refraction will turn the ray outwards at this maximu
density value. To verify these predictions and to map ou
the P-N diagram the different regions characterized by
specific process, we have solved numerically the algeb
equationV(r 0)5tan2u0 to determine the minimum 1/e in-
tensity radiusr 0,min. This time the full expression forV(r 0)
as given by Eq.~3.16! was employed. To include the effec
of the ionization saturation, the corresponding potential fu
tion for the case of fully ionized plasma obtained from E
~3.6! was used whenever the ionic charge would rise to v
uesq.qmax.

A specific example of such aP-N diagram for nitrogen
~the gas that was mostly used in the experiments! is shown in
Fig. 5. It is seen that the exact solution predicts a transi
from the refraction regime to diffraction and self-focusin
regime very close to the density value calculated by
~3.19!. For densitiesN.NB

sat'2.031023, the beam propa-
gates in an environment where multiply ionized nitrogen
to N51 exists, giving rise to a strong refraction index grad
ent. As a consequence, the minimum beam radius does
reach the diffraction limited value and no self-focusing c
occurs. For lower density values thanNB

sat, the well-known
self-focusing conditionP.Pc /k must be satisfied in orde
to observed self-focusing. For the specific example in Fig
the nonsaturated value forNB as calculated by the expressio
in Eq. ~3.18! is 531024. It is therefore, important to con
sider the effect of the ionization saturation as it can cons
erably increase the self-focusing density window.

The usefulness of the criterion in Eq.~3.18! or Eq. ~3.19!
is obvious since for a given gas it allows the estimation
-

e-

n
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-
.
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n

.

p
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n

,
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the density window for achieving self-focusing when a c
tain laser power is available. Evidently, hydrogen would
in any case the best choice of gas to observe self-focusin
high gas densities and low laser power. However, the d
gram in Fig. 3 in connection with Eq.~3.19! suggests imme-
diately that helium would be the next most favorable g
followed by nitrogen and so on.

C. Beam interaction and propagation in a gas jet

As has been already pointed out, all the previous disc
sion deals exclusively with the case of a static-filled inter
tion chamber. Although this is useful in order to separate a
study the different processes, these results cannot be dir
compared with the experimental measurements that w
made mostly using a gas jet. The gas jet limits the spa
extent of the beam interaction with the gas to a small volu
around its nozzle. Therefore, the beam propagates un
turbed from the focusing optic to the interaction regi
where it starts interacting with a spatially varying gas dens
volume.

In this section we present a more realistic modeling of
experimental situation, which also delivers quantitative
sults directly relevant to the measurements. However,
requires the solution of the paraxial ray equation in E
~3.11! or, whenever the ionic charge exceeds the satura
value of the corresponding gas~see Fig. 3!, in Eq. ~3.6!. For
the particular jet used in these experiments@33# it has been
found that the gas density at a distance of;300mm from its
orifice can be adequately modeled by a simple Gaussian
file of the form N(z)5N0e22.77[(z2zjet)/djet]

2
. Herezjet is the

position of the vacuum focus location with respect to the
axis,djet is the extent@full width at half maximum~FWHM!#
of the gas plume in the beam propagation direction andN0 is
the peak gas density, which is proportional to the back
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pressure~see also Sec. II!. This spatial dependence of the g
density is introduced in Eq.~3.11! and Eq.~3.6!, which is
then solved using numerical procedures. The solution g
the spatial variation forr 5r 0, i.e., for the 1/e intensity ra-
dius of the beam. As initial conditions the beam radius a
convergence at a large distance from the jet locat
(zi55djet) are used assuming a Gaussian beam propaga
in vacuum and having a confocal parameterw052lF#/p.

For experimentally relevant parameters (F#53.8,
l50.79mm, P50.3 TW, djet5525 mm, andzjet5115 mm!
the beam behavior for four different peak nitrogen densi
is depicted in Fig. 6. It is seen that for low peak gas densi
@Fig. 6~a!# the beam penetrates the gas jet to a point bey
the vacuum focus. At slightly higher densities@Fig. 6~b!#, the
self-focusing mechanism manifests itself clamping the be
radius down to a value that depends on the saturation me
nism present~not included in the model!. Higher densities
@Figs. 6~c! and 6~d!# force the interaction into the refractio
regime. The exhibited shallow penetration of the beam
its strong deflection is a consequence of the ionizati
induced defocusing.

To relate the prediction of the model with the experime
tal results, we have plotted in Fig. 7 four quantities that sh
the overall behavior of the interaction with increasing g
density. From Fig. 7~a! it is seen that the minimum achiev
able beam radius decreases at the beginning with den
until the interaction reaches the self-focusing regime a
which it increases monotonically. The position of the foc
@Fig. 7~b!# moves away from the focusing optics at the b
ginning but then moves towards it and finally saturates a
particular value. The beam size at 250mm past vacuum fo-
s
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cus,d250 ~FWHM! @Fig. 7~c!# shows a similar dependence o
the minimum beam radius but a more dramatic increase w
density. The Rayleigh range that relates to the observa
interaction region length between the 50% intensity poi
on axis and it has been used as experimental evidence
self-focusing exhibits a similar increase with the density.
more quantitative comparison of the model predictions w
the experimental data is given in Sec. IV D.

IV. EXPERIMENTAL RESULTS

A. Characterization of the focal beam profile

The interplay between the focusing and defocus
mechanisms strongly depends on the actual beam pr
near the focal region of the beam. Therefore, an interpr
tion of the experimental results requires the detailed kno
edge of the radial beam intensity distribution at the entra
of the interaction region around the gas jet.

The radial beam profile is determined primarily by th
quality of the focusing optical element. The diamond turn
90° off axis parabola used in these experiments had a ne
perfect parabolic shape, but the cutting process had left
marks with a peak-to-valley amplitude ratio of the order
;0.33 mm. This structure acted as a grating dispersing
considerable amount energy into the first order left and ri
of the focal point and in the perpendicular direction to t
reefs. A considerable improvement was achieved by h
polishing the parabolic surface. However, this led to so
degradation in the parabolic shape. In the final form the pa
bolic mirror was tested using a single mode HeNe laser
the equivalent focal plane technique to measure the spot
t
is the

s

FIG. 6. Variation of the beam radiusr 0 with the distance from the vacuum focus (z50) of a beam interacting with a finite exten
nitrogen jet. The solid line gives the variation of the 1/e intensity radius of the beam in the presence of the gas jet, the dashed line
corresponding variation in vacuum with the beam entering from the right hand side, the dotted line represents the density variationN(z)/N0,
and the thinner solid lines are the ionization contours.~a! Low density regime,~b! self-focusing regime~for numerical reasons the radiu
after self-focusing has been clamped to 1/10 of the diffraction limited radius!, ~c! refraction dominated regime, and~d! the beam is strongly
refracted.
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FIG. 7. Variation with density of the~a! minimum radius,~b! its location,~c! beam diameterd25051.66r 0,250, and~d! Rayleigh zone for
nitrogen gas jet. The dotted lines in~d! give the location of the beam where its radius isA2r 0,min. The shaded area indicates the self-focus
region. The same input parameters as in Fig. 6 were used for the calculations.
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A high resolution multiple element objective withF#52.5
and f 510 cm was employed to image the focal spot pla
into a CCD camera with a magnification factor of;23 and a
spatial resolution of;1 mm. The overall dynamic range o
the CCD camera was extended using several neutral de
~ND! filters and numerically combining records taken und
different exposure conditions. The result of these meas
ments is shown in Fig. 8~a!. As can be seen, there is a pe
of high intensity surrounded by a broader, lower intens
region, which primarily extends in one direction. In order
specify the focal spot profile more accurately, we have e
ployed the record shown in Fig. 8~a! to numerically perform
the integrationPexp(r)5*0

r *0
2pIexp(r)rdrdf and obtain the
e

ity
r
e-

y

-

azimuthally averaged power within a radiusr . The result is
given in Fig. 8~b! by the points. One immediate observatio
is that the half beam energy is confined in a spot size hav
a radius of'10 mm. What is of interest here is the actu
intensity distribution. This is approximately obtained by fi
ting a double Gaussian profile of the formPf(r )5c(1
2e2(r /r f ,a)2

)1(12c)(12e2(r /r f ,b)2
) to the experimental

data for the power. This corresponds to a double Gaus
intensity profile of the form: I f(r )5I f ,a

1I f ,b5ce2(r /r f ,a)2
)1(12c)e2(r /r f ,b)2

. Here, the relative
amplitude of the two Gaussian profilesc and their 1/e inten-
sity radii are the free parameters used for the fitting. The t
obtained powerPf and intensity distributionI f are shown in
plane
of
FIG. 8. Focal spot characterization.~a! Measured focal spot profile using a single mode HeNe laser and the equivalent focal
technique.~b! The points represent the power contained within a circle of radiusr and it is obtained from the integration over the angle
the record in~a!. The dashed line through the point is a least-square fit of a double Gaussian profile~see discussion in the text!. The
corresponding intensity profileI f is the solid line and it consists of two Gaussians~dotted lines!. The solid line markedI DL gives for
comparison the diffraction limited intensity profile for the case ofl50.63mm andF#52.55.
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Fig. 8~b!. For comparison, the diffraction limited intensit
profile corresponding to the nominal value ofF#52.55 for
the parabolic mirror and the HeNe laser wavelength is sho
in the same figure. As can be seen, the actual beam profi
focus deviates considerably from the diffraction limite
value. The fitting procedure quantitatively confirms the e
perimental observation, i.e., that the focal spot profile co
sists of a broad background intensity with a 1/e intensity
radius of 16.5mm on the top of which there exists a pea
with 3.5 mm radius. These values are expected to be so
what higher for the Ti:sapphire laser beam because of
slightly longer wavelength and the poorer beam qual
However, the measured Ti:sapphire beam characteristics
5 mm ~FWHM! diameter central spot and a 50% ener
containing diameter of 20mm agree well with the above
profile. As discussed in Sec. IV D the influence of the foc
spot profile on the beam interaction processes with the
jet is decisive for the occurrence of self-focusing in the ca
that refractive defocusing plays a role.

B. Shadowgraphy and time-integrated images

Four sets of images were measured experimentally
each gas at various atomic densities ranging from 0.01nc to
0.20nc . These included the shadowgram taken with the s
ond harmonic probe pulse, the fundamental radiation tra
mitted through the gas jet imaged at a point 250mm past the
vacuum focal position, and the self-emission images ta
from right angles to the direction of propagation at both t
fundamental and second harmonic wavelengths. The s
owgrams and transmitted images were taken simultaneo

FIG. 9. Images of the interaction of the 0.3 TW laser pulse w
a 500mm diameter nitrogen gas jet at various peak atomic den
ties. The top row of pictures are shadowgrams taken with av
probe pulse. The second row shows images of the transmitted
spot at a position 250mm past the focal position. The third an
fourth rows show images taken of the 1v and 2v emission viewed
perpendicular to the axis of the main laser beam. In the side
images, the laser is incident from the right and the gas jet is at
top with its center at a position approximately indicated by t
white arrow. The length scale for all images is given in the inse
the top images.
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on the same laser shots while the self-emission images w
recorded on separate laser shots with the probe beam blo
and suitable interference filters in place.

The shadowgrams were taken with the imaging syst
focused on the axis of the laser beam in vacuum to within
accuracy of625 mm. Features in the image that conta
large electron density gradients and thus large refractive
dex gradients such as the edge of the ionized plasma re
or filamentary density structures refract part of the pro
light outside theF#52.5 collection cone angle of the imag
ing system. These then cause shadow regions in the im
Also refracting features that are located significantly in fro
of or behind the focal plane produce dark and bright regio
in the image since the refraction they cause is not correc
by the imaging system. In the shadowgraphic images mo
lations in the background illumination are visible due to im
perfections in the probe laser wave front. These are cau
by the nonuniform near field profile of the femtosecond la
pulse enhanced by the frequency doubling process and
fraction rings from aperturing of the probe beam by optic
elements. These features are visible in the probe beam w
shots are taken in vacuum with no gas jet present and
can easily be distinguished from the density structures fr
the plasma.

A sequence of images for nitrogen gas at three differ
gas densities is shown in Fig. 9. For the side-on images
laser enters from the right and the gas jet nozzle is loca
above. The laser passes by the nozzle at a distance of;300
mm from the nozzle exit. In the shadowgram images
edge of the nozzle is visible at the top of the image and
vacuum axis of the laser is shown as a dashed line.
position of the peak density of the gas jet is indicated by
arrow and the vacuum focus is located to the right of
peak density position by 115mm. The shadowgrams wer
taken at 9 ps after the leading edge of the pulse has rea
the vacuum focus position. Thus, the images give a snap
of the ionized plasma produced by the interaction after
interaction has finished but before any significant expans
of the plasma can occur. ForN050.008 only a faint outline
of the breakdown plasma is observed. Because of the
density the density gradients are moderate and the refrac
effects of the density features are small. The observed ou
of the plasma is approximately symmetrical around the la
axis. At a higher density ofN050.016 the outline of the
ionized plasma region is clearly visible and filamenta
structures can be seen inside the ionized plasma. It is
pected that the edges of the shadowgraphic image co
spond to the singly ionized outer edges of the plasma reg
Asymmetry in the plasma structure is observed with m
deflection and curvature towards the gas nozzle than a
from the gas nozzle. This arises from the gradient in
background gas density, which decrease in the direc
away from the nozzle. Thus the upper part of the be
propagates through significantly higher gas density than
lower part of the beam. At a much higher density
N050.041 the transverse size of the plasma has increa
again and the asymmetry is even more pronounced tha
the previous images. Whereas at lower pressures it app
that the ionized plasma continues to the edge of the field
view, in the highest density case the absorption and ref
tion is so strong that the main part of the plasma termina
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56 4627ONSET OF RELATIVISTIC SELF-FOCUSING IN HIGH . . .
at about 100mm before the edge of the field of view. On
can still observe a few filaments of light propagating beyo
the edges of the main plasma region. The shape of the
minating edge of the main plasma is also asymmetric occ
ring earlier nearer the gas jet nozzle than the side fart
from the gas jet nozzle. This would agree with enhanc
refraction from the higher density region of the gas
spreading the beam more and causing the average flu
drop below the single ionization threshold of nitrogen. Al
the dark region in the tail end of the plasma indicates sign
cant absorption of the probe beam in the large, cold h
density plasma.

The images taken of the transmitted laser spot 250mm
past focus show that at low densities the spot is of the sa
size as the vacuum spot but that at higher densities the
ameter expands as the transmitted spot is more and m
refracted. In addition, the overall distribution of the transm
ted light becomes quite smooth with a filamentary substr
ture. The filamentary appearance is similar to the filament
appearance seen in the shadowgrams.

The self-emission 1v images give a different view of the
interaction highlighting the high intensity central region
the laser pulse. The 1v images show the expected shift in th
peak field region towards the incoming laser beam at hig
gas densities. Quantitative comparisons of the position
peak emission versus gas density will be presented late
Sec. IV D together with comparisons to model calculatio
The transverse diameter of the emission region is appr
mately 15–20mm at the lower density. The emission show
highly modulated intensity regions that vary randomly fro

FIG. 10. Images of the interaction of the 0.3 TW laser pu
with a 500 mm diameter helium gas jet at various peak atom
densities. The top row of pictures are shadowgrams taken with av
probe pulse. The second row shows images of the transmitted
spot at a position 250mm past the focal position. The third an
fourth rows show images taken of the 1v and 2v emission viewed
perpendicular to the axis of the main laser beam. In the side
images, the laser is incident from the right and the gas jet is at
top with its center at a position approximately indicated by t
white arrow. The length scale for all images is given in the inse
the top images.
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shot to shot. These bright spots probably are indicative
weak stimulated Raman scattering enhancing the Thom
scattered light by one or more orders of magnitude. Al
one can observe faint filamentary structures coming out
the main emission region at a slight angle to normal. At t
highest densities the bright regions disappear and the e
sion becomes more uniform and diffuse filling in the e
pected angular cone of the refracted incoming laser beam

The 2v emission images also highlight the most inten
part of the laser-plasma interaction. However, the strength
the 2v emission is much less than that of the fundamen
scattered light and thus at higher densities the self-emiss
of the plasma becomes equal in brightness to the sec
harmonic signal. This time integrated background emiss
comes from the expanding blast wave in the gas and is n
mally emitted over a time of several nanoseconds. T
brightness of this background emission is a function prim
rily of the deposited energy per unit length in the plasm
weighted by the plasma density. One can see that for
lowest density image the emission is peaked near the pea
the gas jet density to the left of the position of the vacuu
focus. The background emission shifts towards the incom
laser beam at the higher gas densities. The position of thev
signal cannot be observed at the higher densities above
proximatelyN050.01 because the increase in density resu
in higher plasma emission, which obscures the weak sec
harmonic emission signal.

A similar set of images is shown for helium gas in Fi
10. In this case because the helium will be doubly ionized
compared to five times ionized for nitrogen gas the sa
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FIG. 11. Images of the interaction of the 0.3 TW laser pul
with a 500mm diameter hydrogen gas jet at various peak atom
densities. The top row of pictures are shadowgrams taken with av
probe pulse. The second row shows images of the transmitted
spot at a position 250mm past the focal position. The third an
fourth rows show images taken of the 1v and 2v emission viewed
perpendicular to the axis of the main laser beam. In the side
images, the laser is incident from the right and the gas jet is at
top with its center at a position approximately indicated by t
white arrow. The length scale for all images is given in the inset
the top images.
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4628 56R. FEDOSEJEVS, X. F. WANG, AND G. D. TSAKIRIS
degree of peak ionization and comparable refraction is
pected for atomic densities approximately 2.5 times grea
than those for nitrogen. The three cases shown correspon
approximately 1.6–2.7 times the atomic densities of the
trogen gas cases shown in Fig. 9. In the same manner a
nitrogen the transverse size of the plasma increases at hi
densities due to the increased refractive spreading of
beam. Similar filamentary structure is observed within t
plasma region. Asymmetry in the refraction at higher inte
sities is less pronounced than for nitrogen and is only sligh
apparent in the shadowgram forN050.11. However, the
truncation of the plasma breakdown in the middle of the g
jet occurs earlier than for nitrogen at the highest dens
shown. This is probably due to the much higher intens
required to singly ionize helium compared to nitrogen a
thus as the beam refracts it drops below the necessary in
sity to ionize the helium gas sooner than for nitrogen. Ag
a few individual filaments propagate beyond the end of
bulk plasma. The plasma for the high density case is also
as dark as that of nitrogen indicating less absorption of
probe beam in the lower atomic number plasma.

The images of transmitted radiation at 250mm past the
vacuum focal position look very similar to those for nitroge
showing a uniform diffuse image with increasing diame
from refraction at higher densities with filamentary substru
ture.

The 1v images show bright structured emission on a
together with weaker filaments branching out sidewa
Again a shift is seen in the center of the emission region fi
away from the laser at low pressures and then towards
laser at higher pressures. Randomly scattered bright spot
observed on each shot for the middle and low density sh
again indicative of some stimulated Raman scattering
hancing the normal Thomson scattering.

The 2v images show peak emission near the vacuum
cal position at the lowest density and then a shift back
wards the laser at higher densities. The background pla
emission is less from helium than nitrogen and thus the s
ond harmonic signal is visible up to higher equivalent ele

FIG. 12. Images of the interaction of the 0.3 TW laser pu
with various 500mm diameter gas jet targets at various peak atom
densities. The top row of pictures are shadowgrams taken with av
probe pulse. The second row shows images of the transmitted
spot at a position 250mm past the focal position. In the side-o
images, the laser is incident from the right and the gas jet is at
top with its center at a position approximately indicated by t
white arrow. The length scale for all images is given in the inse
the top images.
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tron densities than for nitrogen. However, at the highest d
sity shown the emission becomes strong enough and
second harmonic signal weak enough that it is no lon
visible. For the highest density case the emission is see
shift forward to the first half of the gas jet where the plasm
is also observed in the shadowgram.

A set of images under similar conditions is shown in Fi
11 for hydrogen gas at atomic densities ofN050.04120.16.
In this case the images show different behavior as compa
to the other gases. The shadowgrams taken 9 ps after
laser interaction show increasing plasma diameter with d
sity. However, the ionization region does not terminate pr
to the end of the field of view showing propagation at ioni
ing intensities throughout the gas jet. This is expected si
the ionization threshold is very low (1.531014 W cm22)
and the absorption appears to be significantly less than
nitrogen, which has a similar ionization potential. The fil
mentary structure in the shadowgrams appears even m
pronounced and chaotic than for the previous gases and
will be shown later, there is considerably more structure v
ible at earlier times just at the end of the interaction perio

The most interesting observations for hydrogen gas co
from the transmitted images at 250mm past focus where
several hot spots are observed in the transmitted radiat
This structure is completely different from that observ
with all the other gases studied in this experiment and
indicative of large scale channeling of parts of the las
beam. The observed structures are similar from shot to s
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FIG. 13. Shadowgrams taken at various times throughout
interaction of the laser and the gas jet for nitrogen and hydro
gas.
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56 4629ONSET OF RELATIVISTIC SELF-FOCUSING IN HIGH . . .
indicating that the channeling is seeded by modulation in
laser beam profile itself.

The 1v images are also characteristically different fro
the other gases. They show less of a shift with density
also become more spread out in size laterally than for
other gases. The images also show even more pronou
lateral structure than for the other gases. Again, rando
distributed bright hot spots are observed indicative of stim
lated Raman enhancement of the Thomson scattered lig

The 2v images are also characteristically different fro
other gases. A slight shift in the peak emission region
wards the laser is observed with increasing density. Ho
ever, the 2v emission is stronger than the backgrou
plasma emission for all densities investigated. At the int

FIG. 14. Direct comparison of the shadowgram and transmit
spot images underlining the radically different behavior of the
teraction for nitrogen and hydrogen.
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mediate densities of the order ofN050.08 a fine line fila-
ment is observed in the emission image. The width of t
line is on the order of 2–4mm with a length of 65mm,
which is finer than the focal spot of the laser beam over t
distance. Images of the second harmonic emission for o
gases are somewhat broader with widths of 7210 mm and
not as long as the image shown here. In summary, the se
harmonic emission is indicative of a narrow filament regi
while the fundamental emission predominantly occurs o
side of this narrow central region.

Other gases were also studied and their behavior in g
eral is similar to that of nitrogen. Typical shadowgrams a
transmitted radiation images at 250mm past focus are shown
in Fig. 12 for neon, argon, and xenon. All three of the
gases will ionize to higher peak ionization states than nit
gen of 81 for neon for peak intensities of ove
231017 W cm22, 81 for argon at 331016 W cm22, and
over 121 for xenon at over 431016 W cm22 ~see Fig. 3!.
However, the first ionization energy of neon is above that
nitrogen while that of argon and xenon are below that
nitrogen. The shadowgrams are shown for the higher den
cases of the three gases which qualitatively demonstrate
same features as nitrogen does at similar densities.

In particular all three gases show a termination of t
plasma breakdown region within the field of view and still
the main part of the gas jet. The higher atomic number ga
show darker images indicating more absorption of the pr
beam in the cold ionized plasma. Neon terminates somew
sooner than nitrogen forN050.042, which agrees with the
much higher first ionization energy than nitrogen. Argon t
minates about at the same point as nitrogen even thoug
first ionization potential is less than nitrogen and the atom
density is only 60% of that of nitrogen. Xenon shows io
ization farther through the gas jet as would be expected s
it has the lowest first ionization potential of all the gas
studied. All the gases show a filamentary structure both
the shadowgrams and the images of transmitted radiation
position of 250mm past focus. These images of transmitt
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FIG. 15. ~a! The location of
the beam waist~minimum radius!
and ~b! of the beam diameter a
250 mm past the vacuum focus a
a function of density. The points
represent the experimental da
obtained from records as those
Fig. 9 for nitrogen and in Fig. 10
for helium. The dashed line
through the data points is a fit to
guide the eye. The the predictio
of the ray tracing model for the
effective ~solid line! and nominal
~dashed line! F# is also shown.
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4630 56R. FEDOSEJEVS, X. F. WANG, AND G. D. TSAKIRIS
radiation all appear similar in form to those taken with nitr
gen gas showing a uniform distribution of speckles. Ag
for all these gases, as seen from the shadowgrams, a
filamentary striations are observed to carry on beyond
end of main plasma. region. Overall these gases are dem
strating the domination of refractive defocusing at these h
densities. Although not shown, at lower pressures their
havior was also qualitatively similar to nitrogen gas.

C. Time resolved shadowgraphy

Further information on the interaction process can be
tained from a time resolved shadowgram taken through
the interaction period. Images taken at times of 0.022.0 ps
are shown in Fig. 13 for nitrogen and hydrogen gas at re
tively high atomic densities ofN050.041 and 0.16, respec
tively, which led to comparable electron densities in the pe
ionization region. The starting timet50.0 ps is arbitrarily set
to be the time at which the leading edge of the pulse arri
at the vacuum focal position. The sequence of images
nitrogen shows an orderly progression of refraction with
beam smoothly spreading out as it propagates forward. H
ever, for hydrogen a significantly different pattern is o
served. After arriving at the vacuum focus portion tw
prongs of light jut forward and the lateral spreading of t
radiation appears constrained. This channeling of the pro
gation of the radiation is very similar to the transmitted im
ages shown previously at 250mm past focus. The transmit
ted image for the hydrogen gas image shown att51.33 ps is
shown in Fig. 14 together with the transmitted image fo
similar nitrogen shot. The difference in both the shado
grams and the transmitted spots is very apparent in this d
comparison. Considerable fine detailed modulation givin
feathery appearance in the shadowgram image is obse
for hydrogen, which is not seen in the images for other ga
Also, in the shadowgrams of hydrogen fainter filaments c
be seen branching out from the main plasma region. Over
next few picoseconds the ionization from these finer fi
ments increases and leads to the full image as observed a
late of t59 ps as shown Fig. 11.

D. Comparison with the ray tracing model

In this section we compare the experimental results w
the predictions of the ray tracing model. There are so
quantities whose variation with density conceivably can
compared and they have already been presented in F
while their experimental value can be extracted from the
formation contained in Figs. 9–11. They are~a! the mini-
mum radius exhibited during the interaction,~b! the location
along the beam propagation of the waist,~c! the transmitted
spot size at 250mm past vacuum focus, and~d! the width of
the Rayleigh zone. However, there is certain ambiguity
sociated with the experimental value of the minimum rad
and Rayleigh zone width since the intensity of the 1v and
2v side-on images shown in Figs. 9–11 cannot be in
preted as being simply proportional to the locally prevaili
laser intensity@42,13#. On the other hand, the measured sp
size at 250mm past vacuum focus and the location of t
beam waist can be reliably obtained from the experime
data. The latter quantity is deduced from line outs of thev
records as the point where the maximum intensity occur
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For the case of helium and nitrogen, this comparison
given in Fig. 15. In the discussion of Sec. IV A, it wa
pointed out that the vacuum spot profile deviates consid
ably from the ideal Gaussian beam profile assumed by
ray tracing model. To compensate for this deviation we ha
treated theF# of the beam as a free parameter and we ha
varied it until the best fit to the experimental data was o
tained. This procedure renders an effectiveF number of
F#

eff53.81, which is about 50% higher than its nomin
value. This value would correspond more closely to the s
of the high intensity structures observed in the non-unifo
spatial profile of the laser beam. A more accurate analy
would involve higher modes of propagation in addition to t
fundamental Gaussian mode, which in turn would increa
the contribution of the diffraction spreading and would pr
vent self-focusing@39#.

FIG. 16. Comparison of the experimentally obtained shado
grams~left column! with the predictions of the ray tracing mode
~right column! for nitrogen and the indicated peak densities. In t
experimental records the shadow of the gas jet orifice is visible
the upper part. In the model calculations the thick solid line rep
sents the 1/e beam radius variation in the presence of the gas
while the thick dashed line in vacuum. The ionization contours
given as labeled thin lines and the gray scale depicts the contin
variation of the ionization degree up to its maximum value ofZ55.
The arrow gives the exact location of the peak density while
dotted line its variation along thez axis.
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56 4631ONSET OF RELATIVISTIC SELF-FOCUSING IN HIGH . . .
The resulting ray tracing predictions are then in go
agreement with the experimental data in the density ra
where refraction is dominant. The predicted self-focusing
N0;0.025 for helium and forN0;0.01 for nitrogen was no
observed experimentally. This can be explained on the b
of the form of the laser beam profile~see Fig. 8!. The broader
background peak reduces the maximum intensity that is
quired for the relativistic self-focusing and in additio
smears out the image at 250mm past vacuum focus. Th
interaction of the double Gaussian profile shown in Fig. 8~b!
with the gas jet is quite complicated but it appears that
broader background pulse is responsible for the ioniza
defocusing observed even in the density range where
focusing would be expected to occur.

A direct comparison of the shadowgrams with the r
tracing model is depicted in Fig. 16 for the case of nitrog
and for three densities in the refraction dominated regi
The experimental records have been computer proce
with a high-pass frequency filter to increase the contr
while the model results have been obtained for the sa
input parameters as in Fig 15. For the interpretation of
experimental results it is important to keep in mind that
experimental records are reversed, i.e., the dark regions
where the intensity of the 2v probe light is the highest
Furthermore, the diffraction rings observed in the ba
ground are due to the probe beam and of no consequen
this discussion.

There are two features that are rather striking in the
perimental records of Fig. 16. First is the sharp well defin
boundaries of the shadow cast by the interaction region
second the fine structure in the form of regular striation
the shadow. The first feature is associated with the transi
boundary between neutral gas and singly ionized nitro
atoms. It indicates that even small intensity changes suc
those existing in the wings of the radial beam profile resul
substantial refraction index gradients and that these grad
are produced at well defined regions where the intensity
exceeds the value required for single ionization of the nit
gen atom~see Fig. 3!. In this context, it is expected that th
observed shadowgrams should correspond to the outer
ization contour,Z51, predicted by the model. As can b
seen the predicted refraction by the ray tracing model ag
qualitatively well with the images and it reproduces the ov
all behavior as the density increases.

The second feature has been previously observed in s
lar experiments and it has been attributed to the refrac
splitting of intensity nonuniformities~hot spots! in the laser
beam profile@46,47#. An original hot spot in the beam profil
would refract faster than the rest of the beam due to
higher local electron density. This in turn would result
redistribution of intensity and in creation of regions wi
strong radial density profiles. The tendency is for light ra
to be refracted out of high electron density regions and to
concentrated in regions of low ionization. These new regi
of higher intensity would ionize more strongly again a
cause the light to refract out of these new regions as it pro
gates forward. Therefore, an initial hot spot would multip
several times after passing through the interaction reg
There are two arguments that support this conjecture.
first is based on an estimate of the path length that is requ
for a spot with a minimum radiusr hs,min to expand via re-
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fraction to a radiusr hs. This can be obtained from the inte
gration of Eq.~3.12! in which only the refractive term is
considered~see also@41,48#!:

Dz5z2zmin5
1

Aq0N~P/p!1/~4a22!k0

3E
r hs,min

r hs S 1

r hs,min
1/~2a21!

2
1

r 1/~2a21!D 21/2

dr. ~4.1!

For small relative radial expansionDr hs5r hs2r min,hs, the
integral in Eq. ~4.1! can be approximated asDz
'r hs

a/(2a21)ADr hs/@q0N(P/p)1/(4a22)k0 /(2a21)#1/2. The
distance necessary for a hot spot to double its size,
Dr hs'r min,hs corresponds to the beam path necessary for
initial hot spot to split into two filaments. From Eq.~4.1! it is
seen that this distance scales with the density asDz;1/AN.
For the case of nitrogen,P50.1 TW and an initial hot spot
having r min,hs'10 mm this estimate gives as a splitting di
tanceDz'187mm for N50.001, while the same distance
Dz'60 mm for N50.01. In both cases the splitting distan
is considerably smaller than the actual spatial extent of
gas volume (.500mm! through which the beam propagate
Therefore, even for the lowest peak densities used in
experiment, a hot spot would split into two several times

The second evidence for the multirefractive splitting
the hot spots in the beam profile can be found in the exp

FIG. 17. ~a! Typical Raman backscattered spectra from sta
filled N2 gas~normalized to the peak Raman signal!. ~b! The wave-
length of the peak Raman backscattered signal vs atomic gas
sity ~normalized tonc). The lines in~b! give the theoretical estimate
using the SRS frequency matching condition for two temperatu
of 0 eV and 30 eV. Each data point represents the average
number of shots and shot-to-shot variations are within61%.
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4632 56R. FEDOSEJEVS, X. F. WANG, AND G. D. TSAKIRIS
mental records of the transmitted spot at 250mm past focus
given in the second row of the Figs. 9–11. In the case
helium and nitrogen the records show a number of hot sp
uniformly distributed in the radial direction while for hydro
gen the high intensity spots remained localized at a posi
that is determined by the initial focal spot imprint~see Fig.
8!. This indicates that when the refraction is dominant as
the case of helium and nitrogen, splitting of the hot sp

FIG. 18. The reflectivity of the Raman backscattered lig
(81021130 nm! vs gas pressure for static filled nitrogen gas. Sh
to-shot variations are650%.

FIG. 19. ~a! Typical Raman backscattered spectra~normalized
to the peak Raman signal! for a nitrogen gas jet.~b! The wavelength
of the peak Raman backscattered signal vs peak nitrogen ga
atomic density. The solid lines in~b! give theoretical estimates o
the expected wavelength given the He-like ionization stage and
observed position of peak intensity from Fig. 9 and similar data
focusing at the edge of the gas jet. Shot-to-shot variations
62%. The dotted line gives the expected shift if the peak fo
remained at the vacuum focal position for the center focus posit
f
ts

n

n
s

occurs with the consequence of creating beamlets that on
shadowgrams of Fig. 16 look like filaments.

E. Raman scattering

1. Raman back scattering in static-filled N2 gas

Low pressure static-filled nitrogen was used to obse
the relation between Raman backscattered spectra and
gas parameters. The tunnel ionization model@17# predicts
that in the present laser condition, the He-like ionizati
state can be reached for nitrogen for intensities of.231016

W/cm2. Thus the electron density and plasma frequency
be deduced directly from the static gas pressure. Figure
gives the wavelength of the peak signal measured from
backscattered spectra versus gas pressure. It is found tha
peak position of the downshifted Raman spectra is consis
with the theoretical frequency matching condition@49#:

vs5vL2vp ~4.2!

in which vL , vp , vs are the frequencies, respectively, of th
laser, the electron plasma wave, and the backscattered l
In the case of low plasma densities compared to critical d
sity for which vp!vL , the plasma frequency is given b
vp5vp0A1112vL

2kT0 /(vp0
2 mec

2) where vp0 is the cold
plasma frequency andT0 is the plasma temperature. In Fig
17~b! two curves are shown corresponding to plasma te
peratures of 0 and 30 eV. It can be seen that the avera
data agree with a relatively cold plasma at 0230 eV indicat-
ing that there is little heating of the plasma in the longitu
nal direction for this low density range. These results
similar to those previously reported by Perryet al. @50# who
also confirmed the agreement between observed shift
expected plasma density. Individual shots can show spe
features with slightly larger shifts such as the shoulder
'875 nm for the highest density spectrum shown in F
17~a!. This shoulder would correspond to a temperature
'46 eV, indicating that perhaps late in the pulse more he
ing has occurred and late time backscatter would hav
larger spectral shift.

The time-integrated reflectivity of the Raman backsc
tered light, defined as the ratio of backscattered energy i
grated from 810 to 1130 nm to incident laser energy,
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FIG. 20. The reflectivity of the Raman backscattered lig
(82021130 nm! for a nitrogen gas jet vs atomic density. Shot-t
shot variations are650%.
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56 4633ONSET OF RELATIVISTIC SELF-FOCUSING IN HIGH . . .
shown in Fig. 18. It is found that the reflectivity increas
with pressure, reaches a maximum at aboutN50.001, and
then decreases at higher pressures. A similar result
found by Malkaet al. @29# when helium was used. The tren
of decreasing reflectivity versus gas pressure at atomic
sities of N>0.001 indicates that ionization-induced refra
tion plays a significant role in decreasing the peak inten
as discussed in@29#. The result agrees with the onset
refraction aboveN'0.001 as shown in Fig. 5.

In addition to the nominal case of linearly polarized las
for the experiment, we also investigated the case of elli
cally polarized laser light (Ex :Ey51:2) in theRaman back-
scattering experiment. We did not observe any signific
change of the wavelength of the peak Raman signal betw
the elliptical- and the linear-polarization cases, which me
that for the present condition, even with elliptically polariz
light for which significantly more above threshold ionizatio
heating is expected@51# no strong heating is observed in th
longitudinal direction.

2. Raman back scattering in N2 gas jet target

Measurements of Raman backscatter were also carried
in the gas jet target. Figure 19 gives the peak wavelengt
the downshifted spectra versus gas jet peak atomic den
In the plot we also give a theoretical estimate of the pe
wavelength corresponding to the estimated electron dens
based on the location of the peak intensity as observed f

FIG. 21. ~a! Typical Raman backscattered spectrum~normalized
to Raman peak signal! for hydrogen vs gas density. The spectrum
corrected for the spectrometer response and filter transmission
tions. ~b! The wavelength of the peak Raman backscattered si
vs peak gas jet atomic density. The line gives the theoretical e
mate using the SRS frequency matching conditions, for which
electron density is determined with the relation described in
text. Shot-to-shot variations are62%.
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the 1v self-emission@see Fig. 9 and Fig. 15~a!#. It is found
that the measured peak position is consistent with theore
estimate that the nitrogen ionization stage is in He-like io
for the position in the gas jet where the peak intensity occu

We also focused the laser at the edge of the gas jet, i.e
a distancezjet5315mm from the jet axis instead ofzjet5115
mm, which is designated as center focused. The Ram
backscatter signal is still visible for much higher peak atom
densities. The observed peak wavelengths of the Sto
shifted backscattered signal are also plotted as a functio
peak atomic density in Fig. 19. In this case the scattered l
signal is still strong at high pressures, while very weak if t
laser was focused at the center of the gas jet. The expe
peak wavelength based on the electron densities at the l
tion of peak intensity also are plotted in the figure. With
the experimental error the observed shifts agree with the
dicted shifts confirming that the peak intensity region
moving toward the incident laser as predicted. Ne
N050.016, the spectra showed some modulations. T
modulations also lead to some scatter in the data depen
on which peak is the strongest and thus leads to the scatt
Fig. 19~b!. Figure 20 gives the reflectivity measurement

c-
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FIG. 22. The reflectivity of the Raman backscattered lig
(83021130 nm! vs peak atomic density for a hydrogen gas j
Error bars indicate shot-to-shot variations. The measured poin
atomic density ofN050.08 is underestimated due to the limite
wavelength range of the spectrometer. Assuming that half the s
tral energy is cut off one can estimate the reflectivity as double
measured value~open point and dashed curve!.

FIG. 23. Typical Raman forward scattered spectra for hydro
gas at atomic densityN050.08. In the downshifted~upshifted!
spectra, arrows indicate the expected peak position of the
Stokes~anti-Stokes! light theoretically determined by frequency
matching condition.
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4634 56R. FEDOSEJEVS, X. F. WANG, AND G. D. TSAKIRIS
the scattered light. It is seen that at high pressures, the
tered light signal focused at the edge is more intense t
that in the case of laser focused at the gas jet center.
means that in the case of the laser focus at the gas jet
the refraction defocusing, although reduced partially, s
plays a major role for the experimental parameters here.

3. Raman scattering in H2 gas jet target

Raman backscatter was also measured for a hydrogen
jet. Hydrogen has only one ionization stage and is expec
to be fully ionized in the peak intensity interaction regio
Figure 21~b! gives typical Raman backscattered spectra
the wavelength of the peak signal measured from the Ra
backscatter spectra versus the peak gas target density
results reveal that the measured position is consistent
the theoretical estimates of the frequency matching condi
in Eq. ~4.2!. As has also been found by others@52,53#, we
find that the Raman backscattered spectra are broadene
there are modulations@54#, as shown in Fig. 21~a!. These

FIG. 24. The fraction of the transmitted light (7602820 nm!,
forward scattered downshifted (83021130 nm! and upshifted
(4002750 nm! light relative to the incident laser energy within a
F/57 cone angle for hydrogen gas. For down-shifted spectra, va
with N0.0.04 are underestimated~open triangles pointing down!
due to the limited spectral range of the spectrometer. Shot-to-
variations are620%.

FIG. 25. Hard x-ray emission through a 150mm thick alumi-
num filter (.8 keV! vs atomic density for a nitrogen gas jet. Th
detection limit is limited by the oscilloscope. Shot-to-shot var
tions are650%.
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modulations disappear at lower intensity (;1/3 of the laser
energy used here! in which case the backscattered Ram
spectra show only a single peak as usually observed in
intensity or low density Raman spectra@50#. The explanation
of the broadening and modulation of the spectra is not c
yet, but may be concerned with the strongly coupled nat
of the Raman backscattering@52# in our conditions, wave
breaking@30,31# and the temporal bursting of the backscat
@55#.

The reflectivity of the Raman backscattered light, whi
gives the level of the backscattered light to the incident la
is plotted in Fig. 22. For the data point atN050.08, the
limited wavelength range of the spectrometer truncates
most half the spectrum, which leads to an underestimatio
the energy of the Raman scattering. However, even assum
that the reflectivity at this density region should be twice t
measured value, the results show that the backscatter s
saturates at atomic densities greater than 0.04.

A series of measurements were also made for the Ra
forward scattering and part of the spectrum is shown in F
23, which has been corrected for the transmission of filt
and the response of the spectrometer. We observed evid
of both frequency downshifted and upshifted spectra. In
forward scatter signal the upshifted spectrum is much str
ger than the downshifted spectrum. This is in contrast to
measurements of the backscattered spectra. The peak
tion of the downshifted spectra is consistent with theoreti
estimates as was the case for the backscattered signal.
upshifted spectra show a broad, somewhat modulated
tinuum of radiation centered around the expected anti-Sto
wavelength. This is in contrast to the results reported in@28#
where a clear peak was observed corresponding to the
pected anti-Stokes wavelength. However, the latter rep
was for a density of 0.02nc and higher power and/or intensit
as compared to Fig. 23, which is for a peak density of 0.2nc .
It is plausible that the anti-Stokes light is seeded by a v
strong broadband background, which may stem from ioni
tion induced spectral blueshifting@56# or the plasma wake-
field noise spectrum@57,58#.
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FIG. 26. Hard x-ray emission through a 550m m thick alumi-
num filter (.12 keV! vs peak plasma density for a hydrogen g
jet. The dashed line gives the threshold for the critical pow
Pc516.2nc /ne @GW#, wherePc50.3 TW is the laser power on the
target. The detection limit~long dashed line! is limited by the sen-
sitivity of the oscilloscope. Shot-to-shot variations are650%.
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56 4635ONSET OF RELATIVISTIC SELF-FOCUSING IN HIGH . . .
We estimated the fraction of both upshifted~from 400 to
750 nm! and downshifted~from 830 to 1130 nm! scattered
light relative to the incident laser energy, as shown in F
24~b!. ~We should point out that for densities greater th
N050.08, the values for the downshifted scattered light
underestimated due to the limited range of the spectrome!
The measurements reveal that the scattered light incre
and then aroundN050.08 decreases slowly as pressure
creases. They also show that the fraction of the upshi
light is two orders of magnitude higher than that of t
downshifted light.

F. Hard x-ray measurements from H2 and N2 gas jet targets

During the Raman scattering measurement, we also m
sured hard x-ray emission from the laser gas interactio
Figure 25 gives results for N2 for the two positions of the
focus relative to the gas jet center when a 150mm thick
aluminum filter was used. One sees that when the lase
focused at the edge of the gas jet, the x-ray signal is stron
than when focused in the middle of the gas jet. A relat
peak was observed forN0'0.015 for the case of focusing a
the edge. At high pressures, refraction plays a dominant r
and laser intensity decreases, which also produces lo
x-ray signals. For the case of laser focus at center, the x
signal is weak and in this case the Raman scatter is also w
as seen in Fig. 20. This correlation implies that the x-
emission may be caused by the electrons that are heate
the Raman process. When a 550mm Al filter was used the
x-ray signals were much weaker by about one order of m
nitude.

In contrast, very strong x-ray emission and different fe
tures were observed in hydrogen, as shown in Fig. 26. In
case a 550mm aluminum filter was used. A distinct featur
is that the x-ray signal increases rapidly with pressure
then ‘‘saturates’’ at higher pressures. The mechanism for
production of the strong hard x rays is not clear since un
nitrogen gas there should be no significant keV x-ray em
sion from the hydrogen gas itself. But it is expected to
related to the impact of fast electrons on the metal edge
the gas jet. In the plot, we also give the position for the on
of the relativistic self-focusing as given by relatio
Pc516.2nc /ne @GW# . The most interesting result is that th
onset of a high level of hard X-ray emission is consist
with the threshold for the onset of relativistic self-focusin
which may indicate an experimental correlation between
two phenomena.

V. DISCUSSION

The laser propagation model given earlier has alre
been compared to experimental results as given in the pr
ous sections. This model employs a number of simplify
assumptions in order to allow for simple analytical limits
be derived and simple numerical solutions to be worked o
A key assumption is that the intensity profile corresponds
an ideal laser Gaussian beam. One of the key results o
model is the prediction of both a lower and an upper den
cutoff limit, i.e., a density window, for which relativistic
self-focusing can occur as given by Eq.~3.19! for the upper
density and the normal density limit quoted for the critic
power for relativistic self-focusing for the lower density. Th
.
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lower density limit is given by the balance between diffra
tion and the self-focusing term while the upper limit is give
by the balance between the refraction and self-focusing te
This window of allowed self-focusing still has a critica
power threshold in order that self-focusing occurs at all.

The comparison of the model with the observed behav
in helium and nitrogen shows that in the high pressure li
both the predicted refraction spreading and the position
the peak intensity region for the beam are in reasona
agreement with the experimental observations, as show
Fig. 15. The position of the maximum intensity region is al
consistent with the measured Raman shifts in the backs
tered radiation from the nitrogen gas jet. The fact that
beam size, measured 250mm past focus, at the highest pre
sures for nitrogen is slightly larger than predicted may
explained in part by the increased refraction observed for
part of the beam closest to the gas jet nozzle. This is du
the fact that the gas density is significantly higher as o
approaches the nozzle. However, for all the gases ex
hydrogen we did not observe the predicted window of re
tivistic self-focusing. This is most likely due to the fact th
our laser beam was far from an ideal Gaussian and was b
represented as the combination of two Gaussians, one a
times diffraction limited and the other several times diffra
tion limited as shown in Fig. 8. This beam profile indicat
that we have a combination of numerous higher order mo
that will lead to a much larger contribution to the diffractio
term than we have used in our model. Thus the lower den
boundary for relativistic self-focusing given by the balan
between diffraction and the self-focusing term will be i
creased by a significant amount. Since the power that
have in the laser is only 0.3 TW a significant change in t
boundary would eliminate the window for self-focusing th
appears to be the case from the experimental results. It w
require further experiments with much better beam profi
in order to quantitatively confirm the prediction of the mod
in this sensitive region.

The shadowgrams also indicate significant absorption
the propagating laser light at the higher pressures measu
This is evidenced by the fact that the intensity falls belo
that required to ionize the gases to the first ionization st
before propagating through the gas jet. The model calc
tions show that without absorption there should be suffici
intensity to ionize throughout the full interaction region. Th
absorption was also evident in the reduced transmission
served in the camera viewing the transmitted radiation. T
same truncation of ionization was observed for all the ga
except hydrogen as shown in Fig. 11. The expected abs
tion can be estimated in the region of low ionization whe
the intensity is also weak by calculating the inverse brem
strahlung absorption length@e.g., Eq.~1! from Ref.@24#. For
ne50.04nc ,Te53 eV, Z51, and lnL53 one would esti-
mate ane-folding absorption length of 62mm at 790 nm and
247 mm at 395 nm. The second absorption length wou
agree with the observed absorption of the 2v probe beam in
the high density shadowgrams, e.g.,N050.041 for nitrogen
as shown in Fig. 9 where substantial absorption is obser
for a plasma region of'300 mm in diameter. For the main
laser pulse at 1v the absorption coefficient is reduced b
cause the oscillatory velocityvosc5eE/vme is much higher
than the thermal velocity,v th5AkTe /me @59,60#. For an in-
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4636 56R. FEDOSEJEVS, X. F. WANG, AND G. D. TSAKIRIS
tensity of 1015 W cm22 the ratio isvosc/v th54.4 for an es-
timated plasma temperature of 3 eV. This would lead t
tenfold increase in the absorption length at 1v giving an
absorption length of'620 mm. However, as the beam d
verges and the intensity drops toI 5231014 W cm22 that of
the first ionization threshold for nitrogen the ratiovosc/v th
drops to 2, leading to an absorption length of 134mm. While
these values are only estimates of the plasma conditions,
can see that it is reasonable that the there can be signifi
absorption of the main beam in the tail of the plasma a
thus result in the observed truncation of the plasma reg
prior to the end of the gas jet target.

Another factor in the absorption is the observed la
component of blueshifted light. In part this appears to
forward Raman amplification of blueshifted radiation fro
the ionization blueshift and perhaps wake field enhan
plasma wave noise.

The observation of filamentary structure in the outer
gions of the plasma profile is consistent with a refract
propagation instability leading to a continuously evolvi
filamentation pattern. As discussed in Sec. IV D the e
mated scale lengths for each filament range from 187mm to
60 mm for densities ofN50.001 toN50.1 in approximate
agreement with structures observed on the images. Su
mechanism and similar estimate of structure length w
given in a previous publication by Denavitet al. @48#. Simi-
lar structures were also observed in shadowgrams repo
for 1 mm laser interactions by Mackinnonet al. @47#. In ad-
dition to the filamentary structures there are ringlike fring
in the high density regions of the shadowgrams as can
seen in in the highest density shadowgram for helium sho
in Fig. 10. These rings could be an artifact due to the refr
tion of the probe beam rays through the electron den
profile. Since the imaging system maps all the rays bac
the image plane, those rays that are significantly bent in t
eling through the plasma will be mapped onto an incorr
position in the image plane and lead to interference w
those rays that have been less bent and mapped onto
same point in the image. The optical path lengths integra
through the plasma will be different for these rays, which c
lead to constructive or destructive interference. Since the
gree of bending varies from none to maximum to none ag
as one traverses from the center of the plasma to beyond
edge of the plasma, the resulting increase and subseq
decrease in phase shifts will lead to dark and light interf
ence bands. These bands are distinctly different from
long filamentary structures and thus we believe the latter
truly indicative of beam filamentation. This is borne out
the fact that images of transmitted radiation show a v
smooth distribution of filamentary spots when viewed 2
mm past the focal position.

A number of results from the stimulated Raman forwa
and backscatter measurements help to reinforce the pre
tions of the propagation model. The measured spectral s
in the nitrogen gas jet target agree with the calculated sh
taking into account the motion of the peak intensity reg
and ionization state of 51. The ionization state indicates tha
in all cases up toN050.02, while the intensity is reduce
due to refraction, as shown in Fig. 16 there is always
region with an intensity of greater than 231016 W cm22 as
predicted by the model. For the static gas case the incr
a
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and subsequent decrease of peak backscattered Raman
corresponds to the expected effect of increasing signal w
density combined with a reduction of intensity as the ba
ground density is increased. Similar observations have b
made by Malkaet al. @29# for helium gas.

Finally, the fact that all the spectral shifts for both th
static gas and the gas jet cases agree well with the expe
cold electron plasma dispersion relation leads to the con
sion that the longitudinal plasma temperature is very lo
less than on the order of 30 eV for the case of the backsca
from static nitrogen for atomic densities ofN0,0.002 as
shown in Fig. 17. Heating in this case would come both fro
residual energy remaining in the electrons from the tun
ionization process and the inverse bremsstrahlung hea
reduced by the strong field correction@59,60#. Typically the
residual heating for tunnel ionization can be estimated to
on the order of 0.1 times the ponderomotive energy of
ionizing field at the time of electron production@4#. The first
few electrons are ionized at low intensities and thus h
little residual heating while the final electrons are genera
at higher field strengths and thus with higher residual en
gies. Using the estimate that the temperature is 1/10 of
ponderomotive energy and averaging over the energies o
five electrons for nitrogen yields a residual temperature of
eV for the electrons after ionization. However, this tempe
ture is in the transverse direction. Because of the low co
sionality of the plasma the transfer of momentum and ene
to the longitudinal direction where it could influence th
electron plasma waves associated with the forward and b
ward Raman scattering will take longer than the laser pu
duration and thus reduce the effect of this temperature on
observed Raman spectra. More important is the inve
bremsstrahlung heating. Assuming an estimated plasma
perature of 30 eV the strong field correction factor@59# re-
duces the absorption of high intensities in the range
1310162131017 W cm22 to an effective intensity of
131015 W cm22. The heating due to this effective intensi
in fully ionized nitrogen can be calculated for the peak of t
laser pulse, att5125 fs, from Eq.~3! of Ref. @9# ~corrected
for a missing factor of 2/3) yielding a temperature of 39 e
for an atomic density ofN050.001 and 98 eV forN050.01.
The fact that the observed shifts for the static fill case co
sponding to the lower density value given here, indica
temperatures of less than 30 eV would tend to indicate
the strong field correction is probably greater than estima
here ~i.e., the starting temperature is significantly less th
30 eV!. Some features in the spectra indicate temperature
over 30 eV which would probably indicate Raman backsc
ter later in the pulse. The higher density estimate is m
appropriate for the gas jet target shots. A temperature o
eV would correspond to an increase in spectral shift of
proximately 10 nm. This is approximately the uncertain
due to the uncertainty of the gas density and the exact lo
tion in the gas jet where the backscatter occurs. Thus hea
to the order of 100 eV would be within the error bars of t
measured spectral shifts given the shot-to-shot fluctuat
and uncertainty in the exact density of the interaction regi
Significantly larger heating rates would be discrepant w
the data and thus this is a strong indication of the effecti
ness of the strong field correction in reducing the inve
bremsstrahlung heating rate.
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The behavior of the propagation of the femtosecond pu
in high pressure hydrogen was significantly different fro
that in other gases with a number of the diagnostics indi
ing behavior at the threshold for relativistic self-focusin
These included the time resolved shadowgrams ta
throughout the interaction period showing the forward pro
gation of plasma channels, the corresponding transmitted
diation images showing the development of hot spots at
position 250mm past the vacuum focal position and th
appearance of a strong x-ray signal with photon energ
above 12 keV for densities above that required to reach
critical density for relativistic self-focusing. The appare
saturation of the x-ray signal with pressure may just be
artifact of the thin scintillator used in the detector that wou
allow higher energy x-rays to transmit through the detec
giving a decreasing signal response with x-ray photon ene
above 20 keV. The data from the 1v images for hydrogen
show an increasing diffuse emission region at higher p
sures. It may be that, as argued by Monotet al. @13# and
Chironet al. @61#, as self-focusing occurs and the laser be
propagation is confined to a density channel with redu
electron density the amount of Thomson scattering decre
and thus one would not see clear images of the higher in
sity channel regions. The 2v images show a different pictur
of the interaction. In this case, a narrow single channe
observed even at very high pressures. This may indicate
there is one dominant high intensity channel near the cen
axis of the laser but that this splits into a few weaker ch
nels which are subsequently observed in the transmitted
ages 250mm past the vacuum focal position.

The hard x-ray signals observed for hydrogen gas jet
gets at the higher densities presumably come from fast e
trons impacting on the metal gas jet nozzle. High amplitu
plasma oscillations that in the present experiment can
caused by the Raman forward scattering process and l
wake fields that may be generated by self-modulation of
laser pulse can be excited during laser propagation. Elect
from the background plasma can be trapped and accele
by these plasma waves due to wave breaking. We find in
saturation region of Fig. 26 for lower laser energy shots,
x-ray signal decreases dramatically. This indicates a t
correlation between the Raman forward scattering and h
x-ray generation, i.e., strong x-ray signal is accompanied
enhanced Raman forward scattering. The determination
the mechanisms for the generation of high energy electr
would require a dedicated experiment to characterize the
electrons in detail.

VI. CONCLUSIONS

A study has been carried out on the propagation of h
power Ti:sapphire laser pulses in high density gas targets
contrast to previous investigations, we have focused our
terest in the density range around 0.1nc or ne;1020 cm23

for which the threshold for relativistic self-focusing could b
achieved for modest intensities of a fraction of a terawatt
this regime the refraction due to the nonuniform ionizati
profile of the gas competes with the relativistic self-focus
process. This competition was studied with a simple Gau
ian beam analytic model which identified the density regi
and intensity regime for which relativistic self-focusin
e
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could be expected for given gases. Both an upper den
limited by diffraction and lower density limited by powe
were identified in the result. While a window of relativist
self-focusing was predicted for nitrogen gas for our expe
mentally available power of 0.3 TW, this was not observ
in the experiments. Instead, a steady onset of refraction
measured as a function of gas density in reasonable ag
ment with the model prediction at high densities. This on
of refraction was observed also in helium and in all t
higher atomic number gases. It is expected that the p
beam quality, a fraction of which was a few times diffractio
limited and the majority of which was several times diffra
tion limited prevented the high intensities from bein
achieved which would lead to self-focusing before the refr
tion effect set in. It would be necessary to repeat the pres
experiments with much higher beam quality in order
verify the predicted window of self-focusing.

In the case of hydrogen gas for which refraction wou
have the least effect for all the gases, clear evidence for
onset of self-focusing was observed in three of the diagno
measurements. In the time resolved shadowgraphy chan
ing structures were observed in the leading part of the la
pulse in clear contrast to the smooth refraction behavior
served in for all the other gases studied. The transmi
radiation at a position 250mm past focus showed clear sign
of high intensity channels again in clear contrast to the d
fuse scattering observed for all the other gases. Finally, h
x-ray emission, presumably from the fast electrons, gen
ated by the relativistically driven plasma, impacting the g
jet nozzle, was observed for densities exceeding those
quired for the threshold for relativistic self-focusing.

Raman backscattered spectra in nitrogen provided a
tional supporting data on the predicted refraction and s
focusing behavior of the gases. For the case of the gas
interactions the spectral shifts indicated densities in ag
ment with those at the position of the highest intensity po
in the gas jet profile. For the static fill cases the spec
shifts agreed with those of a relatively cold plasma with
temperature of less than 30 eV. For the gas jet cases the
bars and uncertainty in experimental parameters would al
temperatures of up to 100 eV. Such cold temperatures wo
be in agreement with the expected 30 eV heating due
tunnel ionization for nitrogen and a small amount of inver
bremsstrahlung heating, which is significantly reduced by
strong field correction due to the large ratio ofvosc/v th . The
fact that significantly higher temperatures were not obser
confirms the expected reduction in inverse bremsstrahl
expected for such strong laser fields.

The reduction of Raman backscatter observed for ato
densities aboveN050.001 of static filled nitrogen and fo
densities aboveN050.015 for nitrogen gas jets both are
agreement with the reduction in intensity expected due to
refraction in the ionized gas. At high densities the Ram
backscatter saturates. For hydrogen gas jets the Stokes
ponent of forward stimulated Raman scattering was
served. However, an even stronger upshifted componen
the scattered spectra was observed, which cannot be sim
attributed to anti-Stokes Raman light. This upshifted com
nent may stem from the ionization induced blueshifting
the main pulse combined with Raman amplification
plasma wake field noise induced signal.
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Overall, it is clear that for electron densities of the ord
of 0.1nc refraction plays a major role in controlling the in
teraction of the laser pulse with gas jet targets, particularl
the case of poor beam quality as in the present experime
is predicted and yet to be verified experimentally that ther
window of density for which self-focusing should be o
served for high densities of gases such as nitrogen but th
high quality beam, close to lowest order Gaussian mode,
be required in order to observe this result. For hydrogen
reduced ionization threshold allows the observation of
onset of relativistic self-focusing at the high density of 0.1nc
even in the presence of the the poor beam profile. This
ys

.
i-
T
,

.
s.

J

r-
e

A
s.

er

nd

m

r

n
. It
is

t a
ill
e
e

e

first reported experimental evidence for the onset of rela
istic self-focusing in a gas jet target with a high electr
density ofne50.1nc.
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